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vttý
The mixing technique should be compatible with the type

of mixture, its ingredients, the job requirements, and the
method of placement. Mixing should efficiently mix the co.
ment and water and properly blend them with the other in.
gredients including the preformed foam. Paddle, high shear.
continuous, and rotary drum mixer may all be acceptable for
specific applkiatitns depending on the quality requitr•emnts of
the final productL

Cellular concrete mixtures are typically job-site produced
and placed. If ready-mix trucks are used for sanded mixtures
Illoor.fill appllcatlonsi. the grout is delivered to the job site and
the preformed foam is added just prior to plaemnent. This
maintains the quality and freshness of the material. The rotary
drum action of a ready-mix truck is acceptable for vanded
mixturesu th densities greater than 800 k in' (50 lb/ft ý)

For low-density applications (roof deck and engincered
fill) with neat-cement slurries at densities less than o00 kglm'

4 50 lb/fist rotary drum mtixng action is not ideal. Instead, pad.
die type or shear mixers are common methods for both batch
and continuous mixing procedures. After the ccmente/uter
slurry is produced in these mixers, the preformed foam is
added Lnd blended prior to or during placement with a posi.
tise dlsplaccment pump. As the mixture is pumped. density is
measured at the paint of placement for quality control. Mix ad-
justments can then be made ao account for pumping distance%
and other special application conditions.

Pumping is the most common method of placement, but
other methods can be used, Positive displacement pumps such
as hloyno or peristaltic pumps are used for low-dcsi'ity mix-
lures. Although piston pumps are efficient for grout mistures
at densities grealer than 1440 kg•/mr (90 ItsIt'), they Jo not ef[
ficently pump lowdensity mixturcr.

Casting tlchniques are different for each type of cellular
concrete application. The thinner floorfill mixtures utilize a
rolling served to provide a constant thickness. Since roof deck
applications arc cast slope-to-drain. string lines provide guides
for cas•ting and darby finishing the mateial by experienced
tsdcmen. Screed rails may also be used. Finishing opera.
tions, In general, should be kept to a minimum; smoothing with
a darby or hullfloat Is usually sufficlent 1201.

Geotechnlcal fill applications have the greatest variation
in castrng technique&. Generally, these filk are several meters
(kfet) thick so that they are cost in lifts of up to 1.0 m (3I hI
thick hIosd on the available area to be cast. The succeeding
lifts arc cost on a daily basis until the final fill profite is
reached.

Physical Properties

Sevcpl studies investigated the physical and mechanical prop
erties of cellular conecete cast at different densities and with or

without ag•jrgates in the mix t1. 11-21, Because the density of
cellular concrete may be varied over a wide range. 320-1920
kgfin' (20-120 lb/ft'). it is considered as an additional variable
that significantly impacts the physical properties and the mix
design of the material. The toser dtensity cellular concrete has
lower thermal conductivity (higher itsulatlion). accompanied
by lighter weight and reduced strength. As the densityv

Density
When referring to the density of cellular concrete, confusion
may be avoided by stating the moisture condition of the rmte.
rial at that specific density. Significant moisture conditions it•-
elude as•-ast dcnsiltv (wet density or plastic concrete density).
air-dry density (at a %tated age and curing condition), and the
oven-dry density

11w a-cast or wet density Is uwallv determined at the point
of placement In accordance with ASfM C 796. In determining
the wet density, the concrete should be consolidated by tapping
the sides of the container and not by rording, lhe ratio of the
we" densit to oven-dry density for the different cellular concrete
mixtures varic due to the different water content requirements.
The wet density of the cellular concrete is an important jobsite
quality atturance too] to control uniformity of the mixtures,

The air-dry denity of cellular concrete usually represents
the condition of the in-place material. The change in density
due to air drying is a function of temperature, duration of the
drying period, humidity, the wet density of the concrete. the
water.coment ratio, and the surfacearca ratio of the element.
Although the relationship betwetn ai-dry density and wet den-
shty seems complicated. the air-dty desmity of cellular VtNtrete
is wtsually about 60 kgim (5 lb/ift' less than its asct dentsity. Cel-
lular concrete cast cured, arnd air dried under job conditions
in Iow-humildlsx environments may have density losses ap.
proaching Io0 kin/ml (10 Ibfti),

Oven-dry density is commonly used to rebate the physical
properties of various typets • cellular concretes, and for the de.
termination of the thermal conducuvitv by the guarded hot
plate method in accordance with ASIM Standard Test Method
for Steady-State lieat Flux Measurements and Thermal Trans.
mission Properties by Means of the Guarded.llot.Plate Appora-
tus (C 177). For the latter purpose, the ovcnty density may be
calculated with sufficient accuracy tront itse mixture data by
ass•uming that the water required for h)dration of the cement
Is 20 % of the weight of the cement. Tihe L•en-drs denaify ID) is
calculated as follows:

0 - 11.2 C +- A lkgtfn' or l(I.2 C + A V271 Ib/t'

where

C - weight of cemsent kg/imnI lbydj) of concrete; and
A - weight of aigregaie, kg/nmi Isyd'l sIt unc•e.te.

Workability
CcIluLa concrete in the Iow-,n•rstlt range (less than 800 kglmt
(50 lb/ft')) is a flowable matteral wlth excellent wosiability. AM
a result, it is handled as a liquid and poured or pumped into
place without the need for cossolidaton. It should be pointed
out that te slump test. which Is uted to measure the corsistency
in normal weight concrete. is meaningless in the case of crllu-
lar concrete since the material is placed in fluid consistency.

Thermal Conductivity
The thermal conductivity (1) of a material is the time rate of
transfer of beat by conduction, through a unit thickness, across
a unit area for a unit difference of temperature. ihe units of A

0
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N densiy celur concrete water content

16.3.2 Foams for cefiblarconerele-Both preformed and
tixer-geneuted founts aim used In cellular low-density

Concrete. Preformed foam is generated by introducing
contiolled quaontitics of air, water. aid foaming agent undeu
pressure into a foaming nozzle. The foam is blended with a
cement or ce ew.aggegete slurr. either in batched vol ames
or by continsous batching. The foam should have sufficient
stability to maintain Its structure until the concrewt hardens.

Mlxer-genertted foams are produced by high-speed. high-
shear mixing of water, foaming agent, cement. and aggriegate
(if required) with simultaneous air entrapment. Air bobbles
are large Initially, but become smaller as mixing proceeds.

Trial mixtures should be used to determine the quamity of
preformed fomi or foamuing aSeni required. Up to 90D% of the
volume of the final concrete mixture may be air. depending
on the desired concrete density.

16.3.3 Mixture proportioning and control-For most
applications. proportions should be chosen for insulating
concrete to provide a specifled dry density. because thermal
properties are primadly a function of density. if the con.r-e
Is to be conveyed by pumping. all laboratory mixtures• hould
be trial.pumped uwker field Conditions before construction
begins. Pumping can affect water requirements, wet and dry
densities, and mixture uaiformity, It may be necessary to sttut
with additionl tamounsm of air or foam to make up for losses
in air caused by mixing, pumping, and placing of insulating
concreite

16-3.11 Aggregate Iyp-Mixwres containing light-
weight aSggrgate often aw specified in tenrs of cubic feel
(bulk volume) of aggregate per bog of cement. A 1:6
mixture, for example, would contain one bag of portland
cement and 6 fr3 10.17 m

3
) of aggregate. A better method Is

to specify the total loone bulk volume of lightweight Uaregiate
per cubic yard of concrete along with the weight of cernt
and the slump and air Content required for the mixture-
Required cement contents generually range from 330 to
630 Ibyd3 ( 195 to 375 kgtmf I.

Insulating concrete made with lightweight aggregates
typically Includes an air-entrainlng admixture to acW as a
wetting agent, lower the specific gravity of the paste, and
increase relative specific gravity of the €oarse.uggregute
particles. This reduces the mixing water content aid s•bstan-

ainly reduces the tendency of the aggregate to fPoo. The use
of an air-entmrlning admixt•re is partlcukwly important in
fluid. nearly self-leveling mixtures that are to be pumped
through stall (2 to 4 in. 150 to 100 mm] diameter) hose lises.
It Is often necessary to adjust the amount of air entrainment
to produce concrete with the required dry density,

Water requirements of insulating concretes suade with
lightweight aggregates vary greatly with the absorption of
the algregates and the desired fluidity of the mixture.
Vermiculite aggregate Is highly absorptive, and typically
requlresa600 to00lb (355 to415 kg)ofwatorper cubc yard
(meter) of concrete for fluid mixtures. Mos perlitcs are less
absorptive, with water requirements of 300 to SO0 lb/ydt

(180 to 2-95 k&hn-).
16.3.3.2 Celhiar (foam pe)-Cement contents for

cellular concrete range from 470 to 940 Ibl/yd 3
1280 to

56 kgmI3). No aggregate Is used when the desired dry
density is les than 30 lbfft

3 
(480 kgt

3
). When densities

grater than 30 bP3 
(480 kgh3) are desired. fine sund usually

Is added, and the cement comtents then rnge from 470 to 550

1b"'d
3 

(290 to 325 kgfm' I. The water contents of cellular
insulating concretes without apgregate are generally 300 to
500 *b/yd

3 
(180 to 295 kg/r ), with sand in the mixture.

wuter contents wre 200 to 375 lt~yd3 
(1120 to 220 kg/nm-,

143.4 Tesidng-Laboratory tests of trial mixtures of low-
density concrete are generally limited to compressive
strength and plastic (freshly mixed) and dry densities.
Comprcssivc-strength and dry.densh• specimens (molded
3 x 6 in. 175 x 100 mml cylinders) should be tested In accor-
dance with ASTM C495. Plastic densities should be delter-
mined in a manner silar to thant for other concretes (AS•[M
CIN3tCI38M). but the Concrete should be consolidated by
tapplng the skies of the onnlainer rather than by roddlng. To
permit comnstruction control based an plastic density, the plastic
densit) should be corektedi with the dry density.

Once satisfactory mixture proportions have been established.
other laboratory tests may be requIred. Because thew concretes
are used for insulation, the thermal resistivity is measured
with a guarded hot plate (ASTM C177) or a calibrated hot
condmctomctcr (ASTI C319). Specific heat and thermal
diffusivity are sometimes needled for design purposes,

If measuremerts of tensile strenigth, modulus of elaiticity.
Poisson's ratio, and drying shrinkage arm required, the same
tcchniqocn should be used as those for structural conerctc.
The testing equipment, however. should have sufficient
sensitivity for the low values generally encountered. Drying
shrinkage of Insulating concrete Is greater than that of struc-
total Concrete (as much as 0.5%).

Penetration resistance is sometimes used to define the
ability of low.density concrete to sustain normal onstruction
foot traffic. For acceptable resistance to foot trafflc. the
Proctor peneromoteter reading should indicate an average
beauing value of 200 psi 01.4 MPa) or greater.

A measure of nailing characteistics of low-density concrete
may also be required For satisfactory nallltg. the concrete
should he able to rec•ive a specified type of nail without
shattering and withstand a withdruwal fame of 40 lb (0.18 kN).

Field control tests arc typically litnited to compressive
strength and plastic density. Because of variations In the
weights of the agrelates, cement, and water, density
mn.uuoncrss acturawte wihin l't ar geerally accitable.
Unless otherwise specified, an odin•ary galvanzled 10 quart
pail (approximately 113 ft0 [9.5 LI) or smilar calibrated
container and a sciae should he used to determine density.
The paWl should be calibrated before using, and the "caic's
accuracy checked at least once a week during use.

163.5 Botching and miring-To ensure uniform density
at the point of placement, all materials should be added to the
mixer at a Constant rat, In their correct propoflions and in
the correct sequence. The required amount of water goes Into
the mixer first, followed by the cement. air-cntralining
admistaure or foaming agae, aggregate, preformed foam, and
other additives. Materials A ld he mixed so that the design
plastic density Is obtained at the point of placemet. Any

ACI Manual of Concrete Inspection. 10 th ed., American Concrete Institute Committee 311
Report SP-2(07), American Concrete Institute (2008), p. 126.
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The NIST Building and Fire Research Laboratory (BFRL) has undertaken a project concerning the
effect of fire on high strength concrete. Heating concrete to sufficiently high temperatures results
in water of hydration being driven off, with a resultant irreversible loss of concrete strength. In
addition, it has been observed that rapid heating of high strength concrete can result in spalling of
the concrete. Computer models for prediction of temperature and pore pressure distributions in
heated concrete typically include consideration of (1) mass transfer of air and water by diffusion and
by forced convection, conversion of liquid water to vapor, and release of water of hydration and (2)
heat transfer by conduction, mass diffusion, and forced convection. In order to make valid
predictions, the computer models require reliable data as to the physical properties of the concrete.
Mass transport properties are being investigated by the Building Materials Division. Thermal
transport properties, the subject of this report, are being investigated by the Building Environment
Division. The present report addresses (1) identification of material properties critical to prediction
of heat and mass transfer in high strength concrete at high temperatures, (2) variation of the thermal
properties with temperature, pressure, and thermal history, (3) examination of correlations between
concrete composition and thermal properties, (4) identification of appropriate experimental
techniques for determination of the thermal properties of high strength concrete, (5) identification
of available equipment and testing services for carrying out such measurements, and (6) preliminary
design of special equipment that needs to be constructed for measurement of the thermal
conductivity of concrete.
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The nomenclature list below is limited to those symbols that are used in the main body of this report.
The symbols used in Sections 2.1, 2.2, and 2.3 are not included, since the symbols used there, and
defined there, are those of the various investigators whose work is being cited and they are not used
elsewhere in this report. The symbols used for the various equations in Appendices A and B are not
included since they are defined as they are used in those appendices.

A relative mass [kg/kg] = [I] of water that would fill voids

B bulk modulus [Pal

C specific heat [J/kg.K] at constant pressure

C sensible heat contribution to the specific heat [J/kg.K]

D mass diffusivity [m2/s]

f volume fraction [m3/m3] = [1]

H enthalpy [J/kg]

K permeability [M 2 ]

Q length [m]

I? dimensionless constant used in the Bruggeman mixture rule (Eq. (55)

ti mass flux [kg/m 2"s]

n index of summation

p partial pressure [Pal

P pressure [Pa], porosity [m3/m3] = [I], or fraction of area or of length (Eq. (75))

q heat flux [W/m 2]

S source term [kg/m 3.s] for creation of liquid or vapor

t time [s]

T temperature [K]

v volume fraction [m3/m3] = [1]
V volume [m3]

W mass [kg]

x coordinate axis [m]

Greek

ax coefficient of linear thermal expansion [m/m.K] [K-']

P3 coefficient of volumetric thermal expansion [m3/m3-K]= [K']

y dimensionless constant in Harmathy's form of Hamilton-Crosser mixture rule (Eqs. (58)-(59))

xii



6 mass diffusivity [kg/m-s'Pa] when the partial pressure gradient is the driving force; this
quantity is usually called "permeability" in the building research literature

AHp heat of reaction, or latent heat contribution to the specific heat [J/kg'K]

degree of conversion of a chemical reaction (0 • ( • 1)

rI dimensionless constant used in the Hamilton-Crosser mixture rule (Eq. (57))

K thermal diffusivity [m2/s]

A thermal conductivity [W/m-K]

p viscosity [kg/m's]

& moisture capacity [kg/kg] = [I]

7t 3.14159265...

p density [kg/m 3]

D a particular property of interest

6) mass fraction [kg/kg] = [1]

Subscripts

0 reference

1,2 component

c forced convection, cement, or continuous phase

d diffusion, or dispersed phase

i component

m mass

n non-evaporable water

P at constant pressure

s saturation

u energy

w water



The NIST Building and Fire Research Laboratory (BFRL) has undertaken several projects concerned
with the performance of high strength concrete. One of these projects concerns the effect of fire on
high strength concrete. Heating concrete to sufficiently high temperatures results in water of
hydration being driven off, with a resultant irreversible loss of concrete strength. In addition, it has
been observed that rapid heating of high strength concrete can result in spalling of the concrete. The
most common explanation for this phenomenon is that, because of the very low permeability of high
strength concrete, the moisture freed during dehydration (release of chemically bound water) cannot
escape quickly enough to prevent a large buildup in pore pressure, which "blows off" some of the
concrete. Another possible explanation for the observed spalling is that it occurs due to the large
thermal stresses encountered under fire conditions.

Several computer models have been developed to predict temperature and pore pressure distributions
in concrete exposed to simulated fire conditions. It probably will be necessary to develop a
companion computer program to predict spalling and strength loss. BFRL is examining such
computer programs to ascertain how reliably they can predict the overall response of high strength
concrete structures to fire conditions and, hopefully, can provide insights into possible spalling
prevention procedures.

The computer models for prediction of temperature and pore pressure distributions utilize an analysis
procedure that involves the strongly coupled heat and mass transfer within the concrete. Such models
typically include consideration of mass transfer of air and water by diffusion and by forced
convection, conversion of liquid water to vapor, and release of water of hydration and heat transfer
by conduction, mass diffusion, and forced convection with inclusion of the effects of the heat of
vaporization of water, the heat of dehydration, and the thermal capacity of the concrete. Regardless
of how good the computer programs are, in order to make valid predictions, they require reliable data
as to the physical properties of the concrete. Mass transport properties are being investigated by the
Building Materials Division. Thermal transport properties, the subject of this report, are being
investigated by the Building Environment Division.

The present report addresses (1) identification of material properties critical to prediction of heat
and mass transfer in high strength concrete at high temperatures, (2) variation of these properties
with temperature, pressure, and thermal history, (3) examination of correlations between concrete
composition and thermal properties, (4) identification of appropriate experimental techniques for
determination of the thermal properties of high strength concrete, (5) identification of available
equipment and testing services for carrying out such measurements, and (6) preliminary design of
special equipment that needs to be constructed for measurement of one or more thermal properties.

Section 2 of this report provides an overview of heat and mass transfer in porous media, identifies
the properties that are required in mathematical modeling of heat and mass transfer, and provides
the mass and energy conservation equations for several different models that have been previously
developed. Section 3 provides an overview of the available data on thermal properties of normal and
high strength concrete. Section 4 is a discussion of various correlations and procedures that might
be useful in prediction of the thermal properties of concrete. In Section 5, various experimental
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techniques for determination of the needed thermal properties are described. The current availability
of apparatus and testing services, for these properties, is covered in Section 6, with the aim of
determining whether NIST has the appropriate capabilities, should procure or build appropriate
equipment, or should rely on testing at outside laboratories. It is concluded that no suitable
equipment for high temperature thermal conductivity measurements is available and that NIST needs
to develop such capability. Accordingly, Section 7 provides a preliminary design of the apparatus
that is proposed to be built for high temperature thermal conductivity measurements.
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2. Modeling of Simultaneous Heat and Mass Transfer in Porous Media

When moisture is present, a very complex analysis can be required to deal with the coupled heat and
mass transfer that can occur, involving both liquid mass transfer and vapor mass transfer. In
general, moisture transport may include air-vapor mixture flow due to forced convection, free
convection, and infiltration through cracks and pores; vapor transport by diffusion; flow of liquid
due to diffusion, capillary action, or gravity; and the further complications associated with phase
changes due to condensation/evaporation, freezing/thawing, ablimation/sublimation, and
adsorption/desorption. There is a vast literature concerned with moisture transfer in materials and
with simultaneous heat and mass transfer. The literature concerning moisture flow in porous
materials encompasses the development of analytical/mathematical models, experimental studies,
combined experimental and analytical studies, field studies, and retrofit studies. Much theoretical
and experimental work has been done on the development of the theory of heat and mass transfer,
separately and together, inporous media. This work comes mainly from the fields of drying,
chemical processing, and building research, as well as from geophysics. However, in general it is.
fair to state that consistent and universally reliable analytical approaches and test methods are yet
to be achieved for predicting combined heat and moisture transfer through porous media.

While analyticaI approaches differ, in general it is customary to write a set of coupled-equations in
which there are three "currents," such as heat flow, liquid water flow, and water vapor flow. Each
current has three components, driven by one of three "forces," the temperature gradient, the gradient
in liquid water content, and the gradient in water vapor contenL Thus there are nine' coefficients
corresponding to the nine "conductivities" or "diffusivities" relating the currents and the forces. The
Onsager reciprocal relations reduce the number of independent coefficients to six. Deperiding upoh
the application and the investigator, the moisture contents may be written in a variety of ways (e.g.,
mass or volume or relative humidity of moisture per mass or volume of medium). There also is a
variety of choices used for the currents and for the forces. A few of the approaches used are
discussed below.

The "apparent" thermal conductivity can be thought of as the ratio of the heat flux to the temperature
gradient, even though the heat flux is also affected by the gradients in liquid-phase and vapor-ph'ase
moisture content. If moisture is migrating slowly, it can appear as if the apparent thermal
conductivity is constant. However as the local moisture content changes over time, the true thermal
conductivity will change, the heat transport associated with the fluxes of liquid and vapor will
change, and thus the apparent thermal conductivity will change.

Obviously, the extensive theoretical literature concerned with heat and mass transfer in porous media
cannot be reviewed in this report. Rather the approach taken is to (1) provide an overview of what
happens when a concrete wall is exposed to fire conditions (and define various terms), (2) use the
principles of irreversible thermodynamics to derive the much simpler problem of diffusion of a
single gas through a porous media, (3) summarize the theoretical results which three different
investigations found for the mass flux densities and energy flux density of coupled heat and moisture
transfer through a porous medium in the absence of convective mass transfer, and (4) summarize the
equations used in the Ahmed model (which does include convection) for predicting temperatures and
pore pressures in concrete exposed to fire conditions.
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2.1 Overview of Heat and Mass Transfer in Concrete Exposed to Fire

For concrete, particularly at high temperature, one cannot predict heat transfer from just the
traditional thermal properties: thermal conductivity and volumetric specific heat (or, under some
conditions, one of these properties plus thermal diffusivity). Movement of air, water, and possibly
carbon dioxide through the concrete is accompanied by significant energy transfer, particularly
associated with the latent heat of water and the heats of hydration and dehydration. Because of the
high pore pressures that result when high-strength concrete is exposed to a fire, it is necessary to
consider forced convection aswell as diffusion.

Consider a concrete slab that initially may have small temperature gradients, e.g., due to indoor-to-
outdoor temperature differences. Further, the extent of hydration of the concrete may not be uniform
throughout the structure. Because of the heat released during initial curing and drying out of the
concrete near one or both surfaces, there may be a higher amount of hydration in the middle of the
material than near the surfaces. The free moisture content also may vary throughout the concrete if
the different surfaces have been exposed to different humidities.

At the beginning of a fire, the temperature of the exposed side of the concrete slab will rise rapidly.
Free moisture, both liquid and vapor, will migrate toward the cold side of the concrete. Initially, this
moisture movement occurs by diffusion processes, where the driving force may be considered to be
the gradient in moisture content (commonly expressed as partial pressure, humidity, molar or mass
fraction, or molar or mass density). As the temperature of the fire-exposed side increases, any free
liquid water will boil off and migrate toward the colder side where some of it will condense. The
latent heat required to boil the liquid water will retard the rate of temperature rise at that location.
When water vapor is transported into a colder region, some of it is absorbed into the concrete, with
a heat of sorption that is approximately equal to the latent heat associated with condensation of free
water vapor into liquid, so that significant heat is released. As moisture moves into the slab and the
interior temperature rises towards 100 °C, portions of the slab may experience additional hydration
(conversion of free water to chemically bound water), with an attendant release of heat. When the
temperature of any portion of the concrete slab exceeds (roughly) the boiling point of water (at the
local pressure) some dehydration (release of chemically bound water) will begin to take place, with
an attendant absorption of heat. The dehydration reactions continue to temperatures in excess of
800 'C, with the most pronounced reaction being the dehydration of calcium hydroxide between 400
and 600 'C. The free water introduced into the concrete tries to diffuse toward the cold side.
However, high-strength concrete is not very permeable to water vapor and is even less permeable
(by, say, roughly two orders of magnitude) to liquid water. Thus the moisture cannot escape as
rapidly as it is being released and the pore pressure in the concrete will rise substantially.
Eventually, liquid water may fill the concrete pores at a location ahead of the temperature front,
creating a condition known as moisture clog, where the liquid water blocks the transfer of water
vapor toward the cold side of the slab. Under such conditions, the pore pressure will result in forced
convective mass transfer of superheated steam and air to the heated side of the slab.

For concrete with carbonate aggregates, the situation is further complicated. Between 660 and
980 'C, calcium carbonate breaks down into calcium oxide with the release of carbon dioxide.
Magnesium carbonate is similarly decomposed between 740 and 840 'C. Both reactions are
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endothermic, thus absorbing heat and delaying temperature rise in the concrete. Quartz undergoes
a pronounced phase transformation, with an accompanying volume increase, at about 573 'C.

During temperature exposure of the concrete, its transport properties for both heat and mass can
change quite significantly due to differential thermal expansion opening up microcracks and changes
to the solid structure associated with chemical decomposition of the cement paste (dehydration) and
of any carbonate aggregates (conversion to oxides), both processes leading to less dense material and
thus lower thermal conductivity (and thermal diffusivity) and higher mass transport properties.

In the absence of mass transfer and chemical reactions, conductive heat transfer is described by

U aT = (1)aT
at ax I. ax)

where T is temperature [K], t is time [s], p, is the bulk density [kg/m3] of the medium, C is specific
heat [J/kg-K], and X is thermal conductivity [W/m-K]. If there are no other mechanisms of heat
transfer and if X can be assumed to be constant, this equation can be replaced by

laT a2T
-a ,x2 (2)K at aX2

where K = X/pC, the ratio of thermal conductivity to volumetric specific heat, is known as the
thermal diffusivity [m2/s]. For a boundary value problem with prescribed surface temperatures as
functions of time, the interior temperatures versus time depend only on the thermal diffusivity and
it is not necessary to know the thermal conductivity or the specific heat separately.
(Correspondingly, in measuring thermal diffusivity it is only necessary to measure a geometrical
factor and a temperature variation with time; no power or energy measurements are required.) For
a boundary value problem with a prescribed heat flux or with a radiation boundary condition, the
temperature variation with time depends upon both thermal conductivity and thermal diffusivity (or
upon one of these properties plus the volumetric heat capacity).

When exothermic or endothermic chemical reactions, or phase changes in the solid concrete, take
place, it is preferable to replace Eq. (1) with

P( aH) aT a (ý aT) 3
X at ax (3)

where H is enthalpy [J/kg] and P is pressure [Pa]. If the degree of conversion from the reactants
into the products is designated by C (0 • ( 1), Eq. (3) can be rewritten as

+ aH t )x , (4)
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where C represents the sensible heat contribution to the specific heat at a given degree of
conversion, and the term involving AHP, the heat of reaction, is the latent heat contribution.
Sometimes the latent heat term is written as a heat source/sink term.

Turning now to mass transfer, diffusion is first considered. Assuming that Fick's law for diffusion
holds, the mass flux due to a gradient in the density of the diffusing fluid is simply

thd = -D p(5)-ax

where rhd is the mass flux [kg/m 2.s] due to diffusion, p is the density [kg/m3] of the fluid, and D is
the mass diffusivity [m2/s]. In the building research literature, for moisture transfer this equation
is often expressed in terms of partial pressures as

thd ' (6)
ax

where p is the partial pressure [Pa] and 6 is usually called the "permeability" [kg/m-s.Pa] rather than
being called a mass diffusivity. For diffusion of water vapor, a similar expression is often seen with
the driving force being the gradient in the humidity.

For forced convection through a porous medium, the mass flux is given approximately by

th K x ' (7)
P ax

where P is the total pressure [Pa], p is the density [kg/m3] of the moving fluid, pi is the viscosity
[kg/m's] of the moving fluid, and K is the permeability [m2 ] of the medium for the particular fluid.
(Often experimental results will indicate that K is not really a constant but varies with the pressure
gradient so that a more complex expression may be required.)

The energy transport (heat flux) associated with a mass flux is simply

q = rhH , (8)

where H is the enthalpy of the moving fluid. The net energy content per unit volume (i.e., the
additional term to be included in the energy differential equation, Eq. (4)) is

. a (=aH) aT aT-- =h -rhC- (9)
ax T P ax ax

where C is the heat capacity of the moving fluid. If, as is the case with water, a phase change and
the associated latent heat are involved, it is necessary to deal appropriately with the step function in
the enthalpy.

6



In the case of diffusion or forced convection of a gas, absorption and desorption by the medium
(concrete) probably can be ignored. However, for moisture transfer at temperatures below the
boiling point of water (at the local pressure), absorption effects are quite important and the mass
storage of water, and the associated enthalpy storage, need to be considered. Absorption/desorption
of water vapor is usually described in terms of sorption isotherms, curves which relate the
equilibrium absorbed moisture content of a medium, at a specific temperature, to the moisture
content (usually expressed as vapor pressure or humidity) to which it is exposed. At low humidities,
absorption is mainly by adsorption, first in monomolecular layers and then in multimolecular layers.
Above about 40 percent relative humidity, capillary condensation begins in the smallest micropores
of the material and then, as the humidity increases, there is condensation in larger pores and cracks,
due to the depression of vapor pressure over the curved menisci of the water-filled capillaries.
Porous materials exhibit hysteresis, so that absorption isotherms differ from desorption isotherms.
The moisture capacity of a material is defined as the slope of the sorption isotherm (analogous to
the heat capacity being the slope of the enthalpy-versus-temperature curve). The moisture capacity
increases markedly as the water vapor pressure increases toward the saturation vapor pressure.
Above a relative humidity of about 97 percent, it is customary to treat the moisture as being a liquid.
Here the moisture capacity of a material is related to the capillary suction pressure by what is known
as a suction curve, which also exhibits hysteresis.

Consideration of the mass flux (e.g., Eq. (5) or (6)) and the moisture capacity results in a differential
equation, for diffusive mass transfer, that is analogous to Eq. (1) for heat transfer. A source term
is added to this differential equation to represent the mass of moisture that is created or annihilated
by hydration or dehydration, respectively. If the driving potential is taken as the density of the water
vapor, mass conservation plus Eq. (5) results in

I ap _ a lp + S
Dat ax2  p

where S is the source term [kg/m 3.s] included to deal with conversion of liquid to vapor, or vice
versa, or with the creation of water by dehydration of the medium. Comparison of the form of
Eq. (10) with that of Eq. (2) shows the analogy between mass diffusivity and thermal diffusivity.
The form of Eq. (10) does not explicitly show the dependence upon moisture capacity. If partial
pressure or, equivalently, relative humidity is used as the driving potential and Eq. (6) is used to
obtain the mass flux, mass conservation yields

P0  ap a S ()
6p, at ax2

where p, is the bulk density of the medium, p, is the saturation pressure [Pa] at the local temperature
of the medium, and ý is the moisture capacity obtained as the slope of the sorption curve, plotted as
mass of water vapor per unit mass of the medium versus relative humidity (so C is dimensionless).

Some investigators explicitly consider two moisture fluxes, one for vapor and one for liquid, while
others use a single moisture flux, with the moisture capacity being used to deal with the change of
phase, or the absorption and desorption, of the water. An equation analogous to Eq. (11) can be
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derived for transfer of liquid water, with the moisture capacity being obtained from capillary suction
curves.

Forced convection of moisture through the medium also requires consideration of the moisture
capacity of the medium. For sufficiently small flows, one might assume that the moisture absorbed
or desorbed can be predicted from the moisture capacity as determined from sorption curves or
suction curves measured under steady-state conditions. In such a case, differential equations
analogous to Eq. (11) could be written. However, for concrete under simulated fire conditions and
high pore pressures, it is questionable whether there would be time for such equilibrium to be
achieved.

2.1 Irreversible Thermodynamics Approach for Diffusion of a Gas

Before discussing the rather complex analysis of two-phase (liquid and vapor) flow of moisture
through a porous solid, the more simple case of diffusion of a gas through a stationary medium is
considered. This is done most conveniently by the methods of irreversible thermodynamics,
applying the Onsager Reciprocal Relations [1-24]. A set of current densities is defined as

Ji= Lij Xj (12)

where Xj are the "conjugate forces," such that

R(S) = * Xi (13)
J

where R(S) is the rate of entropy production in the system. The Onsager Reciprocal Theorem states
that

Lij = L..i (14)

The rate of entropy production is uniquely defined by the system under consideration, but since R(S)
can be split into a sum of products in many ways, one is left with a choice of current densities and
conjugate forces. We choose a mass current density Jm, an internal energy current density J,, and
an entropy current S, so that the divergence of each of these current densities is the rate of change
per unit volume of the corresponding thermodynamic variable. With these definitions for the current
densities,

TS = JU - P Jm (15)

where T is the absolute temperature and p is the chemical potential of the diffusing gas. The rate of
production of entropy is

R(S) = Te c t S =t- Vs a . (16)

The current densities are
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Ju L ( + L/ V(1 (18)

In order to put these expressions in terms of measurable gradients, it is noted that

=-P-Ts + " VT =VVp_ h VT '(19)T T T2 T 2 ,(9

where v is the specific volume, s is the specific entropy, and h is the specific enthalpy. Substitution
of Eq. (19) into Eqs. (17) and (18) yields

L,,.v L,,h - Lu
J. - - VP + LlI 2 nuVT (20)

T T

L,,,v L h - L

ju . P + l uVT (21)
T T2

Thermal conductivity is defined as

X = 1jm- o ii =0(22)
LVlT.J, =0 TJm =0

where Q is the heat current density, since when J, = 0, J, = Q. Setting Eq. (20) equal to zero yields

V p) ~h - .LM
= 0 /LfvT~ (23)

This ratio of the pressure gradient to the temperature gradient, when there is no mass flow, is called
the thermomolecular pressure difference. Combining Eqs. (21 )-(23) yields the following expression
for the thermal conductivity in terms of the Onsager coefficients

X= Lu n (24)

T2 Lmm
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When the system is isothermal, V T = 0 and the two current densities are simply

.= L ~v L .Uv
Jm L VP and J T- V , (25)T T

Under such conditions, the two currents are related to each other by

j J" == a J' (26)

where ot is a quantity that can be determined experimentally by measuring both heat flow and mass
flow for isothermal conditions. Permeability is defined as

v m 1 _ L T(27)
LVPJ~~ pT

where p = 1/v is the density of the gas.

The Onsager coefficients can be expressed in terms of the measurable quantities X, a, and 13 (other
measurable quantities could have been selected of course):

L,1 = PT L, = aPT L, = XT2 
+ a•P3T (28)

With these substitutions into Eqs. (20) and (21), the current densities become

m= -13VP + 13(h-a)VT (29)
T

J= -tpvp X - a13(h-a)) VT ,(30)

Note that the use of the Onsager reciprocal relation results in only three measurable parameters being
required, rather than four (h does not have to be measured since accurate data for the specific
enthalpy are available for most gases and liquids of interest and certainly for water). Note that the
quantity a requires thermal measurements even though it is defined under isothermal conditions.

Consider now the case of moisture transfer through a hygroscopic material. Even though there is
no liquid water entering or leaving the specimen, there will be adsorbed water and, at moderately
high humidities, liquid water inside the pores and capillaries. In general, proper understanding of
simultaneous heat and mass transfer for such circumstances requires that both the vapor phase and
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the liquid phase be explicitly considered. The current densities, analogous to those in Eqs. (17) and
(18), are

J~,= L_ V ( + L~,ýV ( !j±~V()(31)

J, L1VV ( ' + L,11V -')+ L1. V ( -') (32)

JU LUVV ( , L,,1V ( ~;)+ LUUV ()(33)

where J, is the mass current density for water vapor, J, corresponds to mass flow of liquid water and,
as before, J, is the current of internal energy. The nine coefficients can be reduced to six by
invoking the Onsager reciprocal relations. Further reduction in the number in coefficients requires
that certain assumptions be made, or other information be used, concerning the relationship between
water vapor and liquid water. For example if the sorption isotherm curve is known for the specimen
of interest, one can infer how much water will be adsorbed and/or absorbed in a specimen that is
exposed to a particular temperature and relative humidity. The Kelvin equation can be used to relate
hydraulic pressure inside a capillary to the relative humidity. Several workers have developed
theories to describe simultaneous heat and mass transfer due to moisture migration in hygroscopic
materials. Such derivations are quite complex and space and time do not permit showing the details
in this report. Rather, the results obtained by several prominent workers in the field are given and
differences and similarities are pointed out. There are many differences among these several
developments in the definitions of terms and the symbols used; here the same nomenclature of the
original workers is used so as not to add further confusion.

.2.2 Heat Transfer and Diffusive Mass Transfer (no convection)

One comment is in order before proceeding to list the expressions which previous workers have
obtained for the mass and heat fluxes associated with moisture transfer. In the derivation given
above, a single gas was diffusing through a porous medium under the combined effects of a
temperature gradient and a pressure gradient. In the case of moisture transfer, the water vapor
pressure is normally very small compared to the total pressure of the moist air. Therefore in most
derivations in the moisture literature it is assumed that the total pressure in the medium is uniform
and that the water vapor diffuses under the combined influence of a concentration gradient (which
may be expressed as a vapor pressure gradient or a humidity gradient) and a temperature gradient.
If one wished to allow for the effects of a gradient in the total pressure, as is the case for concrete
exposed to a fire, it would be necessary to add a convective term to the expressions given below.
Similarly, the effects of gravitational forces are usually neglected in the case of moisture transfer
through a hygroscopic medium.
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Philip and de Vries [18-20] defined liquid flux density as

q, = -pi(Do0 VOI + DTIVT + Kk) , (34)

where

Dal Kaiqi/aO, and DT, = Ktli/OT (35)

In these equations p, is liquid density, 0, is volumetric liquid moisture content, D0, is macroscopic
diffusivity for liquid transport due to V 01, Tis temperature, DT, is macroscopic diffusivity for liquid
transport due to V T, K is hydraulic conductivity, k is the unit vector in the z-direction, and 41 is
moisture potential (see Eq. (39), below).

Philip and de Vries defined vapor flux density as

where

%v = -P1(DovVOt + DTVVT)

Do, = f(a)D P MgPa*
P - Pv RT p, a 01

DT, = f(a)D p
P - p p, p,, dT

p, = hp, = p, exp(Mg•/RT)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

f(a) = a + 01 = S ,

f(a) = a + a(S - a)/(S - Olk)

for 0, _< 0ek

for 01 > 0fk

C = (VT),/VT

In these equations 0, is volumetric moisture vapor content, D0, is macroscopic diffusivity for vapor
transport due to V 0,, DT, is macroscopic diffusivity for vapor transport due to V T, a is volumetric
air content, D is the diffusion coefficient of water vapor in air, P is total gas pressure, M is molar
mass, g is acceleration due to gravity, R is the universal gas constant, p, is vapor density, p,, is the
partial pressure of water vapor at saturation, h is relative humidity, and S is porosity. They also
define a total moisture flux density as

q. = q, + q• = -Pi(DeVO, + DTVT + Kk) (43)
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Philip and de Vries defined the heat flux density as

qh= XVT + c,(T - T)q,. - LpDoVO1  (44)

or
q, = -X*VT + c,(T - T0 )q. - LpDoVO1  (45)

where X* is the (apparent) thermal conductivity associated with macroscopic inclusion of water
vapor, V. is the (apparent) thermal conductivity associated with microscopic inclusion of water
vapor, c, is specific heat of liquid water, T,, is a reference temperature, and L is the latent heat of
evaporation. In this expression, the first term represents normal heat conduction, the second term
represents the sensible heat transfer due to mass transfer, and the third term corresponds to the latent
heat transfer due to mass transfer.

Fortes and Okos [21-22] derived the following heat and mass transfer equations, applicable to
hygroscopic capillary-porous media:

Liquid mass flux:

jI = -K, P1RInHVT - P H (46)

Vapor mass flux:

iv = -KI p-- a + H V T - va ) VM (47)
aT dT) am

Heat flux:

aH + H OpKVT RT dpH VM . (48)Jq = -KTVT- PIKtRvlnH + K, 9V_ +T H (48
PVaT. dT H am

In these equations K, is "liquid conductivity," p, is liquid density, Rv is the gas constant per unit mass
of water vapor, H is relative humidity, M is moisture content expressed as mass of moisture per unit
mass of dry medium, Kv is "vapor conductivity," p,,, is the saturation density of water vapor, and KT

is apparent thermal conductivity. Note that everywhere V M appears it is multiplied by aH/lM so
that the equations are effectively given in terms of the humidity gradient.

Luikov [23-24] combines the mass current density for water vapor and the mass current for liquid
water into a single mass current density for moisture,

J_ = -a,,p Vu - ap,,8VT , (49)
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where u is moisture content, a, is "moisture dittusivity," p, is the density ot the dry medium, and 0
is the "thermogradient coefficient." The corresponding heat current density is

JU = -3XVT - rEJ J, (50)

where X is thermal conductivity (Luikov put conductive heat transfer in terms of the thermal
diffusivity a = p,, c A., where c is the effective heat capacity of the moist medium), r is the latent heat
of vaporization, and E is the "phase conversion factor" of liquid into vapor.

The final expressions of Philip and de Vries, Fortes and Okos, and Luikov are all of the general form
of Eqs. (3l)-(33) but without some of the "cross" terms. For example, Philip and de Vries expressed
the liquid flux density in terms of the gradient of liquid moisture content and the temperature
gradient but did not have a term involving the gradient of moisture vapor content. Similarly, their
expression for the vapor flux density involved the vapor concentration but not the liquid content.
Fortes and Okos effectively used relative humidity, along with temperature, as the driving force for
both liquid and vapor flow. Luikov combined liquid and vapor and only considered total moisture
content (in his derivations this simplification was accomplished by using the sorption isotherm to
infer liquid content from vapor concentration and vice versa).

2.3 Ahmed Model

Since the NIST parties involved with this project have access to the papers by Ahmed, et al.,
describing the model used to simulate coupled heat and mass transfer in concrete slabs, only the
three coupled differential equations which they use are shown here.

The differential equation for conservation of mass for water vapor is

o-7 - P, E 9 K (Pgg- Dx (4 r , (51)

where p, and p. are the density [kg/mi] of, respectively, the water vapor and the gaseous mixture of
water vapor and air, E is the volume fracture [m3/m3] of gaseous mixture in the porous medium, 4ý
is the mole fraction [kmol/kmol] of water vapor in the gaseous mixture, KP is the "coefficient of
permeability" [m3os/kg], P is the pore pressure [Pal of the gaseous mixture in the porous medium,
D is the "modified diffusivity" [m2/s] of the gaseous mixture, and IF is the mass rate of evaporation
of water per unit volume of porous medium [kg/m 3osl. The coefficient of permeability, KP, is defined
as K = K /g p E , where K. is the "permeability" [m/s] of the gaseous mixture and g is the
acceleration [rns2] due to gravity. The modified diffusivity, D, [m2/s] is D = (Mv MaIM2 ) D',
where M, M, and M, are the molecular weights [kg/kmol] of, respectively, the gaseous mixture, the
air in the gaseous mixture, and the water vapor in the gaseous mixture and D' is the diffusivity [m2/s]
of the gaseous mixture. Ahmed, et al. identify the four terms of Eq. (51) as the transient term, the
convection term, the diffusion term, and the source term.
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Ahmed, et al., use a different definition for permeability than the one that is normally used.
Apparently K = (pg/p) oK, where p is density, p is viscosity, and K is the permeability as normally
defined (see 9q. (7), above).

The differential equation for conservation of mass of the mixture of water vapor and air is

at(PgEg) - ax(Pg gKp -- r, (52)

where the three terms are the transient term, the convective term, and the source term. The
differential equation for conservation of energy is

aC T ap aT ( (_CO CO) D ý)T a - a ak 5T
-at PgaCg ax ax apgC - ax) ax ax ax (5

where C,,, C , C, and C, are, respectively, the (total) effective heat capacity of the porous
medium, the Neat capacity orf the gaseous mixture, the heat capacity of water vapor, and the heat
capacity of air, k is the effective thermal conductivity of the medium, and the source term
(evaporation/dehydration ) is defined as

Q I ? = + ( Qe + Qdh) "ti)" (54)
-~at at)

where Q, is the latent heat of evaporation [J/kg] of free water vapor, Qdh is the heat of hydration
[J/kg] of chemically bound water in the porous medium, 8Y. is the mass concentration of free liquid
water in the pores per unit volume of porous medium [kg/mr], and bed is the mass concentration of
chemically bound water (in the cement paste) per unit volume of porous medium [kg/m3]. The five
terms in Eq. (53) represent the transient term, the convection term, the diffusion term, the conduction
term, and the source term, respectively.
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3. Existing Data on Thermal Properties of
Concrete and Its Constituents

Since the data available for the properties of high strength concrete are quite limited and since most
of the thermal properties of high strength concrete are not expected to differ considerably from the
properties of normal concrete, this section addresses data available for both normal and high strength
concrete.

The most important references, over the past thirty years, that contain data on the thermal properties
of concrete, mortar, or cement paste over extended temperature ranges include [25-50]; these
references in turn refer to many other publications. The vast majority of data on thermal properties
of concrete correspond to temperatures close to normal room temperature. Reference [51 ] contains
an extensive compendium of data on rocks and minerals, including materials that can be used as fine
and coarse aggregates in Portland cement concrete. Although this reference has a 1989 copyright
date, it was originally written in the late 1970's and all of the references are to publications dated
1978 or earlier, with very few references for 1977 or 1978. Other references relevant to the thermal
properties of rocks include [52-59].

3.1 Mass, Volume, and Density

The density of concrete and its constituents is needed to compute volumetric heat capacity, which
is needed for the various theoretical models used to predict heat transport in fire-exposed concrete;
however, since the density does not vary by much over the temperature range of interest, only
relatively small corrections to the room temperature density are required.

In addition, the variation of mass with time and temperature is an important indicator of the degree
of conversion from the reactants to the products in a chemical reaction, such as dehydration or loss
of carbon dioxide. Accordingly, information as to mass variation is important in determining the
enthalpy of a specimen. Similarly, since a material may expand or contract when a chemical reaction
takes place, thermal expansion data can be useful in determining the degree of conversion for a
chemical reaction.

Thermal expansion data also will be needed to predict thermal stresses that might contribute to
spalling. In addition, post-test measurements of thermal expansion would provide sensitive
indicators of thedegree of dehydration due to the temperature-time exposure that took place during
a real or simulated fire.

Figure 1 shown the mass loss and the thermal expansion of a particular cement paste as functions
of temperature when the specimen is heated at a nominally uniform rate from room temperature to
1000 °C. At 1000 °C, the one-dimensional length change is about 3.3 percent so that the volumetric
contraction is approximately 10 percent. Since the same type of cement paste lost 15 percent of its
mass, the bulk density would decrease by a rather small percentage between room temperature and
1000 'C (see Figure 16, below).
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Figure 2 shows mass loss and temperature change for a sample of Portland cement paste that was
heated to 260 'C over a period of 4.75 h, held at 260 'C for 44 h, and then allowed to cool to room
temperature.

Curves A and C in Figure 3 show mass loss versus temperature for, respectively, a calcareous
aggregate, containing carbonate (lime or limestone), and a siliceous aggregate, containing silica. The
much greater mass loss for the carbonate aggregate is due to the dissociation of the carbonate and
the attendant release of carbon dioxide. Curves B and D correspond to concretes made with the two
types of aggregate. Figure 4 shows mass loss for various concretes, including measurements by two
different investigators on limestone concrete. Another set of data for carbonate concrete is shown
in Figure 5, with this concrete having the composition indicated in column 2 of Table I (the other
two specimens for which data are shown in Figure 4 contained reinforcing steel fibers, which would
not be expected to change the mass loss versus temperature curve significantly).

Table 2 shown the constituents of five high-strength concretes recently studied by investigators at
the Portland Cement Association. The mass loss versus temperature for these specimens are shown
in Figures 6, 7, and 8, corresponding to the different heating rates listed at the bottom of each figure.

Figure 9 shows how the amount of silica fume in a high-strength concrete affects the loss of mass
with increasing temperature.

As mentioned above, in addition to mass loss, Figures 1 and 2 showed thermal expansion versus
temperature for Portland cement paste. Additional thermal expansion data for cement paste are
shown in Figure 10.

With regard to potential aggregates, Figure 11 shows thermal expansion data on the ten different
types of rocks that are listed in Table 3. The data for limestone are shown by the curve labeled LI.

Thermal expansion versus temperature for several different types of concrete are shown in Figures
12, 13, and 14. Each of these figures includes data for a limestone-aggregate concrete. Figure 15
indicates how the room-temperature thermal expansion coefficient for concretes is related to the
thermal expansion coefficient of the aggregate.

Figure 1 presented information on the mass loss and thermal expansion of a particular cement paste.
Figure 16, shows, for that same paste, how the true density, the bulk density, and the porosity are
believed to change with increasing temperature.

Figures 17 and 18 show the effect of temperature on the density of concretes with different types of
aggregate. The data in Figure 17 correspond to limestone-aggregate concrete, which loses
considerable density when the carbonate disassociates. Figure 19 shows the density versus
temperature curves used in the version of the Ahmed model (see Section 2.3, above) that is currently
available at NIST. Type I refers to carbonate aggregate concrete and Type 2 to siliceous concrete.

(Text continued on p. 32)
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Batch (specimen type)

Property I (NRC 1) 2 (NRC2) 3 (NRC3)

Cement content (kg/m 3 ) 380 439 439
Fine aggregate (kg/m 3) 673 621 621
Coarse aggregate (kg/m 3)

19 mm 678 788 788
9.5 mm 438 340 340
Total 1162 1128 1128
Aggregate type Siliceous Carbonate Carbonate

Water (kg/m 3) 167 161 161
Water-cement ratio 0.44 0.37 0.37
Retarding admixture (mL/m3) 745 - -

Superplasticizer (m.Lm 3 ) 2500 300 1200
Steel fibre (kg/m 3) 42 - 42
28-day compressive strength (MPa) 39.9 32.6 43.2
Compressive strength at test date (MPa) 40.9 37.1 43.3

Table 1. Batch quantities and properties of concrete mix [44].
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Parameter Number identifying type of mix
Units per cubic meter 1 2 3 4 5

Cement Type 1, kg 564 475 487 564 475

Silica Fume, kg (1) - 24 47 89 74

Fly Ash, kg 59 - - -104

Coarse Agg. SSD, kg. (2) 1068 1068 1068 1068 1068

Fine Agg. SSD, kg. 647 659 676 593 593

HRWR Type F, liter 11.60 11.60 11.22 20.11 16.44

HRWR Type G, liter - - - -

Retarder Type D, liter 1.12 1.05 0.97 1.46 1.50

Total Water, kg. (3) 158 160 155 144 151

Water/Cement Ratio 0.281 0.338 0.320 0.255 0.318

Water/Cementitious Ratio 0.281 0.287 0.291 0.220 0.321

Note: As reported by ready-mix supplier
(1) Dry weight
(2) Maximum aggregate size: 12 mm
(3) Weight of total water in mix including admixtures

Table 2. Composition of concrete mixtures [47-48].
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Density Grain size
(kg/mr') (mm)

Anorthosite AN Igneous

Basalt BA Igneous

Dolomite DO Sedimentary
Granodiorite GD Igneous

Granite GR Igneous

Limestone LI Sedimentary
Quartz
Monzonite QM Igneous

Quartz QR Igneous
Rhyolite RH Igneous

Syenite SY Igneous

Table 3. Some characteristics of the
(Geller, et al. 1962) [41].
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Almost all plagioclase 2770 0.05-20
feldspars
Mainly epidotes, pyroxenes 3040 0.005-0.08
and plagioclase reldspars
Almost all dolomite 2490 0.1-7
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Figure 11. Dilatometric curves for the ten rocks described in Table 3 (Geller, et al. 1962) [41].
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3.2 Enthalpy, Specific Heat, and Heats of Reaction

The enthalpy or the specific heat, the derivative of enthalpy with respect to temperature, and the
heats of reaction of any chemical reaction are required for modeling heat and mass transfer through
concrete. These quantities are briefly discussed on pp. 5-6 of this report. Their inclusion in various
models is indicated in Section 2.

Harmathy [27,41] has developed detailed procedures, which are briefly addressed in Section 4.2 of
this report, for predicting the specific heat of cement paste and of concrete. Figure 20 shows his
predicted specific heats for three different cement pastes; Figure 21 shows his later experimental
results for those same cement pastes. The large peaks near 500 'C correspond to the release of
bound water. The width and height of such peaks will depend significantly on the heating rate; the
area under the curve represents the total energy absorption or release associated with a chemical
reaction and thus will be much less dependent upon the heating rate. Some the models for predicting
heat and mass transfer through concrete or other materials do not include the latent heat of reaction
in the specific heat of the material but treat it separately. Thus, one must be careful to select the
"proper" specific heat for use in a particular model.

Fu and Chung [50] recently published room temperature values of the specific heat of cement paste
with various admixtures. For a plain cement paste with a water/cement ratio of 0.45, the density was
1.99 g/cm' and the specific heat was 0.703 J/gsK, corresponding to a volumetric heat capacity of
1.40 J/cm3*K. A cement paste with 15 percent (by weight of cement) silica fume, 3 percent (by
weight of cement) water reducing agent, and a water cement ratio of 0.35 had a density of 1.72 g/cm3

and a specific heat of 0.765 J/g°K, corresponding to a volumetric heat capacity of 1.32 J/cm¾oK.

Figure 22 shows the volumetric specific heats that Harmathy [27,41] computed for four hypothetical
concretes that he believed were "limiting cases," at least with regard to thermal conductivity. It is
seen that the computed volumetric specific heats are very nearly identical for the two normal-weight
concretes, one of which (Concrete 1) had crystalline quartz aggregate while the other one had
crystalline anorthosite aggregate.

Figures 23 and 24 show the specific heat (per unit mass) of various types of Portland cement
concrete as functions of temperature. Curve 6 in Figure 23 appears questionably low at higher
temperatures. The curve for plain carbonate concrete in Figure 24 clearly shows the heat absorbed
at high temperatures when the carbonate converts to the oxide with carbon dioxide being released.
Note also, in this figure, that the specific heat is significantly lower at temperatures above this
transition than it is at temperatures just below the carbonate decomposition temperature. Figure 25
shows the specific heat versus temperature curves used in the version of the Ahmed model that is
currently available at NIST. As stated on p. 17, Type I concrete has a carbonate aggregate and
Type 2 a siliceous aggregate. Both of these curves appear to be in error at high temperatures. For
the Type 1 concrete, the specific heat should drop drastically from the peak at temperatures near
800 °C, in a manner similar to that seen for carbonate concrete in Figure 24. For the Type 2
concrete, there is no apparent reason to expect a high-temperature peak at all.

(Text continued on p. 37)
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Figure 20. Computed specific heat of Model Pastes A, B, and C [27,41].
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Figure 22. Volumetric specific heats (computed) for four hypothetical concretes: normal-weight,
Concretes 1 and 2; lightweight, Concretes 3 and 4 [27,41].
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3.3 Thermal Conductivity and Thermal Diffusivity

Thermal conductivity is a key thermal property in predicting heat and mass transport in concrete
exposed to fire conditions. As mentioned on p. 5, thermal diffusivity can be used if there are no
mechanisms of heat transfer other than conduction and if the thermal conductivity can be considered
to be constant. For modeling simultaneous heat and mass transfer, thermal diffusivity, in general,
should not be used. However, rather than to measure thermal conductivity directly, many
investigators have chosen to measure thermal diffusivity and then compute thermal conductivity
from the thermal diffusivity and the specific heat.

Harmathy determined the thermal conductivities of several cement pastes, which have significant
porosity and cracks, over a wide temperature range and then extrapolated these results to obtain an
estimate of the thermal conductivity of a hypothetical pore-less cement paste, as shown in Figure 26.
This curve can then be used to estimated the thermal conductivity of pastes of various porosities.

Fu and Chung measured the room-temperature specific heat, thermal diffusivity, and density of a
plain cement paste and one containing silica fume (see p. 32 of this report for compositions) and then
computed the thermal conductivity. The measured thermal diffusivities of the plain cement paste
and the silica fume cement paste were 0.37 mm 2/s and 0.27 mm2/s, respectively. The corresponding
thermal conductivities were 0.52 W/m.K and 0.36 W/mK, respectively, indicating that the higher
porosity of the silica fume cement paste resulted in the room-temperature thermal conductivity being
lowered by about 30 percent.

Figure 27 shows the thermal conductivity of 15 rocks and minerals at temperatures up to 300 'C;
these materials are described in Table 4. Harmathy based his "limiting cases," discussed briefly on
p. 32 of this report, for the thermal conductivity of concrete by selecting Curve QS (quartzitic
sandstone) and Curve AN (anorthosite) as the thermal conductivity of the aggregates. The thermal
conductivity of rocks and minerals can vary widely depending upon the source and the porosity.
Touloukian, etal. [551] provide extensive data on the thermophysical properties of rocks, taken from
the literature through the mid-1970s. They comment that because the properties of rocks and
minerals can vary widely over relatively small distances and because the specimens used for
thermophysical property measurements are relatively small, the measured properties can vary widely
on specimens taken from nominally the same location. Figure 28 is a histogram showing the
variation in the room-temperature thermal conductivity of limestone samples taken from two
locations. It is clear that tests on numerous samples would be required to obtain statistically
significant results.

Figure 29 shows the thermal conductivity of limestone, versus temperature, as measured by three
different investigators. The two curves on samples taken in Nazareth, Pa., were from the same study
as the curves shown in Figure 27.

Figure 30 shows the measured roon-temperature thermal conductivity of several different types of
concrete, plotted versus the moisture content. These data were taken using a hot-wire method that
allows measurements to be completed before the moisture has time to migrate significantly. It is
seem that 10 percent moisture content can cause the thermal conductivity to be roughly doubled.
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Obviously, this effect would be much smaller at higher temperatures. However, as pointed out by
Thompson [60] many years ago, and as is known by competent workers in the field of thermal
conductivity, it is very difficult to obtain values of thermal conductivity without some moisture
movement and/or drying out occurring.

The thermal conductivity of concrete will depend upon the porosity of the cement paste and upon
the type, quantity, and porosity of aggregates. Figure 31 shows one set of data indicating how the
thermal conductivity of different types of concrete varies with porosity.

The thermal conductivity of concrete is known to show considerable hysteresis, although there
appear to have been very few quantitative studies of this effect. Figure 32 indicates one set of data
indicating how the thermal conductivity of a concrete changes due to the loss of moisture of
hydration.

There has been considerable variation in thermal conductivity values reported by different
investigators on nominally similar concretes. Part of the variations seen may be attributed to sample
differences but it appears quite likely that large experimental errors have occurred in some cases.
Figures 33 and 34 shown the thermal conductivity of, respectively, limestone-aggregate concrete and
siliceous aggregate concrete.

Figures 35-37 show the thermal conductivity of different types of normal-strength concrete as
functions of temperature.

In Section 3.1 curves were shown of the mass loss versus temperature of five high-strength concretes
studied by investigators at the Portland Cement Association (PCA). The constituents of these
materials were shown in Table 2. Figure 38 shows the thermal conductivity values obtained for
these materials using a guarded hot plate apparatus. Thermal conductivity data on these materials
were also obtained, by a different testing laboratory, using a hot-wire method (ASTM CI 113). In
addition, thermal diffusivity data were obtained by the same testing laboratory using a radial heat
flow method and then thermal conductivity values were computed, apparently using specific heat
values computed from the specific heats of the several components of the concrete. For one of these
high-strength concretes, the three sets of thermal conductivity valuesare shown plotted in Figure 39.
The differences are rather startling.

Figure 40 shows the thermal conductivity versus temperature curves used in the version of the
Ahmed model that is currently available at NIST (one obvious typo in the program was corrected).

Turning to thermal diffusivity, Figure 41 shows the range of values for the thermal diffusivity of
limestone from three different investigations.

Figures 42-46 show thermal diffusivity versus temperature for a number of types of normal-strength
concrete. Figure 47 shows thermal diffusivity data obtained at PCA on the five high-strength
concretes described in Table 2; these data were obtained in their guarded hot plate apparatus, run in
a transient mode with the hot plate removed. For one of these samples, these data are shown in
Figure 48 along with data obtained elsewhere by the radial heat flow method mentioned above.

(Text continued on p. 55)
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Name Symbol Geological
origin

Composition Density
(kg/mr)

Mean grain
size (mm)

Anorthosite AN Igneous

Diabase

Dolomite
Dunite
Gabbro

Gneiss

Granite-1

Granite-2

Hypersthenite
Limestone

Obsidian

Pyrex
Quartz
monzonite

Quartzitic
sandstone
Slate

DI Igneous

DO Sedimentary
DU Igneous
GA Igneous

GN Metamorphic

GR- I Igneous

GR-2 Igneous

HY Igneous
LI Sedimentary

OB Igneous

PY Artificial

QM Igneous

QS Sedimentary

SL Metamorphic

Almost all plagioclase
feldspars
Mainly plagioclase
feldspars and pyroxenes
Carbonate group
Almost all olivines
Mainly plagioclase
feldspars, pyroxenes and
olivines
Layered mineral, mainly
feldspar and quartz
Mainly potash feldspars
and quartz
Mainly potash and
plagioclase- feldspars, quartz
Pyroxene group
Carbonate group, mainly
calcite
Glassy potash feldspar
and quartz

Mainly potash and
plagioclase-feldspars and
quartz
Mainly quartz

Layered clay minerals

2700

2960

2830
3250-3270
2860-2880

2640

2610

2640

3290
2610

0.5

0.5

0.01
1.0
3.0

0.2

1.5-2.0

0.5

2.0
0.001-0.01

2440

2230

2640

2640-2650

1.0

0.3

2760

Table 4. Some characteristics of the 15 materials (rocks, minerals, glass) whose thermal

conductivity are plotted in Figure 27 (Birch and Clark, 1940) [41 ].

41



56

48

0.

E

z

40 = 3.02

Umestone
32 No. of Samples = 4.45

**Kmin = 1.30
ii* = 6.26

24

16
S ii

16 [

0I p3 e

1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0 6.6

Thermal Conductivity, Wm-'K-1
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Figure 29. Thermal conductivity of limestones [51].
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Figure 30. Plot of thermal conductivity against the moisture content of concrete [40].
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Figure 31. Variation range of thermal conductivity of concretes, plotted against the porosity [40].
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Figure 32. Thermal conductivity of granite-aggregate concrete as a function of temperature under
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Figure 33. Thermal conductivity of limestone-aggregate concretes [35].
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Figure 34. Thermal conductivity of siliceous-aggregate concretes [35].
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Figure 35. Thermal conductivity of different structural concretes [38].
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Figure 36. Thermal conductivity of various concretes that were not oven-dried before test, as a
function of temperature: (a) limestone aggregate concrete (Crispino, 1972); (b) barytes aggregate
concrete (Crispino, 1972); (c) gravel aggregate concrete (Abe, et al., 1972); (d) quartzite aggregate
concrete (Mar6chal, 1972); (e) quartzite aggregate concrete (Mar6chal, 1972) (1 kcal m' h` °C- =

1.16 W/mrK) [45].
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Figure 37. Thermal conductivity, as a function of temperature, of the three concrete types described
in Table 1 [44].
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Figure 38. Thermal conductivity versus temperature for the five high strength
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as determined by three different techniques f47-48]
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Figure 44. Thermal diffusivity of siliceous concrete [35].
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4. Correlations and Prediction of Thermal Properties

Concrete is a mixture of cement paste, fine aggregate, and coarse aggregate, with capillary pores and
gel pores and some evaporable (as opposed to chemically bound) water. The general approach taken
in this section is to examine various equations that can be used to predict a particular property of a
mixture from the composition of the mixture and from the (same) property of each of the
constituents. Two "mixture rules" are identified below. For the density and the heat capacity of a
mixture, these rules reduce to very simple forms that are almost intuitively obvious. For a transport
property such as conductivity or diffusivity, that depends upon how the different constituents or
components are arranged, the situation gets more complicated, as is discussed in Section 4.3, below.

The simplest mixture rule is that of Bruggeman [61,411 which is

4) I V. 4i , (55)

where 4) is the particular property of interest for the mixture, 4o, is the property of the ith component,
Vj is the volume fraction [m31m3] of the ith component, and m is a dimensionless constant having a
value between - I and +1. The components of a mixture are often stated in terms of the mass
fraction w, [kg/kg]. The volume fraction and the mass fraction are related to each other by

_. v; Pi and Vi - (56)
~VA pip

i i

where p, is the density of the ith component, V i = 1, and W3 .i - 1.
i i

A rather versatile mixture rule is that of Hamilton and Crosser [62] who suggest that the property
(they were interested in thermal conductivity) of a two-component mixture be expressed as

C)4[4)2 + ( - 1)C - (T - l)V2(4 - C2)1 (57)
d ( 33- +)C + VE(C t- 4Ys

where component 1 is the continuous component and 11 is an empirical constant. Harmathy [41] has
rewritten this expression in the form

v14) +o y v24)24 I C , (58)
VI + •12

where

Y - l)4)I + 4)2 (59)



depends upon rI and upon the property value tor the two components, but does not depend upon the
volume fractions of the components. When rI - -o, Eqs. (58) and (59) reduce to the form of Eq. (55)
with m.= 1. When il - 1, they reduce to the form of Eq. (55) with m = - 1. Other limits of these
mixture equations are examined in Section 4.3, below.

4.1 Mass, Volume, and Density

The density p of a mixture is given simply by Eq. (55) with m = 1, which is the same as Eq. (58) with

P = EVI (60)

where pi is the density of the ith component. The overall porosity of a composite solid consisting
of several porous components is

P = EviPi ,(61)i

where Pi is the porosity of the ith component.

Harmathy [41, pp. 75-84] states that the bulk density of cement paste can be predicted from the
equation

w + n +(W/IK)(
P = : (, (62)WI + WIp• i/pr. + (W~/W.)(1 +Alp

where Wc is the mass [kg] of cement in the original cement mixture, W is the "effective" [41] mass
[kg] of water in the original mixture, W,, is the mass [kg] of non-evaporable water, as determined by
drying over dry ice, for the cement paste in its present condition, W,,, = WJ(I + A) is the "adjusted"
mass [kg] of water in the original mixture, W,n is the mass [kg] of non-evaporable water that would
be present on complete hydration of the cement paste, A is the mass [kg/kg] of water, relative to W,,,
that would fill the voids created by entrained or entrapped air in the original mixture, p, z
3150 kg/m 3 is the true density of the solid cement used to make the paste, p,, = 1000 kg/m3 is the
density of free water and capillary water, and C [dimensionless] is a measure of the extent of
hydration of the cement paste.

Since, for the present project, the room-temperature mass, volume, and bulk density of concrete
specimens can easily be determined simply by measuring the mass and volume of a specimen, there
is no need to examine further any correlations to attempt to predict these room-temperature values
from the composition of the concrete.

The bulk density of a material at elevated temperatures can be computed as

W(T)IWo
p(T) = P0" , (T)/Q 0]3  (63)[ I + AP(T)IQo 3P



where po is the room temperature density, W(T)IWo is the ratio of the mass of a specimen at
temperature T to the room temperature mass, usually obtained by thermogravimetry (TG), and
AP(T)/Io is the linear thermal expansion of a specimen at temperature T, usually obtained by
dilatometry. The form of Eq. (63) implicitly includes the assumption that specimens have been at
temperature long enough to reach steady-state conditions, i.e., long enough for moisture to be driven
off or for chemical reactions, such as dehydration, to come to completion. Otherwise, the density
will depend upon the thermal history of the material.

Assuming such steady-state conditions, the mass of the concrete is simply the sum of the masses of
its constituents so that W(T)/Wo is easily computed from the corresponding curves for the various
constituents -- cement paste, fine aggregate, and coarse aggregate.

The linear-thermal-expansion coefficient is defined, at constant pressure P, as

cc = i ( (64)
Q 8T

where e is length and T is temperature. The volumetric expansion coefficient is

I -- v I__ - p(T) ,(65)

where V is volume and, as before, p is density. If the material is isotropic, f3 = 3a.

Normally coefficients of thermal expansion are not measured directly but are obtained by
differentiation of curves of measured length versus temperature. For example, the observed change
in length might be represented by a least-squares-fit power series such as

AP .. - go ao + aT + a2T' + a3T 3 + • (66)go " o

where P0 is the length at a reference temperature such as 20 'C. Then the linear thermal expansion
coefficient would be computed as

a, + 2a 2 T + 3a 3 T 2 + ..-0t -- (67)
l + a. + aT + a2 T 2 

. . .

For the present project, it is really not necessaryto compute thermal expansion coefficients since the
density of concrete can be computed from AP/P0, as shown in Eq. (63). However, in the literature,
correlations for predicting the thermal expansion of mixtures are expressed in terms of expansion
coefficients rather than AP.

Turner [63] recommended that the thermal expansion coefficient of a mixture of isotropic
eonstitunntp hef comnuted using,



L aiBiGilpi
cc = E Bioi/pi- (68)

i

where ai, Bi, 7o(, and pi are, respectively, the coefficient of linear thermal expansion [m m7' K'],
the bulk modulus [Pa], the mass fraction [kg/kg], and the density [kg/m 3] of the ith component. This
equation implicitly assumes that thermal shear stresses are low enough to be neglected, which may
be the case for concrete since cement paste has a low shear modulus. If the bulk moduli are not
known but it can be assumed that the various components of the mixture have similar values of
Poisson's ratio, the bulk moduli will be nearly proportional to the corresponding Young's moduli
and the Young's moduli, rather than bulk moduli, can be used in Eq. (68). If it can be assumed that
all of the components of the mixture have very similar bulk moduli, Eq. (68) reduces to

a = EVA (69)
i

where vi is the volume fraction of the ith component. This simple mixing rule corresponds to the
Bruggeman rule (Eq. (55) with ni = I and to the Hamilton-Crosser rule (Eqs. (58) and (59)) with
y = I (il -oo). For normal strength or high strength concrete, the curve of thermal expansion versus
temperature tends to be rather similar to that of the principal aggregate, which typically occupies
roughly 70 percent of the volume of the concrete.

Equations (68) and (69) are known to provide bounds on the thermal expansion coefficient of
composite materials. There are other, more complicated, formulae in the technical literature [64-68]
that provide somewhat tighter bounds than these two equations. Some of these expressions require
knowledge of the shear modulus of each of the constituents, in addition to the bulk modulus. In
general, such information will not be available and so these other expressions are of little practical
value for the present project. The bulk modulus of different rocks or minerals that might be used
as aggregates vary considerably with their origin and their porosity [51 ] so that even Eq. (68) is of
rather limited value unless bulk modulus data are available for the particular lot of aggregate. Since
it is much easier to measure high temperature thermal expansion than it is to measure high
temperature bulk modulus, Eq. (68) and the other expressions referred to at the beginning of this
paragraph are of limited use.

Typical normal strength concretes expand in length by roughly 0.5 to 1.5 percent between room
temperature and 1000 'C, corresponding to a decrease in density of roughly 1.5 to 4.5 percent. Thus,
for the purposes of this project, it is not necessary to know the thermal expansion of the concrete
very accurately. If approximate values for the bulk moduli of the constituents are known, Eq. (68)
is probably the most practical formula for predicting the density of the concrete. Otherwise, the
simple rule of mixtures, Eq. (69), should provide a fairly reliable estimate.

4.2 Enthalpy, Specific Heat, and Heats of Reaction

The good news is that (1) the enthalpy of a mixture of materials, such as those contained in concrete,
can be computed from the masses and enthalpies of the individual components, provided that the
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degree of hydration is known or measured; (2) the sensible specific heat will not vary much with
changes in type and quantity of aggregate; and (3) the heat of sorption for water will not differ much
from the heat of vaporization except for extremely small pores and any difference can be estimated
theoretically from the pore size. The bad news is that the rate of heat release or absorption due to
chemical reactions will vary with temperature, rate of temperature rise, degree of hydration, absorbed
moisture content, and pore pressure.

The specific heat of a mixture does not depend upon how the components are distributed but simply
upon the mass fraction and the specific heat of each component:

C -- G) i Ci (70)

Harmathy [41] has described a detailed approach to estimating the specific heat of the various
constituents of concrete, cement paste, fine aggregate, and coarse aggregate from the estimated
chemical composition of each constituent and then computing the specific heat of concrete using
Eq. (70). He goes into considerable detail and it does not seem necessary to replicate his work here.
It is recommended that this approach be used for the present project, supplemented by experimental
verifications.

In Harmathy's method of computing specific heats, he includes the enthalpy associated with release
of water of hydration as part of an effective specific heat. In the PCA model for predicting
temperatures and pore pressures of concrete exposed to fire conditions, that enthalpy is handled
separately from the sensible specific heat of the concrete. Thus care will be required to ensure that
the specific heats that are computed treat heats of vaporization, heats of sorption, and heats of
dehydration in a manner consistent with that used in the model.

4.3 Thermal Conductivity and Thermal Diffusivity

Heat transfer through a two-component medium, in the absence of large-scale convection, can be
considered as having three mechanisms: (a) true thermal conduction through the continuous and
discontinuous components, (b) natural thermal convection within the pores or cells of the material,
and (c) thermal radiation within the continuous and/or the discontinuous components. These several
components of heat transfer are additive but in general are not independent. For a material with
reasonably small cells or pores, such as concrete, heat transfer due to natural convection within the
pores is small and can either be neglected or can be lumped in with the true conduction component.
Large-scale convection, e.g., due to air and water vapor being driven through the concrete by a
gradient in pore pressure is not explicitly considered in this section.

Since the sensible portion of the specific heat of concrete will not vary greatly with changes in the
type and quantity of aggregate or even with degree of dehydration, the thermal conductivity and the
thermal diffusivity will be affected in similar amounts by changes in the concrete. For concrete, both
of these thermal transport properties are relatively weak functions of temperature, but they will
change quite significantly as functions of porosity, absorbed moisture content, and extent of
dehydration. Heating of concrete will result in differential thermal expansion between the cement
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paste (which shrinks as it is heated) and the tine and coarse aggregates. Such expansion can greatly
affect thermal contact resistance at the interfaces between different components and hence
significantly change both thermal conductivity and thermal diffusivity. Pore pressure probably
would not directly affect these properties very much but it will affect the extent of dehydration and
the absorbed moisture content and thus could indirectly cause significant changes in thermal
conductivity and thermal diffusivity.

Thermal conductivity is defined in terms of the ratio of the heat flux to the temperature gradient, in
the absence of any mass flow. In general, there is no practical way to stop mass flow from occurring.
For materials with low permeability and low mass diffusivity, the diffusive mass flow may be small
enough that it should be possible to carry out transient thermal tests to determine thermal
conductivity and/or thermal diffusivity before significant mass transfer can occur. However,
evaporation and subsequent condensation of moisture can transfer large quantities of heat even for
small mass flows so separation of conducted heat from the heat associated with mass transfer can
be very difficult and tricky.

For a homogeneous material, thermal conductivity is defined as
q 

(71)
VT

where q is the heat flux and VT is the temperature gradient. For a heterogeneous material, this
definition is extended to

_ q
Xeffective (VT) (72)

where ( VT) is the average value of the temperature gradient over a region large in comparison with
the size of the inhomogeneities. Unless the sample is large in comparison with the inhomogeneities,
it is scarcely meaningful to attempt to define an effective thermal conductivity.

In a multi-component material the effective thermal conductivity will depend upon:

1. The thermal conductivity of each component.
2. The proportions of each component.
3. The manner in which the components are distributed; in particular

a. whether or not the component is continuous in the direction of heat flow,
b. whether the component distribution is ordered or random,
c. the size, shape, and orientation of each segment of each component.

4. The nature of the contacts between the different components.
5. The emissive and absorptive properties of the components if there is significant radiative

heat transfer through one or more of the components.

The problem of computing the effective thermal conductivity of a mixture from the thermal
conductivities of the components is mathematically the same as the problem of computing the
electrical conductivity, dielectric constant, or magnetic permeability of a heterogeneous mixture.
There exists a large body of nertinent literature, much of which is covered in review articles 169-761.



The following discussion covers a few of the available mathematical relations tor correlating me
effective thermal conductivity of a mixture with the thermal conductivities of the individual
components.

The simplest model for purposes of analysis is that in which the two components are arrayed in
alternative parallel layers as shown in Figure 49. If the heat flow is parallel to the layers, the
effective thermal conductivity is given by

X fA +f 2 X2 , (73)

wheref1 andf2 are the volume fractions of the components having thermal conductivities A. and A2,
respectively; this expression is simply the Bruggeman mixture rule, Eq. (55), with m = 1. If the heat
flow is perpendicular to the comaponent layers,

fA 1 ±1 A, (74)

this expression is the Bruggeman mixture rule with mn - 1. Equations (73) and (74) represent the
extreme limits of the thermal conductivity of a two-component mixture. These limits are shown in
Figure 50 for the case )A1 = 10 A2. Although both Eq. (73) and (74) predict thermal conductivity
values intermediate between the conductivities of the individual components, the conductivity
obtained is very different for the two cases. Thus these limits are of relatively little use except for
laminated materials.

Heat flow
parallel to

layers

Heat flow
perpendicular to

layers

Figure 49. Two-phase material with phases distributed as parallel slabs.
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Figure 50. Effective thermal conductivity of a laminated material with heat flow parallel or
perpendicular to laminations.

It is possible to obtain tighter limits for the thermal conductivity of a two-component mixture by

calculating the apparent effective conductivity by each of two simple methods:

Series Slabs

The material is divided into thin slabs perpendicular to the direction of principal heat flow.
The effective conductivity of each slab is computed by assuming that the two components act
as conductors in parallel. The effective conductivity of the mixture is then computed by
assuming that the slabs act as conductors in series.

Parallel Tubes

The material is divided into thin tubes or rods parallel to the direction of principal heat flow.
The effective conductivity of each tube is computed by assuming-a that the two components
act as conductors in series. The effective conductivity of the mixture is then computed by
assuming that the tubes act as conductors in parallel.

Jackson and Coriell [77] have shown that these two methods provide upper and lower bounds for
the true effective conductivity of a mixture. In order to calculate these bounds it is necessary to
assume some sort of model representing the manner in which the components are deployed. Several
investigators have represented a disperse second component by a cubic array of cubes as shown in
Figure 51. The two methods described above can then be used to calculate limits for the effective
conductivity of the mixture. Since there is some confusion in the literature on these calculations, it
is worthwhile to spell out the steps and assumptions involved.
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Figure 5 1. Cross-section of the model in which a disperse second phase is considered to be a cubic
array of cubes.

Series Slabs

As shown in Figure 51, the mixture is divided into slabs (A) containing no disperse second
component and into slabs (B) containing both continuous and disperse components. The
effective conductivity of the B-slabs is computed, using Eq. (73), by assuming the disperse and
continuous components act as conductors in parallel:

X B = Pa )Xd + (I - P ) )L,

where P,, is the fraction of the total area which contains the disperse component of
conductivity XA, and (1 - P,,) is the fraction of the area which contains the continuous
component of conductivity A,

63



2. The effective conductivity of the mixture is computed, using Eq. (74), by taking the A-slabs
and the B-slabs in series:

Ix A B

I'P XA + (I1 P )AB

where X A = Ak B' XB was given above, and P, is the fraction of the total length containing the
disperse component. Evaluation of this equation yields

I (1 - P) + PaXdXkC

Xc (1 - Pa + P aP) + Pa(1 - Pe)Odl'c (75)

Parallel Tubes

I. In this approximation, the mixture is divided into parallel "tubes" (A) containing no disperse
second component and "tubes" (B) containing, both components.

2. The effective conductivity of the B-tubes is computed, using Eq. (74), by assuming the
disperse and continuous components to be in series:

PXA" + (I - P )Ad

3. The effective conductivity of the mixture is computed, using Eq. (73), by assuming the A-
tubes and B-tubes to be in parallel:

A = Pa A B + (I - Pa) XA

Evaluation of this equation yields:

e P(I - Pa) + (I - Pe + PaPe) X d/ AC

A Pe + (1 + P0 Ad/Ac (76)

In the above derivations, it was stated that the model was a cubic array of cubes. In fact, it is not
necessary to be so restrictive. For Eq. (75) to be valid, it is only necessary that the model can be
divided into two types of slabs (perpendicular to the flow of heat)-one containing no disperse
component and one having a fraction, P,, of disperse component which can be distributed in any
manner. For Eq. (76) to be valid, it is only necessary that the model can be divided into-the two
types of "tubes" (parallel to the flow of heat). Thus Eqs. (75) and (76) are, in principle, also
applicable to dispersions of, for example, fibers or platelets oriented parallel or perpendicular to the
flow of heat. However, these equations will not necessarily bound the true effective conductivity
unless both are based on the same component deployment.
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For a disperse component in the form of cubes, or in which cubes may be used to approximate an
isometric disperse component, equations (75) and (76) may be recast in terms of the volumetric
fraction of disperse component, which is designated as f. For the model used, it is easily seen that P, f "/

and Pe =fW3 ; with these substitutions, the forms usually seen are obtained:

Series Slabs
S( I - f2 /3) + f2/3 XAd/,A7

-'c (1 _f 2/3 +f) + (f2/3 _f) aX/A(7

Parallel Tubes

,X (f 1 /3 -f) + (1 -f1 3 +f)aXd/Xl,
X f 113  + (1 -f /3)X•Ild/AC (78)

Although one would appear to be, on the face of things, considering a fairly complicated model in
deriving Eqs. (77) to (78), a little thought reveals that the model reduces to the two simple electrical
networks shown in Figure 51. In the series-slabs model, one effectively assumes that the continuous
component has an infinite thermal conductivity normal to the principal flow of heat; thus this
approach, resulting in Eqs. (75) and (77), always overestimates the effective thermal conductivity:
In the parallel-tubes model, one effectively assumes that the continuous component has zero thermal
conductivity normal to the principal flow of heat; thus this approach, resulting in Eqs. (76) and (78),
always underestimates the effective thermal conductivity.

Maxwell derived an expression for the conductivity of a two-component dispersion of spherical
particles of conductivity Ad, imbedded in a medium of conductivity A,.. This expression is rigorously
valid for dilute dispersions where the average distance between dispersed particles is much larger
than the particle size. Maxwell's relation can be written in the form:

S 2 - 2f + (I + 2f) Xd/X c
(79)k 2 + f + (I - f)•aX A79

The behavior of Eq. (79) for smallf is more'easily seen by expanding it in the form:

X . 3f ( 1 - X d J• . 3f 2 ( I d - /X ..)2
- d I - /) ... f, I (80)

XC 2 + Xd /,X2C (2 + X d/X C

In Figure 52, the predictions of the series-slabs expression (Eq. (73)), the parallel-tubes expression
(Eq. (74)), and the -Maxwell dilute dispersion expression (Eq. (79)) are compared for the case
f = 0.1. For values of Xd /AtC near 1, all three expressions agree. However, if the thermal
conductivities of the two components differ significantly, the series-slabs and parallel-tubes
expressions disagree with the Maxwell expression, which should be very accurate forf • 0. 1.

To predict the thermal conductivity of a dispersion having less than about 0. 1 volume fraction of
isometric dispersed component imbedded in an isotropic continuous component, one should use the
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Figure 52. Computed effective conductivity of a dispersion of 0.1 volume fraction of a material of
conductivity ,, in a continuous matrix of material of conductivity X.

S Series-slabs expression, Eq. (77)
P Parallel-tubes expression, Eq. (78)
M Maxwell dilute expression, Eq. (79)

Maxwell dilute dispersion expression, Eq. (79) or (80). The expressions obtained from the cubic
array of cubes, Eqs. (75) to (79), should not be used for dilute dispersions in media having an
isotropic continuous component. For anisotropic media, the Maxwell expression would have to be
modified. For highly anisotropic media, the implicit assumptions of either infinite or zero lateral
thermal conductivity of the continuous component might be more nearly met so that one of the
series-slabs or the parallel-tubes expressions (Eqs. (75) to (79)) might be more accurate than in
isotropic materials. For heat conduction in the poorest conducting direction, the series-slabs
expressions, Eqs. (73) and (75), should be more accurate while for heat conduction in the best-
conducting direction, the parallel-tubes expressions, Eqs. (74) and (76) should be more accurate.

The two expressions (Eqs. (77) and (78)) derived from the model of a cubic array of cubes disagree
seriously with one another in the limiting case of small volume fractions of disperse component.
However, for volume fractions of the disperse component approaching unity, Eqs. (77) and (78)
converge to a common expression which, quite interestingly, is identical to the Maxwell dilute
dispersion expression, Eq. (74).
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A special case of interest is the effect of porosity on thermal conductivity. If the thermal
conductivity of the continuous material is much greater than the effective conductivity of the pores,
Ad/A.C = 0 and the above expressions reduce to:

Series-Slabs
A+ 1 -ff 2/3

- f 2/3 , f ' d X , (81)

which for small f reduces to

S-1-f- f5/3 + Ad << X, (82)

Parallel-Tubes

_" - 1 - f 213  , <<Ai " (83)

Maxwell Dilute Dispersion

A 2 -2f ,Ad o< A , (84)

XC 2 +f

which for small f reduces to

A 3 3-=1 - .f+ f 2 -.. , A<< (85)
Ak 2 2d

In Figure 53 the predictions of Eqs. (81), (83), and (84) are shown for void volume fractions up to
0.1. Over this porosity range the Maxwell equation should be rather accurate if the porosity is in the
form of dispersed, disconnected, isometric pores. For cement paste and porous aggregates, this
generally will not be the case and Eq. (84) should then serve only as an upper limit for the effective
thermal conductivity of a porous material.

For dispersions which are sufficiently dilute for Eq. (79) to be valid, neither the size distribution of
the disperse particles nor the manner in which they are deployed are of consequence. However, these
factors must be considered if the concentration of the dispersed component is increased. Lord
Rayleigh treated the case of uniform spheres arrayed in a cubic lattice distribution. Meredith and
Tobias extended Rayleigh's derivation by an additional term and obtained [70]:

A = I 3f

)1 2 + Ad/A +f 1.315(1 - Ad/kC)f103 3  (86)
1 - Ad/AC 4/3 + AL,/A, + 0.409 (1 + Xd/A,.)f 713
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Figure 53. The effect of porosity on thermal conductivity as computed by:

S Series-slabs expression, Eq. (81)
P Parallel-tubes expression, Eq. (83)
M Maxwell dilute expression, Eq. (84)

for the conductivity normal to a side of the cube. If the term involvingf 1` 3 in the denominator of
the right hand side is dropped, this expression reduces to the Maxwell dilute dispersion expression,
Eq. (79). Equation (86) should be more accurate than Eq. (79) for values off up to Ir/6 =0.524,
which is the maximum possible value for a cubic array of spheres.

A rigorous solution for the effective conductivity of a concentrated random array of particles of
varying sizes has not been achieved. Several approximations have been developed which are useful
in many cases. Bruggeman (see, e.g., [61,69-701) developed an expression,

d__ C If (87)

which has proved rather effective in predicting the conductivity of a dispersion containing a wide
range of particle sizes. For Xd - 0, Eq. (87) reduces to



while for;a - oL,

A - > A » , (89)
A'c (1 _-f) 3  d

For a concentrated dispersion containing only a narrow range of particle sizes, the Bruggeman
variable dispersion expression (Eq. (87)) tends to. overestimate the effect of the disperse component
while the Maxwell expression (Eq. (74)) tends to underestimate. Meridith and Tobias [70] suggested
an alternative semiempirical expression that predicts conductivity values intermediate between the
Bruggeman variable dispersion equation and the Maxwell dilute dispersion equation:

2 d X 2) +2(Ad/A - l)fH (2 - f)(Aýd/A, + 2 ) +2 (XAd/A - 1)fl

kC 2(.Ad/AC + 2)- (Xd/c l)f (2 - f)(A dAC + 2) - (- A d / )-f (90)

which reduces to:
A . 8(2 -f)(I f) , Ad < . (91)

XC (4 +f)(4 -f)

and
X. I (1 f)(2 + f) X d>a,,)92A c (I - f)(2 - f) »' (92)

Meredith and Tobias [70] contrast the predictions of the various expressions given above. For a
given two-component system, all of these expressions predict two different conductivities, dependent
on which component is assumed to be disperse. Bruggeman (see [61,69]) derived another
approximate expression that should be applicable to mixtures where neither component is necessarily
continuous:

fA X, + f2 k2 2 - 0 (93)
AX + 2X ?2 +2,X

In Figure 54, the predictions of the Bruggeman mixture equations are compared with those from the
Maxwell dilute dispersion equation. It is seen that for small values off 2, the Bruggeman mixture
equation is in agreement with a dilute dispersion of particles of conductivity A2 in a matrix of
conductivity X1, while for values off 2 approaching unity the mixture equation predicts aconductivity
due to particles of conductivity A, dispersed in a matrix of conductivity A2.

There have not been enough accurate measurements of the thermal conductivity of well-
characterized concretes to provide adequate experimental confirmation of any of the above
equations. For well-defined systems (such as spheres dispersed in a continuous matrix) which are
in good correspondence to the models used in deriving these equations, measurements of electrical
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Figure 54. Computed effective thermal conductivity of a mixture.

B Bruggeman mixture expression, Eq. (93)
H Maxwell dilute dispersion expression, Eq. (79), high-conductivity phase continuous
L Maxwell dilute dispersion expression, Eq. (79), low-conductivity phase continuous

conductivity or dielectric constant have shown good agreement with the theoretical predictions of
these equations. Concretes, in general, cannot be readily described in terms of a simple model such
as spheres dispersed in a uniform medium, and hence in many cases the expressions cited above will
indicate qualitatively the effect of an additional component but should not be relied upon for accurate
quantitative predictions.



5. Experimental Techniques for Determination of Thermal Properties

5.1 Mass, Volume, and Density

At room temperature, the mass is easily determined by conventional weighing techniques and the
volume easily computed from the measured dimensions of a specimen of well-defined geometry.
The bulk density of the specimen is then computed from the mass and volume. In this report, the
determination of porosity and of "true" density are not addressed.

The change in mass as a specimen is heated is conventionally determined using thermogravimetry
(TG or TGA), which is a fancy way of saying that the sample is weighed while it is being heated.
There are numerous commercial TGA apparatus available. Typically, a crucible containing the
sample material is suspended, inside a vertical tube furnace, from a wire connected to an electronic
balance above the furnace. The furnace is equipped with a temperature controller that permits
increasing the furnace temperature at a pre-selected constant rate. Provision is made to minimize
convection effects on the weighing process and to measure the sample temperature. Usually the
furnace is purged with air or some other gas, at a very slow rate, to remove gases that evolve from
the test sample. Some TGA apparatus is designed so that the pressure of the gas surrounding the
sample can be controlled over a broad range.

Concrete and its components present a few challenges that homogeneous materials do not. Because
concrete is a mixture, with the large aggregate typically being I to 5 cm in mean diameter, it is either
necessary to use a rather large test sample of solid concrete in order to be statistically reliable or else
it is necessary to grind up a large sample into a powder, blend it thoroughly, and test a small portion
of the powder. Using a large sample of solid concrete presents several difficulties: (1) many TGA
apparatus cannot handle a large sample, (2) a large sample will not be isothermal and it is therefore
difficult to know what temperature to assign to the test results, and (3) a large sample will retard the
evolution of gas - e.g., released water of hydration - from within the sample. Typically, one would
expect TGA test results on large solid samples to be dependent upon the sample geometry and size,

as well as upon the rate of heating. Using a small powdered sample means that the average
temperature of the sample will be close to the temperature of the crucible and that the gas evolving
from the sample can easily escape. However, mass loss data taken on a small powdered sample
would not be representative of how the concrete would behave under fire conditions.

Rather than carrying out measurements on a solid or powdered sample of concrete, an alternative

approach for determining mass change versus temperature is to measure, separately, the mass change
of each of the components - cement paste, fine aggregate, and coarse aggregate - and compute the
expected mass change for the concrete mixture. Unless fairly large samples can be tested, this latter
approach is probably best, not only for mass change but for specific heat and heats of reaction.

As explained in Section 4.1, the change in volume due to heating is usually computed from data on
the linear thermal expansion of a suitably large sample. Various techniques for measuring thermal
expansion to high temperatures are described in [78-82]. Interferometric techniques, capacitance
cells, and X-ray diffraction are more complex and expensive than necessary for engineering materials
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such as ceramics or concrete. Thermal expansion measurements can be made using optical
techniques, ranging from the use of a cathetometer to measure the change in position of fiducial
marks on the specimen, to the use of more sophisticated laser equipment However, the simplest
technique, and certainly the most commonly used technique, is push rod dilatometry. In this method
the relative expansion of the specimen is transmitted out of the furnace using tubes or rods of some
stable material. As described by Kirby [80], there are three variations of push rod dilatometry, with
differential dilatometry being the preferred approach whenever possible. In differential dilatometry,
the thermal expansion of the test specimen and the thermal expansion of a reference specimen, of
nominally the same length, are brought out of the furnace using nominally identical push rods. Since
the push rods hopefully experience the same longitudinal temperature distribution, their thermal
expansions should be very nearly identical. Thus, the relative motion of the room-temperature ends
of the push rods will be due to the relative thermal expansion of the test specimen and the (known)
reference specimen.

Most high-temperature dilatometers use specimens no larger than 5 mm in diameter by 50 mm long.
Considering that the high-strength concrete of interest to NIST in this project will have coarse
aggregate nominally 13 mm in size, thermal expansion specimens of the order of 100 to 200 mm in
length should be used if possible. If no other laboratory can handle such large specimens, it would
not be too difficult to build a dilatometer at NIST that could handle such sizes.

5.2 Enthalpy, Specific Heat, and Heats of Reaction

There are numerous methods for determining specific heat and heats of reaction[83-93]. Most of
the high-temperature techniques that would be suitable for concrete or its constituents are painfully
slow and therefore data acquisition is expensive. An exception is differential scanning calorimetry
(DSC), which is now the most commonly used procedure for measuring specific heat and for
studying reaction kinetics. Most DSC equipment uses very small samples, typically a fraction of a
gram in the form of powder, and can only handle measurements up to about 600 'C. For a material
such as concrete, it would be very difficult to obtain representative samples of such small size.
There are, however, a few commercial instruments that can accommodate large enough samples to
be representative of concrete and that can make measurements at temperatures up to 1200 'C or
higher. While the sensible heat capacity would not vary significantly with pressure, the reaction
kinetics may be seriously affected by the high pore pressures that may occur in concrete exposed to
fire conditions. Almost all commercial TGA and DSC equipment operates at atmospheric pressure

or below. If commercial equipment can be found that can measure larger samples under controlled
pressures, the enthalpy and mass loss measurements should be relatively straightforward. An
alternative to using a pressurized system would be to measure on solid specimens of sufficient size
that there will be significant internal pore pressures.

5.3 Thermal Conductivity and Thermal Diffusivity

In determining thermal conductivity or thermal diffusivity of concrete, it is important to recognize
and deal with the influence of moisture migration. Traditionally, most thermal conductivity
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measurements are made under steady-state conditions with thermal conductivity being computed
from a geometrical factor, a heat input, and a temperature difference. The apparatus is operated
either under conditions of constant heat input, with the resultant. temperature difference being
measured, or under conditions of constant temperature difference, with the resultant required heat
flux being measured. Under such conditions, it may not be possible to measure the thermal
conductivity corresponding to a given uniform moisture content in the specimen since the imposed
temperature gradient can drive the moisture to the cold side of the specimen where it will collect or
escape, depending upon the experimental configuration. Sometimes the moisture migration is
sufficiently slow that it appears as if steady-state conditions have been achieved but the data may not
yield appropriate thermal conductivity values.

For moist materials, it often is preferable to determine the apparent thermal conductivity or apparent
thermal diffusivity under transient or periodic conditions so that data can be acquired without the
moisture being driven away. Considerable care and understanding are required to ensure that the
technique selected will yield property values that are appropriate for the end-use application.
Analysis and interpretation of the results obtained from transient or periodic tests requires caution
and an understanding of the limitations of the technique selected. For example, the differential
equation that describes conductive heat transfer in an isotropic material of thermal conductivity X,
density p, and specific heat C is V'(XVT) = pC(aT/t), where T is temperature and t is time. If the
thermal conductivity is independent of position and of temperature, it may be factored out on the left-
hand side, yielding V 2T = (l/K)(aT/at), where K = X/pC is the thermal diffusivity. Thermal
diffusivity is a questionable parameter if the thermal conductivity is not constant or if there are terms
in the differential equation representing other forms of heat transfer, such as radiation or, in the
present context, heat transfer associated with moisture migration. . Even if an apparent thermal
diffusivity is defined for a given test method, analysis would be required to determine whether or
not it would be appropriate for use in predicting heat transfer under field use conditions. In general,
it is better to use the appropriate analysis of the experimental data to obtain the volumetric specific
heat and the apparent thermal conductivity.

The first concern in most techniques for measuring thermal conductivity is to force the heat flow to
be unidirectional. Since, under steady-state conditions, heat flow is proportional to a geometric
factor, a thermal conductivity, and a temperature difference, the direction of heat flow must be
controlled by controlling one or more of these variables. The experimenter's freedom in adjusting
these parameters is constrained, sometimes severely, by the often-conflicting requirements of being
able to accurately measure total heat flow, geometry, and temperature differences. Very practical
considerations, such as available specimen size, frequently constitute severe constraints on apparatus
design.

It is not possible to directly measure the heat flow in a specimen; one must, rather, measure the heat
flow into a specimen or out of a specimen. This necessitates that not only must transverse heat losses
or gains from or to the specimen be prevented or accounted for but, further, there must be no
unaccounted-for losses or gains between the specimen and the location at which the heat flow is
measured. The most common method of measuring heat flow into a thermal conductivity specimen
is to measure the electrical power dissipated in a heater at the hotter end of the specimen. In other
'nhenhite" methncl the hent flow Otlt ofa snecimen is sometimes measured by a 'flow calorimeter "



with which one observes the temperature rise and flow rate in a circulating liquid of known heat
capacity, or by a "boil-off calorimeter," with which one observes the boil-off rate of a fluid of known
heat of vaporization. In some types of apparatus, the heat flow is determined from the temperature
difference or gradient in another material of hopefully known thermal conductivity that hopefully
has the same heat flow; a special case of this type of apparatus would be one using a heat flow meter
that is calibrated using one or more specimens of known thermal conductivity. This investigator's
bottom line on comparative versus absolute methods is that one should not use comparative methods,
including heat flow meter apparatus, unless there are absolute methods available that enable accurate
testing of calibration specimens of the same size, and under the same environmental conditions, as
are required in the comparison apparatus.

It is not possible to directly measure the temperature gradient in a specimen; one must, rather,
measure the temperature difference between two or more locations and then compute the average
temperature gradient. Consider a specimen held between a heat source and a heat sink. If the total
thermal resistance of the specimen is large compared with the thermal contact resistances between
the source and the specimen and between the specimen and the sink, then the temperature drop
across the specimen can be taken as equal to the temperature of the source minus the temperature
of the sink and it is not necessary to install temperature sensors in the specimen. However, if the
specimen has a low thermal resistance such that thermal contact resistances are not negligible, it is
necessary either to correct for these contact resistances or, what is usually done, to install
temperature sensors in the specimen.

Measurement techniques, both steady-state and non-steady-state, for determination of thermal
conductivity have been extensively reviewed [94,86,87]; for high-temperature measurements, the
state-of-the-art has not changed significantly since these reviews were completed. Many of the test
methods used for thermal conductivity and thermal diffusivity are described in the proceedings of
the International Thermal Conductivity Conference, dating back to 1961.

5.3.1 Steady-State Methods

Most thermal conductivity measurements are made under steady-state conditions, which typically
take some hours to achieve. For example, the NIST high-temperature guarded hot plate typically
takes 4 to 6 hours to reach steady state. By that time, most of the moisture would be driven out of
the specimen, so that the thermal conductivity values achieved would essentially correspond to a dry
state.

The vast majority of the various techniques for steady-state measurement of thermal conductivity
can be categorized under the headings given below (Types I through 7 utilize longitudinal heat
flow).

Type 1. Absolute axial heat flow in a rod

This type of apparatus usually use a specimen whose length is very long compared to its diameter,
with the specimen held coaxially in a guard cylinder whose inside diameter is typically two to four
times the snecimen diameter- the snace between the sDecimen and the 2uard bein2 filled with thermal
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insulation. Such apparatus is mainly intended for good thermal conductors, such as metals or high
density, high purity ceramics. For materials such as concrete that have quite low thermal
conductivity, it would be very difficult to provide adequate guarding, particularly at high
temperatures where the thermal conductivity of available insulations is not much lower than that of
concretes. In addition, the time to reach thermal equilibrium increases approximately as the square
of the specimen length so that long specimens should not be used when it is desired to attain
equilibrium before moisture is driven off.

Type 2. Comparative cut-bar apparatus

This type of apparatus typically uses a specimen whose length is comparable (within a factor of, say,
2) with its diameter. The specimen is placed between two rods of known thermal conductivity and
the thermal conductivity of the specimen computed from the ratio of the temperature gradients in the
known and unknown specimens. As for Type I equipment, a coaxial guard and thermal insulation
are used to control heat gains or losses. This design avoids the problems of providing the specimen
with an attached heater and heat sink. Depending upon the thermal resistance of the specimen,
thermocouples may be installed in it or the temperature difference across the unknown specimen may
be computed by extrapolation of temperatures measured in the known specimens. For low-thermal-
conductivity materials, adequate guarding is difficult. For the thermal conductivity range of
concrete, there are not suitable reference materials over the temperature range of interest.

Type 3. Absolute cut-bar apparatus

This type of apparatus can accommodate specimens of similar geometry to those that are used in
comparative cut-bar apparatus. However, the apparatus is "absolute," in that the heat flow is
determined by measuring the input power to an electrical heater. The only apparatus of this type of
which the principal investigator is aware is the one he designed and built at NBS in the early 1960s.
By use of sophisticated mathematical analysis and careful experimental procedures, good data were
acquired at temperatures up to 1200 'C. In order to make accurate measurements on a material with
as low a thermal conductivity as that of concrete, a fairly large (e.g., 10 cm) specimen diameter
would be required.

Type 4. Guarded hot plate apparatus

This type of apparatus, intended for use on specimens having relatively low thermal conductivity,
utilizes a circular or square specimen whose diameter or edge length is typically an order of
magnitude larger than the thickness of the specimen. A guarded hot plate apparatus consists of a
heated metering plate, which may be square or circular, separated by a narrow insulating gap from
a surrounding coplanar guard plate. Typically, similar specimens are placed on either side of the hot
plate; the outside surfaces of the specimen are held between constant temperature cold plates. In
operation, the electrical power input to the guard plate is adjusted, usually automatically, so that a
multiple-junction differential thermocouple spanning the guard gap has zero output, indicating that
there is no temperature difference across the guard gap. Thus the electrically generated heat input
to the metering plate flows perpendicularly from both sides of the plate through the specimens to the
r-ild nlntpc (,nnnrhri hot nlqte. nnnarntii- are tvnicallv ciuite reliahle at moderate temnreratureq hut
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the agreement among different laboratories is not very good at elevated temperatures. The current
high-temperature guarded hot plate apparatus at NIST can only be used to about 450 °C. NIST plans
to design and build guarded hot plate apparatus for use to about 1200 'C, but that project will require
several years. The only commercial high-temperature guarded hot plate apparatus that have been
available in recent years are the Holometrix Model GHP-200, which accommodates circular
specimens up to 20 cm in diameter, and the Holometrix Model GHP-300, for specimens up to 30 cm
square. With the higher-temperature heaters from Holometrix, both models are advertised for use
at temperatures up to 650 'C. Anter Laboratories plans to manufacture guarded hot plate apparatus
based on the design of equipment developed at the National Physical Laboratory (United Kingdom).
All such guarded hot plate apparatus requires a long time to reach equilibrium, thus precluding the
possibility of obtaining valid thermal conductivity data before chemical reactions, such as loss of
water of hydration, take place.

Type 5. Unguarded hot plate apparatus

This type of apparatus is similar to a guarded hot plate apparatus but the hot plate is made so thin
and to have such a low lateral thermal conductance that is effectively self-guarding so that no
separate guard is required. The hot plate for such an apparatus has a low thermal capacity so that
it can have a fast thermal response, facilitating a rapid approach to thermal equilibrium. The absence
of a guard simplifies the design and the operation of this type of apparatus, as well as allows more
rapid operation. As will be discussed below under transient methods, an unguarded hot plate
apparatus can be operated in either steady-state or transient mode.

Type 6. Guarded flat plate calorimeter

This type of apparatus typically uses a specimen in the form of a flat slab whose thickness is much
less than its lateral dimensions. Rather than measure the electrical input to a heat on the hot side of
the specimen, a calorimeter is used to measure the heat flow from a central region on the colder side
of the specimen. Either a flow calorimeter or a boil-off calorimeter can be used. Since the heat
capacities and heats of vaporization of pure fluids are well known, such calorimeters can, at least in
principle, be quite accurate. The standardized flow calorimeter apparatus is known to have
significant errors for specimens having low thermal conductivity. A disadvantage of either type of
guarded flat plate calorimeter is that the colder side of the specimen remains at a temperature not too
much greater than that of the calorimetric fluid so that for high hot-side temperatures there is a very
large temperature difference across the specimen, making it more difficult to obtain accurate curves
of thermal conductivity versus temperature.

Type 7. Heat flow meter apparatus

This type of apparatus also uses a slab-shaped specimen, held between a hot plate and a cold plate.
A heat flow meter, which typically consists of a thin sheet of poorly conducting material with
provision to measure a signal that is proportional to a temperature difference through the meter, is
placed on one or both sides of the specimen. The apparatus is calibrated using specimens of known
thermal conductance. Such apparatus is the workhouse of the building insulation industry since it
can take data mile- ranidlv (tvnicallv it is onerated with the hot and cold olates at fixed temneratures.



and is easy to operate. There do not appear to be any commercial heat flow meters of adequate
sensitivity that can cover the temperature range of interest for this project. More critically, there are
no suitable reference standards that could be used to calibrate a high-temperature heat flow meter
apparatus.

Type 8. Radial heat flow apparatus

This type of apparatus typically uses a specimen in the form of a right circular cylinder, with heat
flow radially outward from a heater located in a hole along the axis of the specimen. For solid
specimens, it is customary to have temperature sensors located at different radii within the specimen,
usually at several angular positions. The apparatus may have end heaters to provide guarding or the
specimen may be long enough that it is self-guarding. Such equipment has been used quite
successfully on materials ranging from powders to solid ceramics to metals and at temperatures well
in excess of what is needed for the present project. Instrumenting the specimens typically is time
consuming and the apparatus requires a long time to reach thermal equilibrium.

5.3.2 Transient Methods

Thermal diffusivity, which is a measure of the speed of propagation of heat into a material during
changes of temperature with time, is arguably easier to measure than thermal conductivity since it
does not require a power or heat flow measurement and since it does not require waiting for thermal
equilibrium (steady-state) to occur. For materials and conditions where the only form of energy
transport is via heat conduction, under conditions where the thermal conductivity can be assumed
to be constant, and when the density and specific heat are very well known from other measurements,
it is reasonable to measure thermal diffusivity and compute thermal conductivity values. For the
present project, it is essential that thermal conductivity, not thermal diffusivity, be measured.
Referring back to earlier parts of this report, it is easy to see (p. 5) that Eq. (2) follows from Eq. (1)
if the thermal conductivity is constant. However, when there are other modes of energy transfer,
thermal diffusivity is not a viable concept. For example, in the energy conservation equation (p. 15,
Eq. (53)) for the Ahmed model, all of the material properties are complicated functions of
temperature (and possibly of time and pore pressure) so that one cannot combine thermal
conductivity and volumetric specific heat as a single property, such as thermal diffusivity. The
models that might be used to predict simultaneous heat and mass transfer in porous media require
thermal conductivity, not thermal diffusivity as a material property. Accordingly, thermal diffusivity
measurements are not further considered in this report.

With one notable exception, there have been relatively few investigations that used transient
techniques to obtain thermal conductivity directly (as opposed to measuring thermal diffusivity and
computing thermal conductivity). There is a very extensive body of literature on hot-wire or probe
methods of measuring thermal conductivity. These techniques have been used extensively for
measurements on liquids, where it is important to complete a measurement before significant
convection can occur, and for soils and rocks, where it is desired to complete a measurement before
there is significant moisture migration. We will also refer to the "transient strip method," which is
pff,',thip~,t urlnt nfthP hnt-uuirp me~thnl There- hqvt heie.n wnrom• ttii cnncornecr with thrrnmnl
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conductivity measurements using one-dimensional transient heat flow through slabs of material; a
variant of this approach is considered to be the most viable one for the present project and therefore
such techniques are examined in some detail. Note that transient methods of measuring thermal
conductivity do require measurement of power or heat flow, which is not the case for thermal
diffusivity measurements.

Hot-Wire or Probe Methods

In the so-called hot-wire method, a heater wire is embedded in a specimen, or sandwiched between
two slabs. When the heater is turned on, its temperature-time history, or that of a nearby temperature
sensor, can be used to compute thermal transport properties. The values thus obtained correspond
to a small region of the specimen close to the heater wire and again there are serious questions as to
whether or not that small region is representative of a concrete sample with large aggregates.
Normally, one would want to have an effective specimen thickness, or effective probing depth, that
is roughly an order of magnitude larger than the largest aggregate.

The hot-wire technique and the variant known as or the probe method, both of which are sometimes
called the line-heat-source method, were reviewed in 1969.by Pratt [95] and, briefly, by Danielson
and Sidles [96]. At that time, the hot-wire method had been used mainly for fluids or for loose-fill
or blanket-type insulating material. During the period since these reviews were completed, there has
been rather extensive development, particularly in Europe, of the hot-wire method for use on
refractory materials, including firebrick. These developments have been reviewed by Davis [97].
Line heat source techniques have, over the past two decades, become the method of choice for most
determinations of the thermal conductivity of liquids. The probe method is a variant of the hot-wire
technique in which a heater and temperature sensor are packaged in a rigid probe, or needle, that can
be inserted into the specimen material. Recently Wechsler [98] reviewed probe methods for use on
solids and insulating materials. Flynn has provided a recent extensive bibliography [99] of these
methods, which includes abstracts for almost 300 relevant papers and reports. In the early 1980s,
another group at NIST carried out an investigation of hot wire techniques for measuring the thermal
conductivity of refractory materials at high temperatures [100].

Because of the extensive use of this technique on moist materials, and because of its possible
applicability to the present project, a comprehensive discussion of the theoretical basis of this
method is included in Appendix A. This discussion includes consideration of the effects of contact
resistance between the probe and the specimen and the influence of the finite thermal capacity of the
probe on the temperature-versus-time curves that are used to determine thermal conductivity.

There are several variations of the hot-wire method. Sometimes a thermocouple is used to measure
the temperature rise of the heater wire with, typically, the thermocouple measuring junction being
welded to the heater wire and the thermocouple leads going off perpendicularly to the heater wire.
With regard to the present project, this approach has two major disadvantages. First, for a specimen
with a fairly low thermal conductivity, the thermocouple leads may carry heat away from the
junction, resulting in erroneous temperature measurement. Second, for an inhomogeneous material
such as concrete, the temperature along the heater wire may vary with position and the use of a
thermocouple at a single location provides very little averaging of that temperature distribution. A
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better approach is to use the heater wire as a resistance thermometer to measure its own temperature,
thus providing averaging over the region between the potential taps. A probe also may have either
one or more discrete temperature sensors or may use the heater as a resistance thermometer. For
radial heat flow in cylindrical coordinates, which is the goal with line-heat-source methods,
measurement of the temperature-versus-time history of the heat source can provide, at least for
homogeneous specimens, accurate data for thermal conductivity but can provide only very limited
accuracy for specific heat or for thermal diffusivity. Better accuracy can be obtained for these two
properties if the temperature is measured at a known radius from the axis of the heater, either instead
of or in addition to the temperature at the axis. Thus, a separate temperature sensor (thermocouple
or resistance thermometer), installed at a measured radius from the heater, is sometimes used instead
of, or perhaps in addition to, the sensor used to measure the heater temperature.

When the hot-wire technique is used on solid specimens, it is customary to sandwich the heater and
temperature sensors between two slabs of the specimen material, with one of them being grooved
to accommodate the wire(s). Usually, the heater is turned on and assumed to provide constant power
for the duration of the test. It is necessary for the specimens to be large enough that they can be
assumed to behave as an infinite body during the duration of the measurements.

Transient Strip and Transient Patch Methods

Gustafsson [101- 1031 and his colleagues have developed a variant of the hot-wire technique that uses
a narrow strip (typically a few millimeters wide) of pure metal as both a heater and a resistance
thermometer. Their "transient hot-strip method" has been used with a strip of foil sandwiched
between two specimens or by vapor deposition of a heater directly onto the specimen, the latter
approach resulting in an extremely thin heater. The authors argue [101] that: "The fraction of the
heat that is 'hindered' by the air-filled or oil-filled slots, created at the edges of the strip, when
pressing it between the two plane test pieces, is consequently negligible. To achieve a similarly
favourable geometrical configuration for the transient hot-wire method would be extremely difficult,
or impossible. This fact actually limits the hot-wire method to fluids or to such solids that can be
cast satisfactorily around the wire."

Brydsten and Bdckstrim [104]
developed a technique wherein they
deposited two metal strips on the
specimen, with one strip serving as
a heater and the other strip serving 2w,

as a resistance thermometer, as 2w,-, i _
shown in Figure 55.

The operational procedures for Heater Thermometer
these two transient hot-strip
techniques are.essentially the same
as those for the transient hot-wire Figure 55. Pattern of copper and nickel strips used by

or probe methods. Brydsten and Bickstr6m [104]. The strip on the left is
the heater. and the striD on the right is the thermometer.
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(iustattsson and [ts colleagues 1U10-tuOj also nave developed a technique, wflmcfl tney call the
"transient plane source technique," in which the heater is a circular or rectangular patch that
resembles a resistance strain gage. Since the heater does not cover the entire area of the specimen,
as is the case for the methods described below, it seems more appropriate to refer to this technique
as a transient patch method. Operationally, this technique is similar to the transient hot-wire and
transient hot-strip methods.

Transient Plane Source Methods

In this report, the term "transient plane source methods" is used to designate transient methods in
which the heater(s) is(are) nominally the same size, laterally, as the specimens and heat is
constrained, by edge insulation or guarding, to flow in one direction, say, parallel to the z-axis, in
Cartesian coordinates. Some of the possible boundary conditions for transient plane source methods
are shown in Figure 56 [107]. Only the techniques in which the heat input is measured will provide
values for thermal conductivity. The techniques with temperature boundary conditions can only
provide thermal diffusivity values.

Vernotte [ 108] suggested that the adiabatic boundary condition required for the boundary conditions
shown in Figure 56(a) could be achieved by using mirror images, as shown in Figure 57, where the
four slabs in the center of the stack are the specimen material and the ebonite slabs are intended to
provide thermal insulation. His assumption was that half of the power provided to each heater would
flow toward the center of the stack, resulting in the desired temperature-time history at the mid-plane
of the stack.

Constant heat input Constant heat input

Measure temperature
rise on this faceMeasure temperature

rise on this face

Constant temperature

(a) (b)

Constant temperature

Measure temperature
rise on this face

Perfect insulator

(c)

Constant temperature

Constant temperature

(d)

Measure temperature
change at a suitable
point in block

Figure 56. Possible boundary conditions for transient plane source methods for determination of
thermal conductivity or thermal diffusivity [107).
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Constant heat input
"0 .•at these interfaces

Temperature rise
measured at this interface

Figure 57. Experimental arrangement suggested by Vernotte [108,107].

Vernotte did not report having made any experimental measurements. When Clarke and Kingston
[107,109] implemented the method suggested by Vernotte, they found that, for tests on good
insulators, the assumption that half of the heat input flows toward the interface where temperatures
are measured was not satisfied. They added additional slabs of specimen material, as shown in
Figure 58 in order to provide "a further mirror image." Their heater consisted of a strip of foil
interleaved through the stack as shown in Figure 58. In order to minimize the effects of the heat
generated in the loops on the heater strip, they provided a "guard pile" of specimen material on either
side of the "main pile." Basically this same technique was later used by several other investigators
[110-113]. Bastian [113] carried out an extensive set of calculations to ascertain the effects of,
among other things, the finite heat capacity of the heaters and thermal contact resistance between the
heaters and the specimens.

Thermal insulation Thermocouples

Heater ....'..:'.'.'.:.':' D•(:"'!::} ]"{:?:}'-{

Figure 58. Experimental arrangement used by Clarke and Kingston [107,109].



For the present project, the use of such a thick stack of specimens is not appropriate since it would
take so long to bring such a thick mass to a uniform temperature that any chemical reactions, such
as loss of water of hydration, would have been completed long before the thermal conductivity test
could even begin.

Before discussing other transient techniques, it is useful to make reference to the thin-heater thermal
conductivity apparatus developed by Hager [ 114-120]. While this apparatus is normally allowed to
achieve steady-state conditions, the construction of the hot plate is similar to the design that is
proposed for the present project, and the Hager apparatus could be operated in a transient mode.

Figure 59 shows the apparatus used by Harmathy [121] to determine the thermal conductivity of
concrete and other building materials to high temperatures under transient conditions. The
arrangement of the various pieces of specimen material are shown in more clearly in Figure 60. The
entire assembly was wrapped in a 1/2-inch layer of ceramic fiber insulation and placed in a furnace
so as to minimize heat losses. For high-temperature tests, Harmathy used palladium foil as the
heater. Normally, direct current was used to energize this heater. However, Harmathy states:

For materials which are regarded as electrical insulators at room temperature, there
are generally no experimental problems up to about 700'C. Above this temperature
serious difficulties may arise, which are associated partly with a gradual increase in
the electrical conductivity of such materials, and partly with a slow charge build up
on the metal foil and thermocouple wires following the switching on of the foil
heating. This last phenomenon is caused mainly by space-charge polarization,
and is less serious when alternating current is used for foil heating. [emphasis
added]

/7 2 e. 1262.5 K.' 6 9 a ; 4 P.

b =80 to 100 mm
a 2 c=b

a 1 =measuring piece
2 = top piece

0 •. 3 = bottom piece
C, I • '4 = palladium foil

5 = Inconel clamps
6 = Alumel lead wire for foil heating
7 = thermocouple wires
8 = Fiberfrax cover

0.3 /-/c 9 = over-all Fiberfax wrapping
4 3 -X = thermocouple junctions
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Heater

Figure 60. Specimen assembly used by Harmathy [121].

Harmathy used step-function heating, i.e., he turned on the heater and let it remain on until the
desired temperature-time history had been recorded. The experiment had to be kept short enough
for his assumption that the specimens were effectively of infinite thickness to be met. His
mathematical analysis required that the power to the heater be constant, which is not really true for
constant-current input to a heater made from a pure metal that has a significant increase in resistance
with increasing temperature. His analysis also did not account for the finite heat capacity of the
heater, or for contact resistance between the heater and the specimen pieces or between the "top
piece" and the "measuring piece." Other investigators who have used Harmathy's method include
[ 122-125]. The experimental setup used by Plummer, et al. [ 126], to measure the thermal diffusivity
of ceramics to high temperatures was quite similar to that used by Harmathy although these
investigators did not measure the power to the heater and thus could not obtain thermal conductivity.

The most popular method of measuring thermal diffusivity of homogeneous materials is the pulse
method, in which the front side of a specimen is irradiated by a short pulse from.a laser or a flash
lamp and the temperature-versus-time history on the back side is recorded. In such tests it is difficult
to measure accurately the energy input by the pulse so that thermal conductivity cannot be obtained
directly. A few investigators have used a thin electrical heater to generate a short pulse of energy
and measured the energy input so that thermal conductivity could be computed. Dzhavadov [127]
used the experimental setup shown in Figure 61, in which three slabs of specimen material, of equal
thickness, were sandwiched between two plates that were maintained at constant temperature. The
heater at the lower interface was energized for a duration of the order of 0.1 s and the resultant
temperature pulse at the upper interface was recorded. From these data the thermal conductivity,
specific heat, and thermal diffusivity were computed.

The experimental technique used by Giedd and Onn [ 128] more closely resembles the classical pulse
method in that only one slab of specimen material was used. The heater was a thin film of graphite
sprayed onto one side of the specimen. A thermocouple was attached to the back side of the
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specimen. A very short pulse was used. The thermal diffusivity was computed from the half rise-
time on the back surface and the specific heat was computed from the overall temperature rise of the
specimen after it reached thermal equilibrium.

T0I

J -- --- - -- ---- Temperature gage
d

- .- - '------- -4---- Heater

- - TO
Figure 61, Soecimen geometrv used bv Dzhavadov r 1271.

In a fairly recent book, Kubi•.r [1291 describes, and references, the rather extensive work that has
been carried out at the Institute of Physics of the Slovak Academy of Science, in Slovakia, using
electrical pulse methods to determine thermal conductivity, specific heat, and thermal diffusivity.
The general experimental approach used at that laboratory is shown in Figure 62. The thermal
properties of the specimen are computed from the energy input to the heater, the maximum
temperature reached, and the time at which that maximum occurred. These investigators generally
used specimens of cylindrical geometry. Kubi~ir summarizes the procedures that have been
developed to deal with the effects of heat loss from the convex surface of the specimens, the finite
heat capacity of the heater, and thermal contact resistances between the specimen pieces.

Planar source Thermometer
I emperarure resj
Iemperature res

Current pulse T

Im time

Sample

ponse

Figure 62. Experimental layout of the nulse method used by Kubi6,r and colleagues 1291.

Piorkowska and Galeski [ 130" 131 ] describe a transient technique for determining thermal conduc-
tivity in which the experimental layout is similar to that of a guarded hot plate apparatus. However,
the operational procedure is rather unique. In effect, the "cold plates" are programmed such that
their temperature increases linearly with time. Shortly, depending upon the specimen thickness, after
this programmed ramp is initiated, the temperature drop across the specimens approaches a quasi-
steady-state value. These investigators carried out two runs on the same specimens, with different
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power inputs to the heater but with the cold plates increasing at the same rate. By subtracting the
measured temperature differences for these two runs, the transient terms cancel out and the thermal
conductivity can be obtained, even though true steady-state conditions are never achieved. The
subtraction of the two temperature-difference histories also eliminates the influence of heat
production or absorption associated with phase transformations. These authors provide extensive
mathematical analysis of their method, including allowing the thermal conductivity of the specimen
to be temperature dependent.

Some of the analysis procedures used for the above transient plane-source techniques are
summarized in Appendix B.
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0. Availability of Apparatus ana testing Nervices

The NIST Building and Fire Research Laboratory does not have in-house capability for carrying out
the required thermal property measurements over the temperature range of concern (room
temperature to 1200 °C). The NIST Ceramics Division, in the Materials Science and Engineering
Laboratory (MSEL), has the capability to carry out measurements of specific heat, heats of reaction,
and thermal expansion to temperatures higher than 1200 0 C. However, their equipment uses rather
small samples. The DTA or DSC measurements would be made on powdered samples of the order
of a gram or so. The dilatometer uses a specimen nominally 5 mm in diameter by 25 mm long. The
Ceramics Division has no capability to measure thermal conductivity or thermal diffusivity above
room temperature. The NIST Metallurgy Division, in MSEL, can measure thermal diffusivity of
small specimens only at temperatures above 900 *C.

In order to locate laboratories, outside of NIST, that could provide some or all of the needed
measurements the following request was faxed to vendors of thermal property measurement
equipment:

The NIST Building and Fire Research Laboratory is working on a project concerning
the response of concrete to fire conditions. My responsibilities include determining
what thermal property measurements need to be made and locating laboratories
where these measurements can be done reliably.

The materials of interest are normal-strength and high-strength Portland cement
concrete, with quartz sand as the fine aggregate and (nominally) 1/2-inch limestone
as the coarse aggregate. We are primarily interested in the effective overall thermal
properties of the mixture of cement paste, fine aggregate, and coarse aggregate. Thus
for properties, such as thermal conductivity and thermal expansion, that depend upon
the sizes and deployment of the various phases, the test samples need to be large
compared to the size of the coarse aggregate. For properties such as heat capacity,
heats of reaction, and mass loss, that only depend upon the mass fraction of the
various components, either the test samples need to be large compared to the
aggregate size or else it would be necessary to grind and blend rather large pieces of
concrete and then take smaller representative samples from the resultant powder.
Ideally, we would like to obtain data from room temperature to 1200 C but are
interested in laboratories that could obtain data to temperatures above 800 C.

We have not yet determined how many tests will be required for each type of
measurement. However, there will be at least four types of concrete and it probably
will be appropriate to make measurements at several heating rates. Thus we
anticipate that approximately 10 to 12 tests for each property will be required. The
thermal properties of interest include:

Heat capacity and heats of reaction (probably DSC measurements)

Mass loss versus temperature (TGA)
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Thermal conductivity (direct measurements, not from thermal diffusivity)

Thermal diffusivity (?)

At this time, NIST does not wish to buy the instruments to carry out such
measurements, but prefers to contract to have the measurements made elsewhere. If
you only sell thermal measurement instrumentation and do not provide testing
services, please let me know of laboratories that can provide such measurement
services, either using your instrumentation or other types of equipment. It also would
be helpful if you could indicate which models of your instrumentation would be most
appropriate for which types of measurement.

If you do provide testing services, please let me know what types of measurements
you can provide, along with the temperature range, estimated accuracy, and required
sample size and geometry for each type of measurement. Also, please provide an
estimate of the costs of such measurements.

A similar request was faxed to numerous laboratories, but with the next-to-last paragraph omitted.

As of the date of this report, the following vendors and laboratories have been contacted (for foreign
vendors, the city of their U.S. subsidiary is given):

Anter Corporation (Pittsburgh, PA)

Ball Aerospace Systems (Boulder, CO)

Cahn Instruments (Madison, WI)

Colorado School of Mines (Golden, CO)

Concurrent Technologies Corporation (Johnstown, PA)

Coors Analytical Company (Golden, CO)

duPont Fibers Analytical Services (Wilmington, DE)

Geoscience Ltd. (San Diego, CA)

Hauser Laboratories (Boulder, CO)

Harrop Industries, Inc. (Columbus, OH)

Hazen Research, Inc. (Golden, CO)
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Holometrix, Inc. (Bedford, MA)

Industrial Science & Technology Network, Inc. (York, PA)

Iowa State University (Ames, IA)

Itertek Testing Services (Richardson, TX)

Leach & Garner Technology (North Attleboro, MA)

Linseis Inc. (Princeton Junction, NJ)

Arthur D. Little, Inc. (Cambridge, MA)

Lockheed Martin (Orlando, FL)

Louisiana Productivity Center (Lafayette, LA)

The M&P Lab (Schenectady, NY)

Massachusetts Materials Research (Boylston, MA)

MATECH Associates (Scranton, PA)

Materials Research & Engineering, Inc. (Boulder, CO)

Mettler Toledo Inc. (Hightstown, NJ)

National Physical Laboratory (Teddington, Middlesex, United Kingdom)

Netzsch Instruments, Inc. (Paoli, PA)

Northrop (Rolling Meadows, IL)

Oak Ridge National Laboratory (Oak Ridge, TN)

Orton Ceramic Foundation (Westerville, OH)

Owens Corning Fiberglas Corporation (Granville, OH)

Polymer Solutions Inc. (Blacksburg, VA)

Precision Measurements and Instruments Corporation (Philomath, OR)

Research Trianele Institute (Research Triangle Park. NC)



SETARAM (Grand Prairie, TX)

Shimadzu (Columbia, MD)

Showa Denko America (New York, NY)

TA Instruments (New Castle, DE)

Texas Research Institute (Austin, TX)

Tg Technologies, Inc. (Freehold, NJ)

Theta Industries (Port Washington, NY)

TPRL, Inc. (West Lafayette, IN)

Tulane University (New Orleans, LA)

Ulvac Technologies, Inc. (Methuen, MA)

University of Illinois (Champaign, IL)

As replies from these organizations have come in, there have been numerous suggestions of other
laboratories that might be able to carry out some of the measurements. Thus, it is anticipated that
there will be further additions to the above list.

While it is too early to select particular laboratories to carry out the needed measurements, it is clear
that there will be multiple laboratories with the capability to measure specific heat, heats of reaction,
mass loss, and thermal expansion. A few laboratories can measure thermal conductivity (cut-bar
method) or thermal diffusivity (flash method) on specimens that are too small to be representative
of concrete. Thus far, only one laboratory has indicated that they can measure thermal conductivity
using a guarded hot plate apparatus. As discussed earlier in this report, a guarded hot plate apparatus
is too slow to allow measurements to be made before chemical reactions go to comtnletion.



7. Design of New Apparatus for High-Temperature
Thermal Conductivity Measurements

The cross section of the proposed test setup is shown in Figure 63 - it consists of a thin-foil heater
sandwiched between two similar specimens, which are in turn sandwiched between two "cold
plates." The specimens will be nominally 200 mm square with thicknesses in the range of 10 to
perhaps 50 mm. The cold plates will simply be square, thin sheets of corrosion-resistance metal,
such as nichrome or inconel; further analysis may indicate that it would be desirable to provide a
guard gap in these cold plates in order to reduce lateral heat flow. NIST has purchased a high-
temperature furnace for this project - the outside surfaces of the two cold plates will be exposed to
the air in the furnace. The edges of the stack, shown in Figure 63, will be insulated with ceramic
fiber insulation.

An expanded view of the thin-foil heater is shown in Figure 64 (not to scale). The heater will consist
of a sheet of 0.025 mm platinum foil, folded to make a long, thin U. The interior of the U will be
filled by a sheet of ceramic paper, with slots cut into it to accept potential leads to measure the
voltage drop across the central portion of the heater. The two arms of the U will be attached to nickel
busbars to provide the electrical current for the heater. The platinum heater will also act as a
resistance thermometer to read its own temperature. In addition, the space within the U will be
provided with Type N thermocouples to provide an independent check on the heater temperature.
Several Type N thermocouples will also be attached to each of the two cold plates to provide their
temperature.

The type of heaters used, e.g., by Harmathy [121) and by Plummer, et al., are not folded back on
themselves as is proposed here. Rather, the current leads for those heaters are at opposite ends of
a flat strip heater. That design would be satisfactory if the heater were to be heated by direct current.
However, it is proposed that the heater for the NIST apparatus be powered by alternating current,
both to minimize the space-charge effects which Harmathy encountered (see the quotation on p.82
of this report) and to enable the use of an integrating digital voltmeter, with excellent ac common
mode rejection, to read thermocouple voltages without serious errors due to leakage currents from
the heater. With a single-pass heater, such as those used by Harmathy and by Plummer, there would
be large inductances in the current loop and in the potential tap loop; such inductances could cause
serious measurement errors unless very sophisticated equipment were used to measure the relative
phases of the current and voltage signals. The folded heater design that is proposed will have
minimal inductance so that the power to the heater is simply the product of the root-mean-square
voltage drop across the central portion of the heater times the root-mean-square current through the
heater, and the resistance of the heater will be simply the quotient of these two quantities.

Figure 65 shows how the thin-foil heater will be supported. To the right of these drawing can be
seen two pieces of nickel angle stock that act as legs to support the right-hand-side of the twin
busbars. At the left end of the busbars, they are electrically separated from each other by a thin
ceramic washer through which a ceramic pin is inserted to provide a means of supporting that end
,,nf lhp. hNchnrc

90



Heater

Specimen

"Cold plate"

a'

I

Figure 63. Cross section of proposed apparatus for high-temperature thermal conductivity
measurements.
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Figure 64. Cross section of the thin foil heater.
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Figure 65. Elevation view of the foil heater showing the support structure that also serves as current
leads. The free end of the busbar is supported from the support frame shown in the next figure.
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Figure 66 is a conceptual view of the (nichrome or inconel) support frame from which the foil heater,
specimens, and cold plates are suspended. The upper drawing is a plan view showing support rails,
at each side, from which the components of the specimen assembly are hung. These support rails
are held up by four legs, made of angle stock, as shown in the lower elevation view. Halfway up the
rear legs a load screw plate is attached. The other load screw is supported from an angled arm
attached to a fulcrum. The arrangement for the load screws can better be seen in Figure 67, which
shows how a compressive load is applied to the specimen stack (for clarity, the support frame has
been omitted in this drawing). Figure 67 represents the case where the weight that provides the
compressive load is located inside the furnace. If possible, it would be preferable not too have the
weight inside the furnace since it takes up a lot of space, provides a large thermal load for the
furnace, and makes it difficult to change the applied force. A far preferable arrangement would be
as shown in Figure 68, where the loading force is provided by a weight below the furnace, thus
permitting the placement of two identical apparatus inside the furnace. The furnace that has been
ordered by NIST is a bottom loading furnace and it may not be practical to have the weights located
below the furnace. Figure 69 shows an arrangement whereby the weights can be located above the
furnace with a pulley and cable (not shown) to reverse the direction of the force provided by each
weight.

The intent is to run the tests in a manner analogous to that used by Piorkowska and Galeski [130-
131 ], as described above on pp. 84-85. Since the changes to the specimens due to chemical reactions
will be irreversible, it will not be possible to run tests on the same specimens at two different power
levels. Rather, it is planned to run two tests simultaneously on two similar pairs of specimens, one
test at a low power (just enough to enable obtaining accurate data for the heater resistance) and one
test at a power large enough to cause a temperature drop of, say, 20 to 40 K across the specimens.
The calculation procedure used by Piorkowska and Galeski is summarized in Appendix B.

With this apparatus, it also would be possible to carry out runs using Harmathy's method, which is
described briefly on pp. 82-83, using his calculation procedure, which is summarized in Appendix B.
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Figure 66. The support frame from which the foil heater, specimens, and cold plates are suspended.
The fulcrum position would vary depending upon how the loading force is applied.



Test Assembly

Furnace Wall

Figure 67. Elevation view of the apparatus if the loading force is provided by a weight inside the
furnace.
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Furnace Wall

Assembly

Figure 68. Elevation view of the apparatus if the loading force is provided by a weight below the
furnace.
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Figure 69. Elevation view of the apparatus if the loading force is provided by a weight and pulley
system above the furnace.
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Appendix A. Analysis Procedures for Transient Hot-Wire or Probe
Techniques for Thermal Conductivity Measurement

Transient techniques for thermal conductivity measurement have been utilized with planar heat
sources, point or spherical heat sources, and cylindrical heat sources, In this appendix, attention is
confined to measurement systems utilizing a cylindrical geometry. For most of the analyses
discussed below, an infinitely long heat source is assumed. The end effects due to a finite source
length are briefly discussed.

A.1 Ideal Line Heat Source

The simplest analysis involves an ideal line heat source (i.e., a source of vanishing diameter) that is
turned on at zero time and thereafter produces a constant heat output. Apparatus used for
determining the thermal conductivity of liquids and gases usually approximates this ideal line heat
source quite closely, the heater wire, which also serves as a resistance thermometer, typically being
about 5 to 25 pm in diameter. Thin wire heaters also are frequently used for measuring the thermal
conductivity of thermal insulation, including refractory materials. For in-situ measurements of, for
example, soil thermal properties, a larger, more rugged probe is needed and it is necessary to account
for the finite size and thermal capacity of the probe, as well as for thermal contact resistance between
the probe and the surrounding medium. It is useful, however, to consider the analysis for an ideal
line heat source since that solution serves as a limiting form of the solution for a probe as its
diameter decreases and contact resistance becomes smaller.

In some implementations of the line heat source method, the temperature of the heater wire, or
slender probe, is measured. In other implementations, the temperature is measured in the
surrounding medium at some known radius from the axis of the heater or probe.

Following Carslaw and Jaeger [A], pp. 261-262], we suppose heat to be released at the continuous
rate Q per unit time per unit length along the z-axis. If the heat supply begins at the time t = 0, when
the medium is isothermal at a temperature T = 0, the temperature at a distance r from the z-axis is
given by

T(r,t) - 2 E( (1)

where

E1(x) f -dx (2)
X

is the exponential integral, X is thermal conductivity, and K is thermal diffusivity.. For small values
of x, corresponding to small values of the radius r or large values of the time t, Eq. (2) reduces to

X X2 X3 X4EI(x) = -y - Vnx + - + ... , (3)
H.! 2-2! 3"3! 4"4!
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where y = 0.577216... is Euler's constant. For values of x sufficiently small that x is negligible
compared with Qn x, the temperature is given simply by

T(rt) y +In 4K-t (4)

47cXk r 2

For measurements at a fixed value of r,

T(a,t) =-9 (A + Int) (5)

where A is a constant whose value need not be known if only thermal conductivity is needed. Thus
the thermal conductivity can be computed from the strength of the heat source and the slope of a plot
of temperature versus the logarithm of time. Note that in using Eq. (5) to obtain thermal
conductivity, it is not necessary to specify the radius at which the temperature is measured, provided
the value of 4Kt/t2 is large enough for Eqs. (4) and (5) to be valid. If it is desired to use Eq. (4) to
compute thermal diffusivity values, it is necessary to know accurately the radius of the heater wire
or probe. *As pointed out, e.g., by Nieto de Castro [A2-A3], with the very thin probes used for
measurements on fluids, and the very short times that are used in order to avoid convection effects,
it generally is not possible to obtain thermal diffusivity (or specific heat) values with anywhere near
the accuracy that is possible for thermal conductivity values.

For many investigations it is assumed that the line heat source probe is very thin and also very
conductive in the radial direction so that the temperature across the probe can be considered to be
constant at any given time. Under such conditions the temperature of the probe itself can be used
to determine the thermal conductivity, provided the heated section of the probe is also sufficiently
long, and of sufficiently low thermal conductance, that all of the power input to the portion of the
probe where the temperature is measured can be assumed to flow radially into the surrounding
medium whose thermal conductivity is to be determined.

Some investigators have used a two-wire or two-probe method in which the temperature is measured
by a sensor located at some distance away from the line heat source. Under such conditions the
value of 4Kt/r, is usually not large enough for Eq. (5) to be valid so that the thermal conductivity
needs to computed using Eq. (1).

A.2 Finite-Diameter Probe

Jaeger [A4; 2, pp. 344-345] has derived a solution for a finite-diameter probe, made of a perfect
conductor, with finite thermal contact resistance between the probe and the surrounding medium.
As above, the medium is assumed initially to be isothermal at T= 0 when the probe is energized at
the constant rate Q per unit time per unit length. The temperature of the probe is given by
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T(t) G (6)

where

Gf2a j[l - exp(-tu 2)du7)
, 0, u3 A(u)

and J, and Yj are the Bessel functions of the first and second kind, respectively, of order I. The
dimensionless parameters 03, a, and -v are defined as

X 2rtb2 pC _ t
2 1E 'P -a t (9 )

bh S b2

where the properties of the medium are thermal conductivity, X [W/m.K], density, p [kg/m 3I, specific

heat, C [J/kg'K], and thermal diffusivity, r, [m2/s]; the probe is of radius b [m]; S [J/m-K] is the
thermal capacity per unit length of the probe; and I [W/m 2"K] is the heat transfer coefficient between
the probe and the surrounding medium. The dimensionless parameter P3 is the ratio of the thermal
contact resistance, 1/h, at the probe-medium interface to the thermal resistance, bIlX, of a layer of the
medium of thickness b. The dimensionless parameter a is twice the ratio of the thermal capacity of
a cylinder of the medium material of radius b to the thermal capacity of an equal length of the probe.
(Note that the probe could actually be a hollow cylinder, rather than a solid cylinder, with S being
the thermal capacity of the actual probe material present.) The parameter "r is the usual
dimensionless time that is used in transient heat conduction problems, obtained by multiplying the
actual time by the ratio of the thermal diffusivity to the square of a characteristic dimension, in this
case the radius of the probe (this parameter r is often referred to as the Fourier number).

The integration shown in Eq. (7) cannot be carried out in closed form so it must be done numerically.
For small values of -r, Jaeger [A4] shows that

G(-, a,,r) - _ _ _- + (10)

when the heat transfer coefficient h is finite so that 13 > 0, and

G( , 4a, .) = a 4.... (3)2(ll)ý_
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when h is infinite (perfect contact) so that 1 = 0. For large values of "t, Jaeger [A4] shows that

G(,aT) = - 23- y + ln4t 4- -a + a- 2 + ln4"I ) +'' (12)
4nt = 2at 2cz'-"

For values of -r sufficiently large that the last two terms, involving T', can be neglected, Eq. (12)
reduces to

G(P, a, t) -- [2 P - y + Ina4r + ] (13)
41r

If the probe has a vanishingly small thermal capacity, so that f3 -. 0, Eq. (13) reduces to Eq. (4), the
expression for an ideal line source. Two features of Eq. (13) are worthy of note. First, for long
enough times, the thermal capacity of the probe is no longer a factor. Second, for long enough times,
the effect of thermal contact resistance becomes independent of time so that one can compute
thermal conductivity from a plot of temperature versus the logarithm of time without having to know
either the thermal contact resistance or the thermal capacity of the probe. For a line heat source or
a very slender probe such as those used for laboratory measurements on loose-fill materials, it is
relatively easy to work in the region where Eq. (13) is valid. However, a probe for in-situ
measurements of the thermal properties of soils must be rugged enough, and thus large enough in
diameter, to be inserted I or 2 meters into the ground. Since -c is inversely proportional to the square
of the radius of the probe, increasing the probe diameter by, say, an order of magnitude in order to
achieve adequate strength, reduces the values of t by two orders of magnitude. Thus, as is discussed
in more detail below, for the probes to be developed for this project, it is necessary to use
expressions that are more accurate than Eq. (13) for the values of T that are of concern.

It also is of interest to examine the behavior of Eq. (7) in the limit when a - -o. This limit
corresponds to the case where the probe is of finite diameter but has negligible thermal capacity.
Such a probe could be approximated by a very thin-walled hollow tube. As shown by Jaeger [A4],
for P3 = 0 and ca -

G (0,ot) 2 f [. - exp(-u 2 du_(_
G u[Ju (u) + Y, (u)] (14)

For finite values of thermal contact resistance (i.e., 03 > 0),
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G(1,oo,r) = -L + G(0, oo, -c) ; (15)
2nt

it is seen that 03 only shows up with respect to the constant temperature drop between the probe and
the medium. Thus , for determinations of thermal conductivity, it is not necessary to know or to
determine the thermal contact resistance. Equation (14) is the same as the solution for an infinite
region with constant heat flux at r = a [Al, p. 338].

Blackwell [A5] derived, with very different notation, the equivalent solution to Es. (6)-(9). In his
short-time approximate solution, he included one more term that is given in Eq. (10); in our notation
it is

G(,Px, c,) = t 21- 1 5T/-•3 2 + 8 5/2(16)

Blackwell's long-time approximation, with appropriate changes in notation agrees with Eq. (12),
above. Blackwell [A5] also considered the problem of a hollow cylindrical probe, having a finite
thermal conductivity, with heat supplied at the outer surface of the probe and the temperature
measured at the inner surface. He obtained large-time and short-time solutions that agreed with Eqs.
(12) and (16), above but with the inclusion of correction terms that account for the temperature
difference between the inner and outer radii of the probe. As pointed out by Blackwell [A5] and by
Wechsler [A6], the corrections in Blackwell's equations are quite small for well-designed probes.
Furthermore, in the long-time solution given by Blackwell the correction term for finite probe
thermal conductivity varies as -C so that, for times long enough that Eq. (13) is valid, it drops out.

De Vries and Peck [A7] derived a long-time solution for a cylindrical probe, of finite thermal
conductivity, with an ideal line heat source at its axis. With appropriate change of variables, their
solution is identical to Eq. (12), with the addition of a term (- I/cc) (kXI,) . -T-, where Xp is the
thermal conductivity of the probe material, inside the square brackets. For a homogeneous probe,
this term reduces to (- 1/2) (K /KP )- T- 1, where Kp is the thermal diffusivity of the probe material.
As with Blackwell's solution, the correction term for finite probe conductivity is not needed for
times long enough that Eq. (13) can be used.

Christoffel and Calhaem [A8] give solutions, analogous to those of Carslaw [A4], for a perfectly
conducting probe with no contact resistance, a perfectly conducting probe with contact resistance,
and a probe having a finite thermal conductivity but no contact resistance. Although these authors
do not indicate where the heat source is, their solution for a probe having a finite thermal
conductivity appears to correspond to a probe heated at its outer surface. Their correction for finite
probe conductivity is similar to that of Blackwell, whose solution is for a probe with heat supplied
at its outer surface.
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Bruijn, et al. [A9] used a "modified Jaeger model," which was a homogeneous solid cylindrical
probe having the same thermal capacity per unit length as the real probe and an effective thermal
contact resistance consisting of the contact resistance between the outer surface of the probe and the
surrounding medium and an internal thermal resistance computed between the position of the
temperature sensor and the outer radius of the probe. This internal resistance was computed for an
idealized probe, with the heater at the axis, surrounded by a hollow cylinder of electrically insulating
material (in which the temperature sensor was placed), and an outer metal cylinder. The internal
resistance was assumed to be that computed for steady-state radial heat flow in the idealized probe,
on the basis that the time constant of the probe is so short compared to the duration of a test that a
steady-state temperature profile would be established in the probe.

Bruijn, et al., also give equations for a "four-regions model," consisting ofcoaxial cylinders: heating
wire, insulating material, tube, and medium to be measured. These equations were left in terms of
the Laplace-transformed temperatures and therefore are not suitable for use in data analysis.

Lin and Love [AOI0 give analytical solutions, similar to those of Jeager [A41 and of Blackwell [A5],
for a system consisting of a probe, a well casing, and a surrounding medium. The probe and the well
casing are assumed to have infinite radial thermal conductivity. They investigate the cases with and
without thermal contact resistance at the interfaces and obtain integral solutions, large-time
approximate solutions, and small-time approximate solutions. While their results are valuable, the
extra complexity of three regions, rather than two, is not needed for the present project.

Bastian and Grosjean [Al 1] provide analytical solutions for probe consisting of a hollow pipe, open
at the ends, with the unique feature that the material being tested in situated both outside and inside
the probe.

All of the above theory was based on the assumption that the probe was infinite in length. In a
separate paper, Blackwell [Al 21 examined the errors due to axial heat flow in a finite-length probe
and provided guidelines for selecting a suitably long probe to avoid significant errors. Kierkus, et
al.,[A13] have examined end effects in conjunction with a line heat source method for fluids.

As indicated previously, most investigators have used a simple large-time solution, such as Eq. (5)
or (13), while a few investigators have used a somewhat more involved expression, such as Eq. (12).
Very few workers have used an integral expression, such as Eqs. (6)-(9), that is valid over the entire
time range.

In conjunction with the Thermal Property Analyzer (TPA) developed for EPRI by workers at Ontario
Hydro [A14], a program was written that used a non-linear least squares fit to Blackwell's model
[A5] to obtain thermal diffusivity and thermal contact resistance from the temperature versus time
data, experimentally determined probe parameters ("effective probe radius" and probe thermal
capacity), soil thermal conductivity, and probe power. It is not evident why these investigators
elected to compute the thermal conductivity, separately, from the slope of the temperature-versus-
time curve, rather than to have the computer program determine thermal conductivity as well. It
appears that they computed thermal conductivity from the large-time data, where thermal diffusivity
(or heat capacity) of the soil and contact resistance would cause relatively little effect, and then
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computed the thermal diffusivity and contact resistance using small-time data. It would be preferable
to have the computer use the entire temperature-time history and obtain self-consistent values for
thermal conductivity, thermal diffusivity/heat capacity, and contact resistance. With the
microprocessors that were available two decades ago, these investigators had to use a simpler
approach for the software built into the TPA. They only used the non-linear curve fit program with
a mainframe computer.

At about the same time, investigators at Sandia National Laboratories developed equipment and data
analysis procedures [A I 5-A 19] for using a probe method to determine the thermal conductivity of
powders at high temperatures. These workers used Jaeger's analysis [A4], namely our Eqs. (6)-(9),
(I1), and (12), as well as finite element or finite difference techniques, to assist in designing their
probes. For data analysis, they used a non-linear least squares fit, or parameter estimation technique,
based on Jaeger's analysis. There is a significant gap between the range of validity of the small-time
solution, Eq. (11), and that of the large-time solution, Eq. (12). There is an intermediate range of
-c where neither solution even comes close to providing accurate results. The Sandia workers used
the full integral solution, our Eqs. (6)-(9), for small and intermediate values of time and Eq. (12) for
large times. They carried out a numerical study to determine what values of -V, for a given 03 and 0c,
to use for the transition from one solution to the other, so as to obtain good continuity in temperature
and its derivative with respect to time. (Discontinuity in either quantity, and particularly in the
derivative, can wreck havoc with a non-linear least squares fit.) Koski [A17] indicated that the
integral equation, our Eq. (7) proved difficult to integrate in a simple, rapid manner, particularly for
larger values of -r, which is the reason they used the approximate solution for larger times.

A.3. Numerical Results

A FORTRAN program was written to compute values of G(p, a, r), using Eqs. (6)-(9), (14), and
(15). Figure A I shows G plotted versus -r with ac as a parameter for 13 = 0, i.e., no contact resistance.
Considering first the ideal probe with no thermal capacity, i.e., a - oo, it is seen that, in this semi-log
plot, the probe temperature curves rather slowly at small and medium tirnes and asymptotically
approaches a straight-line for values of -c greater than about 100, in accordance with Eqs. (5) and
(13). Figure Al includes curves corresponding to a = -, 100, 50, 20, 10, 5, 2, 1,0.5,0.2, and 0.1
Although the curves for the larger values cannot be distinguished, Figure A2 shows that as the
thermal capacity of the probe approaches and then exceeds the thermal capacity of an equivalent
volume of the surrounding medium (e.g., soil), a significant time delay is introduced at earlier times.
When the contact resistance is zero, as in this case, or relatively small, the time lag due to a probe
having a thermal capacity approximately equal to that of the medium (i.e., P3 =2) actually results in
the curve of temperature versus the logarithm of time approaching a straight line more rapidly than
in the case where the probe has a very small thermal capacity. When the thermal capacity of the
probe greatly exceeds that of an equivalent volume of the medium, the probe temperature lags behind
until values of "r of the order of 1000 are attained. Inspection of Fig. Al shows that if data over a
rather limited range of temperatures, say T going from 10 to 100, were used, it would be easy to be
fooled into thinking the "straight-line region" had been reached but the slope thereby used to
compute thermal conductivity could be significantly in error.
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Figure A2 shows the same curves as those in Fig. 1, but plotted with a different vertical axis in order
to facilitate comparison with the next four figures. Figure A3 shows how the curves change when
contact resistance is present, in this case corresponding to 13 = I (i.e., the contact resistance is equal
to the resistance of a plane layer of the surrounding medium having a thickness equal to the radius
of the probe). For the case of a very light probe, with d -. -c, the contact resistance simply displaces
the temperature-time curve upward, as shown by Eq. (15). For probes having large thermal capacity,
the probe temperature cannot "jump" in response to the contact resistance so the temperature of such
probes initially increases slowly and then accelerates to "catch up" with the curve for probes having
very low thermal capacity. A potentially serious consequence of this behavior is that the curves of
temperature versus the logarithm of time can have deceptively linear regions that are much steeper
than the true final slope, thus exacerbating the potential error in thermal conductivity. Figures A4,
A5, and A6 show the computed temperature-time curves for larger contact resistances, with 13 = 2,
3, and 4, respectively. The effects discussed above in this paragraph are exaggerated further as
contact resistance increases.

The results shown in these figures clearly illustrate that great caution must be exercised in attempting
to use the large-time solutions, such as Eq. (12) or Eq. (13), to determine thermal conductivity. This
caution is required because the thermal capacity of the probe and the thermal contact resistance
between the probe and the surrounding medium can seriously distort the shape of the temperature-
time curve and result in serious measurement errors. The results in these figures also show that, for
a given probe, the temperature-time curve is sensitive to the thermal capacity of the medium during
the small and medium times but not at long times. Thus, if the heat capacity or the thermal
diffusivity of the soil is desired, it is necessary to use information from the early part of the curve;
these properties cannot be obtained from large-time data only. Finally, these curves and the above
discussion demonstrate the importance of using the complete curve of temperature versus the
logarithm of time if it is desired to obtain consistent, accurate values for thermal conductivity,
thermal diffusivity, heat capacity, and thermal contact resistance.
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Figure A2. This figure is the same as Figure 1, but with a different vertical scale.
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Figure A3. The function G(1, a, -t) versus t, with ac as a parameter, for P3 = 1.
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Figure A4. The function G(1, a, -c) versus t, with a as a parameter, for J3 = 2.
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Figure A5. The function G(13, a, -r) versus T, with a as a parameter, for 13 = 3.
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Figure A6. The function G(13, a, z) versus T, with a as a parameter, for P3 = 4.
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Appendix B. Analysis Procedures for Transient Plane-Source
Techniques for Thermal Conductivity Measurement

The literature concerning analysis procedures for transient plane-source techniques for thermal
conductivity measurement is much less extensive than is the case for transient hot-wire or probe
techniques. In particular, there is less information available concerning the effects of the heat
capacity of the heater and the effects of contact resistance. Accordingly, as part of the development
of a suitable apparatus for use at NIST, appropriate mathematical models need to be developed and
programmed.

In this appendix, some of the mathematical models from the literature are briefly summarized. The
references cited in this appendix are those from Section 8.

Gustafsson's Transient Strip Method [ 10 1- 103]

Consider a thin strip heater of width 2d, sandwiched between two slabs of material having density
p, specific heat C, thermal conductivity X, and thermal diffusivity K = X/pC. The assembly is
initially isothermal and at time I = 0, the heater is energized with a constant electrical current,
resulting in a power input Q per unit length. To first order, the voltage drop V across the heater of
resistance R varies as

V_ = I + -Q'g(Kt/d 2 )
VO

where Vo is the voltage drop at t = 0 across the heater of resistance Ro, cc = (l/R 0) dR/dT is the
temperature dependence of the heater resistance, and g( ) is a mathematical function that is given by
Gustafsson. When d is very small, Eq. (1) reduces, for reasonable values of t, to an expression
equivalent to that given on p. A-2 for an ideal line heat source. The thermal conductivity can be
obtained but it is not possible to obtain an accurate value for either the thermal diffusivity or the
volumetric specific heat (pC). When d is very large, Eq. (1) reduces, again for reasonable values of
t, to the expression for an infinitely large plane heat source; the quantity known as the "effusivity,"
X•C = k'/K, can be obtained but it is not possible to obtain the individual thermophysical
properties. A bit more needs to be said about "reasonable values of t." If d is very small,
information about volumetric specific heat or thermal diffusivity could only be obtained for times
that are so short that the thermal wave has barely begun to penetrate the test medium and further, so
short that it would be difficult to make accurate measurements of the variation in the voltage drop
across the heater. If d is very large, information about individual thermophysical properties could
only be obtained for times that are so long that the assumptions of an infinitely large medium with
negligible heat losses would not be valid. Gustafsson argues that if d is chosen so that, for
reasonable times, the maximum argument of g( ) is approximately unity, it is possible to obtain
reliable values for pC, ., and K from a single experiment.

As mentioned above, Eq. (1) is a first-order expression. Gustafsson [103] also has derived a second-
order expression for the time dependence of the voltage drop across the heater.
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As described on p. 79, Brydsten and Bdickstr6m used one strip as a heater and a second strip as a
thermometer. Their first-order mathematical analysis results in an expression analogous to Eq. (1)
of this appendix, but with a different form for g(). The use of a separate thermometer should make
it possible to obtain reliable values for pC, A, and K from a single experiment with less restriction
on the width of the heater strip than is the case for Gustafsson's method; however, it would be
necessary to carry out computations to confirm this supposition.

Gustafsson's Transient Plane Source Method [ 105-106]

As briefly described on p. 80, this technique uses a rectangular or circular patch heater, resembling
a resistance strain gage, that also serves as a thermometer. Again the functional form of the first-
order expression for the voltage drop across the heater is similar to Eq. (1) of this appendix, with a
different form for g( ), depending upon the heater geometry.

Vernotte's Method [ 107-113]

There are several computational techniques presented in these papers. The technique originally used
by Clarke and Kingston [1071 is similar to that described below for Harmathy's method. Since it
is not planned to use Vernotte's method for this project, the various computational techniques are
not summarized here.

Harmathy's Method [ 121-125]

As described on pp. 82-83, Harmathy [1211 used a heater that had essentially the same lateral
dimensions as the specimen pieces so that, in contrast to Gustafsson's and Brydsten and BAckstr6m's
methods, he obtained essentially one-dimensional heat flow. Neglecting the heat capacity of the
heater and neglecting thermal contact resistance, Harmathy used a standard formula for the
temperature rise, T, at position z in an infinite solid with constant heat flux in the z = 0 plane,

T- Pz 2 . ierfc l (z2 , (2)Z2 2 'I

where P12 is the heat flux into one specimen, of the pair, and ierfc() is the integrated complimentary
error function. If the temperature rise at the heater were to be measured, Eq. (2) would reduce to

T = P( 27 = ( t -. (3)

and, as discussed following Eq. (1), it is only possible to determine the effusivity and not any of the
normally defined thermophysical properties. This problem does not arise, however, if the
termne~rnthirp iz mreauired at a uiffirientiv large distance from the location of the heater. Harmathv
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let z = Q, the thickness of the "measuring piece," as shown in Figures 59 and 60 of this report, wrote
two equations of the form of Eq. (2), one at time t and the other at time 2t, and formed the ratio

T(2t)_ V ierfc± 2 )Kt

ierfc 2

He computed this function and compared it to the experimental data in order to obtain K and then
inserted that value of K into Eq. (2) to compute A. With modem computers, it would probably be
simpler to use non-linear parameter estimation techniques.

Pulse Methods [127-129]

For an instantaneous planar heat pulse in an infinite body, the resultant temperature at a distance Q
from the heat source is given by [129]

T = H "exp - (5)
2p C v/n't 4Kt) (

where H is the energy per unit area provided by the heater. This function has the form shown on the
right-hand-side of Figure 62, on p. 84. The maximum temperature Tm occurs at the time t, when
Kt I 2 ý-1/2, and thus K can be computed from

2F (6)

Substituting Kt/Q2  1/2 into Eq. (5), the value of the maximum temperature is given by

H
H (7)

so that the volumetric heat capacity can be computed from

1I H
PC = I .H = 0.2420- H (8)

The thermal conductivity is then computed from X = K pC.
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If the pulse length is not short compared to t, it is necessary to use a more complicated expression,
than Eq.(5), that properly accounts for the pulse shape and duration. Kubi6.r [129] addresses this
issue as well as the effects of the heat capacity of the heater, thermal contact resistances, and heat
losses from the edge of the specimen.

Dzhavadov [ 127] obtains expressions analogous to those above. However, his specimens were not
treated as infinite bodies (see Figure 61, on p. 84 of this report) and the pulse width was not
negligible.

Giedd and Onn [128] used thin specimens and assumed that there was no heat loss from these
specimens. Thus their theoretical temperature-time histories do not go through a maximum but
rather asymptotically approach a constant value. They compute thermal diffusivity from the time
required for the backside temperature to reach half of its final value. Specific heat is computed from
the overall rise in temperature of the specimen when it reaches its final isothermal equilibrium value.

Piorkowska and Galeski's Continuous Ramp Method [ 130-131]

Since it is proposed to use a variant of this method for the high-strength concrete project, it is
worthwhile to provide some detail as to the analysis procedure used by Piorkowska and Galeski.
Consider a pair of specimens, each of thickness Q, with a thin heater between them at z = 0. The
heater is assumed to have negligible heat capacity and there is assumed to be no thermal contact
resistance between the heater and the specimens. At the beginning of a test, it is assumed that the
outside surfaces of the specimens, z = 0 and z = 2P are at a temperature T= 0 and that the heater has
been providing a constant heat flux P for a sufficiently long time that steady-state conditions have
been achieved. Thus the initial conditions are

T(z,O) - Pz for 0 _< z <
2,X

(9)

and T(z,0) - P(2Q - z) for C z - 2Q
2,X

At time t = 0, the outer surfaces of the specimens are programmed to change in temperature
according to

T(0,t) = T(2v, t) = vt , (10)

where v is the constant rate of change of temperature with time. As shown by Piorkowska and

Galeski, the resultant temperature distribution within the lower specimen, 0 •_ z :g e, will be

T(x,t) = _ + vt -vF(x,t) , (11)

with a similar expression for the other specimen, except that the leading term is replaced by the
ývcmnd line. nf F.n (9) The. fulnction F(xRt' ik given bv
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F(xt) 16Q2  Sin (2n+I) l-Z exp (2n + 2 1 2Kn2Kt (12)
Krt3 n=o (2n + 1)3 2Q 402 )

Evaluating Eq. (1 I) at z = 0 and z = 0, the temperature difference across each of the samples is

AT(t) = P! v_ + 16vQ2  (-1)Y (2n+ 1)2n t2Kt
2X 2K K7t3r =0 (2ni 1)3 e 4Q ) 4(13)

Note that only the first term in this equation involves the power to the heater. Thus if two tests are
run with the same value for v but different values for P, say P, and P2, and the corresponding values
of the temperature difference across the specimen, AT1 and AT2, are subtracted from each other, the
second and third terms cancel leaving simply

(PI - P 2) Q
AT1(t) - AT 2(t) - 2 a constant (14)

Thus the thermal conductivity can be computed from

S= (P I - P2) e

2[ATl(t) - AT2(t)]

Piorkowska and Galeski also show that Eqs. (14) and (15) are valid when the thermal conductivity
and thermal diffusivity are functions of temperature.

Although Piorkowska and Galeski do not discuss the determination of thermal diffusivity, it also is
straightforward to compute. The simplest case would be to consider Eq. (13) at times long enough
that the transient third term has died out enough to be negligible. The thermal diffusivity is then
given by

vP2

2 = 2P' - AT(t)J (16)

where the value of . computed from Eq. (15) can be substituted. However, for a test with no power
to the heater, K is given simply by

vO
K=- , (17)2 A T(I)

where AT(t) is simply the amount that the temperature at the heater lags the temperature at the two
outer surfaces of the specimens when they are heated according to T = vt.
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Lightweight insulating concrete
&for floors and roof decks

By R. W. STEIGER, DESIGNER, AND
M. K. HURD, CONSULTANT
FARMINGTON, MICHIGAN

T he cost of energy production and the consequences
of its indiscriminate use impel us to thoughts of

conservation and the construction technologies that
make it possible. Just as the human head loses a dis-
proportionate amount of heat when not properly insu-
lated with a covering, so a building can manifest a dis-
proportionately high level of thermal transfer through
its roof to the outside atmosphere if it lacks adequate in-
sulation. Designers, builders and owners today as nev-
er before must become aware of the energy-saving po-
tential of lightweight concrete used as insulating fill for
floors and roofs.

This article is restricted primarily to the thermal insu-
lation qualities of lightweight concretes, although many
of these concretes serve capably for other insulation
purposes. The insulating lightweight concretes may be.nsidered according to composition in three groups:

I-Concretes made with expanded perlite or ver-
miculite aggregate or expanded polystyrene pellets.

Oven-dry weight ranges from 15 to 60 pounds per
cubic foot.
II-Cellular concretes made by incorporating air
voids in a cement paste or cement-sand mortar,
through use of either preformed or formed-in-place
foam. These concretes weigh from 15 to 90 pounds
per cubic foot.
III-Concretes made with aggregates prepared by
calcining, sintering, or expanding such products as
slag, clay, fly ash, shale or slate; also made with ag-
gregates processed from natural materials such as
scoria, pumice, or tuff. Concretes in this group
range in weight from 45 to 90 pounds per cubic foot.

Data are given here for Groups I and II, because gener-
ally the most effective thermal insulation is found in the
lower density ranges of these groups. However, attractive
combinations of insulating and strength properties may
be achieved with Group III concretes, and the reader is
alerted to these possibilities (see box).

Design considerations

Looking at the broad spectrum of lightweight con-
cretes now available (Figure 1), we find an almost infinite
variety of mixes and a wide range of densities. It is diffi-

Qg ure 1. The full spectrum of lightweight concretes. Low density mixes discussed in this article (shaded band at left) offerest insulating properties. Chart adapted from ACI 213 report "Guide for Structural Lightweight Aggregate Concrete,"
Journal of the American Concrete Institute, August 1967, pages 433-469.
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a 5 percent increase in thermal conductivity for each
percent increase in unit weight due to free moisture.

Compressive strength-As shown in Figure 3, com-
pressive strength increases with increasing unit weight.
Design requirements depend primarily on the installa-
tion. A compressive strength of 100 psi or even less may
be quite acceptable for insulating underground steam
lines; however, roof and floor fill requires enough early
strength to withstand the traffic of workmen. Strengths
of 100 to 200 psi are usually adequate, although up to 500
psi is sometimes specified.

Drying shrinkage-Shrinkage is not usually critical
for low density fill or insulating concretes, although ex-
cessive shrinkage can cause curling. Moist cured cellular
concretes made without aggregates do have high shrink-
age.

Resistance to freezing and thawing-Lightweight insu-
lating concrete is usually covered by roofing material
such as hot mopped asphalt or pitch, and therefore not
exposed directly to the elements. As for normal weight
concretes, resistance to damage by freezing and thawing
depends on the entrained air content of the mix.

Expansion joints: to use or not to use?- Follow the ag-
gregate producers' recommendations. Some recom-
mend insertion of a 1-inch expansion joint at the junc-
ture of all roof projections and the concrete. Transverse
expansion joints are used at a maximum spacing of 100

I I
10 20 30 40 50 60 70 80

Unit weight, oven-dry, pounds per cubic footI I I I I II
. . . . I I I I B

160 480 800 1120 1440

Unit weight, oven dry, kilograms per cubic foot

Figure 2. Approximate relationship between oven-dry unit
weight and thermal conductivity of lightweight insulating
concretes. From Special Types of Concrete, Portland
Cement Association, Skokie, Illinois, Publication IS183T,
6 pages, 1977.

cult to draw a sharp line between structural and non-
structural capabilities, or to say at just what density a
given type of concrete ceases to provide effective insula-
tion. Generally, the heavier concretes in the group have
higher strength and are less effective as insulation. The
lightest concretes provide the best insulation-k-values
from 0.4 to 0.7 Btu inch per hour square foot degree F-
but very little strength. The designer must consider not
only the insulating value of the concrete material, but al-
so how it combines with other flooring or roofing mate-
rials and what the thermal transmittance (U-value) of
the total system is. Trade and technical literature refer-
enced at the end of this article provides much useful de-
tail, and only general properties are mentioned here.

Thermal conductivity-This must be determined by
laboratory test (ASTM C 177t) for each concrete mix de-
sign. As a general guide when test data are not available,
the k-values (thermal conductivities) for oven-dry con-
cretes shown in Figure 2 may be used. Moisture in the
concrete affects thermal conductivity. There is generally

T Standard Test Method for Seady-State Thermal Trans-

mission Properties by Means of the Guarded Hot Plate.

00
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Unit weight, oven-dry, pounds per cubic foot

I I I I I I
160 480 800 1120

Unit weight, oven-dry, kilograms per cubic meter

perlite, vermiculite, or neat cement (cellular)

pumice. 1:5

expanded shale. 1:5 - 1:14; expanded slag, 1:5 - 1:9

Figure 3. Approximate relationship between oven-dry unit
weight and compressive strength of lightweight insulating
concretes tested in air-dry conditions.
Note: mix proportions for perlite and vermiculite concretes
range from 1:3 to 1:10 by volume. From Special
Types of Concrete, Portland Cement Association, Skokie,

Illinois, Publication IS183T, 6 pages, 1977. S



feet in any direction to allow for a thermal expansion of
1 inch per 100 lineal feet. Ajoint material that will com-
press to one-half its thickness under a stress of 25 psi is
generally used. With other aggregates, expansion joints

Wy not be necessary because the initial shrinkage of
e concrete is greater than any combination of thermal,

moisture or freezing expansion that will occur in a roof
deck.

Construction practices

Whether low density concrete is used as a floor fill or
part of a roof deck, the form which supports it generally
becomes a permanent part of the in-place construction.
Typical forming or support systems include:
" Corrugated, galvanized sheet metal, appropriately

vented and designed to carry the roof load.

" Insulating acoustical form board supported on flanges
of steel subpurlins, with woven wire mesh reinforce-
ment draped over the subpurlins to lie in the lower
part of the concrete.

" Lath and mesh systems, where the concrete is placed
on either paper backed wire mesh or a ribbed, ex-
panded metal lath.

" Structural precast concrete or wood floors or roofs,
where concrete serves as either leveling or insulating
fill.

All of these systems require adequate venting in accor-
dance with the recommendations of manufacturers and

* e National Roofing Contractors Association.
Mixing, placing and finishing-Proper consistency

and uniform distribution of materials are necessary to
achieve the required unit weight and can only be ac-
complished by mechanical means. Excessive mixing and
handling can break down aggregate particles and should
be avoided. Insulating concretes should be placed im-
mediately after mixing by qualified technicians. Con-
ventional placement methods can be used, but pump-
ing is ideal and customarily used due to the normal
consistency of lightweight insulating concrete.

Low density concrete should not be placed during rain
or snow, nor should it be placed on a deck or form where
standing water, snow or ice are present.

Workability-Insulating concretes have excellent
workability because of their high air content. Appear-
ance of the mix may be the most reliable indication of
consistency. Slumps of 5 to 7 inches are usually quite sat-
isfactory, and the mixtures are highly plastic and homo-
geneous.

Bleeding and segregation problems will not ordinari-
ly be present. These mixtures can usually be placed sim-
ply by pouring and screeding, without further consoli-
dation. This is particularly true with the cellular
concretes which can be handled as liquids.

Curing and weather conditions-The surface of fresh-
moothed low density concrete should be prevented

drom drying for not less than 3 days. If temperatures are

above 40'F during the first 24 hours after placing, stan-
dard curing practices may be used. When temperatures
during the first 24 hours are predicted to be from 30 to
40°F high-early-strength cement and heated mixing wa-
ter are recommended. Low density concrete should not
be placed during freezing weather unless special cold
weather procedures are followed.

Perlite concrete

Perlite, derived from the French word perle, resembles
tiny clusters of pearls when viewed under the micro-
scope. Perlite is a type of lava mined in large open pits
in the western United States, and then crushed to sand
sized particles for shipment to processing plants in 32
states. A small amount of water is locked inside the tiny
particles and when heated to between 1500 and 20000 F
the particles "pop" or expand, just like popcorn. The
crude rock expands to about ten times its original vol-
ume.

Expanded perlite weighs only 7 1/2 to 10 pounds per
cubic foot, approximately one-twelfth as much as sand.
During the popping process, it changes to almost pure
white from gray or black. The tiny perlite particles are
composed of many minute glass-sealed dead air cells.
The thermal conductivity of expanded perlite itself is
0.34 Btu inch per hour square foot degree F when grad-
ed for use as a concrete aggregate, which explains its ex-
cellent insulating value.

Perlite insulating concrete consists of a mixture of ex-
panded perlite, portland cement, water and an air-en-
training agent. The dry concrete weighs from 20 to 50
pounds per cubic foot, depending on the mix design se-
lected. Perlite concrete can be placed monolithically on
flat, uneven, curved or sloping surfaces. On flat roofs, the
thickness of perlite concrete can be varied to provide
specified drainage slopes.

The designer must select the strength and insulating
value that he considers most appropriate to his project.
The physical properties of perlite concrete are controlled
by its dry density which is the principal factor in its spec-
ification. An ideal balance between reduced dead load,
adequate compression and indentation strengths and
good insulating value can be achieved with a density of
24 to 28 pounds per cubic foot. Greater densities can be
specified if higher strengths or better nail holding ca-
pacity are more important than insulating value. For in-
sulated floor slabs on grade, a density of 20 to 24 pounds
per cubic foot is recommended.

Perlite roofs may have polystyrene insulation board
sandwiched between layers of perlite concrete and sup-
ported on a metal deck. This system is capable of achiev-
ing U-values as low as 0.04 Btu per hour square foot de-
gree F with a 2-hour fire rating.

Perlite concrete should meet the specified physical
properties at the point of placement. It should be de-
posited and screeded in a continuous operation until the
placing of a panel or section is completed. The 1-inch



expansion joints mentioned earlier should be installed
through the full depth of the concrete around the
perimeter of the roof deck and at the juncture of all roof
projections (skylights, penthouses, ventilators, parapet
walls) and perlite concrete.

The built-up roofing should be applied as soon as the
perlite insulating concrete can carry construction traffic
and is dry enough to develop adhesion with hot asphalt
or pitch. Normally the perlite concrete should be per-
mitted to cure at least three days.

For greater strength and corresponding higher densi-
ty, blends of perlite and medium weight aggregates may
be used. However, due to varying characteristics of nat-
urally occurring aggregates in different parts of the
country, the local perlite aggregate manufacturer should
be consulted before specifying blends.

Vermiculite concrete

Vermiculite is a soft, laminated, mica-like material in
its raw form. It is found in twelve states and mined com-
mercially in seven. Vermiculite is a mineral that has few
uses in its natural state but when heated and exfoliated
becomes a lightweight aggregate of great value for fill
and insulating concrete. The crude vermiculite is
crushed, cleaned, dried and sized, and the resulting con-
centrate is shipped to processing centers, where it is
heated in furnaces at temperatures of 1800 to 2000*E
Water molecules trapped in the flakes of vermiculite ore
turn to steam and force the micaceous plates of the ma-
terial to expand or exfoliate in an accordion-like fashion.
Each individual granule is expanded to 10 to 15 times its
original size. Air spaces thus formed convert the vermi-
culite into an aggregate that provides excellent insulat-
ing properties. Usually light brown or golden in color,
the expanded product weighs from 6 to 10 pounds per
cubic foot.

The components of vermiculite insulating concrete
are expanded vermiculite aggregate, air-entraining ad-
mixture, portland cement, and water, all mixed and ap-

plied according to precise procedures. The ratio of ce-
ment to aggregate determines the density, strength and
insulating value of the finished concrete. As used in the
average roof deck, the ratio ranges from 1:4 to 1:8 by vol-
ume.

The resulting concrete mixture is usually pumped to
the roof site and screeded into place over the structural
base. Vermiculite concrete is installed in thicknesses of 2
inches and greater, depending on design needs and
strength requirements. It weighs from 20 to 40 pounds
per cubic foot, with compressive strengths from 90 to
500 psi.

Vermiculite roof deck assemblies have been devel-
oped using a slotted or perforated corrugated metal
deck. These positive vented decks offer up to 3 percent
open area in the steel form at no penalty or loss in struc-
tural performance. The openings help to speed up ven-
tilating and drying of the insulating concrete. Insulation
values are therefore quickly reached. In the event of sub-
sequent roofing membrane leaks, the point of leakage is
easily located on the underside of the metal decking.

Vermiculite concrete roof insulation, like perlite, can
also be cast around a layer of polystyrene insulation
board. A slotted opening pattern in the polystyrene per-
mits vertical vapor flow through the board, in order to
promote faster, more complete drying and venting of the
concrete. The slots also ensure the positive locking and
keying of the polystyrene board to the vermiculite con-
crete to enhance the shear strength of the insulation
sandwich and provide a strong, composite roof insula-
tion system. This system provides insulation with a U-
value of 0.10 Btu per hour square foot degree F or less
and a 1 1/2-hour fire rating.

Vermiculite lightweight concrete is best mixed and
placed by experienced, licensed contractors. Current
technology now permits contractors to pour quality
decks in marginal weather, down to 32'F and even lower
in certain cases.

Expanded polystyrene bead concrete

Expanded polystyrene, processed to a nominal densi-
ty of 1 pound per cubic foot, serves as a stable, nonab-
sorptive aggregate in lightweight insulating concrete.
Polystyrene, unlike perlite and vermiculite aggregate raw
materials which are found in nature, is a polymer of
styrene which is created by an involved chemical
process from a liquid unsaturated hydrocarbon. The
polystyrene is foamed to produce a lightweight aggre-
gate. The polystyrene can be pre-expanded or supplied
in an unexpanded form and foamed on the site by appli-
cation of steam. During this process it expands to ap-
proximately 50 times its original size. Each closed cell ag-
gregate particle contains prepackaged air and is

HEAVIER, STRONGER CONCRETES
ALSO INSULATE

Low density concrete-50 pounds per cubic foot or
less-provides the best insulation, but has limited
strength. The user who needs greater strength with-
out sacrificing all insulating properties should con-
sider both aggregate and cellular concretes in the
moderate density range. For information, consult
the comprehensive (and encyclopedically titled) re-
port of ACI Committee 523, "Guide for Cellular Con-
cretes Above 50 pcf, and for Aggregate Concretes
Above 50 pcf with Compressive Strengths Less Than
2500 psi." This report was published in the February
1975 issue of the Journal of the American Concrete
Institute, pages 51-66, and is reprinted in Part 3 of
the ACI Manual of Concrete Practice. * Standard Method of Fire Tests of Building Construc-

tion and Materials



spherical in shape.
Typically, polystyrene bead lightweight insulating

concrete consists of Type I or Type II portland cement,
polystyrene aggregate expanded to a nominal density of
*round per cubic foot, air-entraining agent and water.

To enhance specific physical properties for a given ap-
plication, additional mix components such as sand,
limestone or pozzolans may be used. Depending upon
the conditions of application, tensile stresses may be
met by using mesh reinforcement, special bead aggre-
gate coatings or a combination of the two.

Insulating roof fill of polystyrene bead concrete usual-
ly has a dry density of 26 to 30 pounds per cubic foot.
Densities are available from 25 to 60 pounds per cubic
foot. Fire resistance, verified by small scale ASTM E 119*
fire tests conducted by the Portland Cement Associa-
tion on 46-pound-per-cubic-foot-density concrete, re-
sulted in the following ratings: 2 1/2-inch slab, 2 hours;
5-inch slab, 6 hours; 7-inch slab, 11 hours.

Polystyrene beads tend to resist absorption of water
and are not readily wetted by water. Accordingly, cement
paste or mortar does not adhere very well to them. Fur-
thermore, their extremely low density makes them tend
to segregate by floating out of the mix. To overcome this,
the manufacturers have developed a number of bond-
improving additives. Epoxy resin or an aqueous disper-
sion of polyvinyl propionate are recommended.

Shrinkage and swelling strains are high compared to
dense concretes, and allowance must be made for this in
ke design. Polystyrene bead concrete has good worka-

' ity, is quite pumpable, and requires minimum vibra-
tion in placement. Frost resistance is enhanced by en-
trained air, ranging from 5 to 10 percent of the matrix by
volume.

As with all special types of concrete a technical con-
sultant specializing in polystyrene lightweight concrete
should be contacted for detailed recommendations cov-
ering formulations and mixing/placing techniques for
your application.

Cellular concrete

Cellular insulating lightweight concrete owes its dis-
tinctive properties to a multitude of macroscopic, dis-
crete air cells uniformly distributed throughout the mix.
These cells may account for up to 80 percent of the total
volume. Weight of the concrete may range from 12 to 90
pounds per cubic foot. Density and strength can be con-
trolled to meet specific design requirements by varying
the amount of air.

Numerous proprietary methods and agents are used
to produce cellular concrete but essentially they can be
considered in two groups, those using a preformed foam
and those using formed-in-place foam. Formed-in-
place foam is generated by special high speed mixing of
water, foaming agent, cement and aggregates (if any) to

low foam to form in the mixer. Initially large air bub-
es are reduced to a reasonably uniform size as mixing

proceeds.

By the other method, a uniform preformed aqueous
foam is blended with a portland cement and water slur-
ry using only enough water to ensure proper hydration
of the cement and facilitate the placing operation. The
portland cement used may be Type I, II, III or portland
blast-furnace slag cement, Type IS. The foam itself is
made by blending a foam concentrate, water and comn-
pressed air in predetermined proportions in a foam gen-
erator calibrated for discharge rate. The concrete mix is
blended in a mortar mixer or in a specially designed con-
tinuous blender. Each bubble of air in the foam is sur-
rounded by a tough protein membrane which ensures
stability during mixing and handling. However, since
this membrane will eventually break down it is recom-
mended that mixing and placing be completed within
one hour. Use of high-early-strength cement (Type III)
further ensures rapid setting and stability of cellular con-
crete, although good results are also obtained with reg-
ular portland cement (Type I) plus 2 percent calcium
chloride, by weight of cement, as an accelerator.

As with other lightweight insulating concrete, the
strength and thermal conductivity depend on density.
The material can be made so light (down to 12 pounds
per cubic foot) that its strength is only sufficient for it to
retain its shape during handling. Thermal conductivities
range from 0.51 Btu inch per hour square foot degree F
for a density of 20 pounds per cubic foot to 2.3 Btu inch
per hour square foot degree F for a density of 90 pounds
per cubic foot.

Cellular concrete is totally incombustible (8 inches of
concrete represents a fire rating of about 8 hours); yet it
can be worked much like wood. Where prolonged work-
ing is likely, long-life tools are advised. These and other
properties enhance the attractiveness of cellular con-
cretes for floor and roof deck fill and insulation.

For more information

Obviously, subtle differences exist between the vari-
ous lightweight insulating concretes available, which
may recommend one type over another to satisfy some
specific design objective. Costs and availability in the
local market must also be considered.

Each type of insulating concrete, if mixed properly
with high quality materials and placed and finished
properly, will do an excellent job. Further research and
study may reveal just the right characteristic that suits
your need. A list of references for further information is
given below.
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I IINTrRODUCTION ".

'The 'suggesqtedc.application to portland cement !•.I ".of the. autoclave '.
test for'soundness has renewed interest in the products of reactions
,between 4cement constituents and water at elevated ermperatures and
pressures.. Among. the Apossible products. of sucha treatment are
crystallae hydrated calcium silicates. Such compounds occur in
n dured in a grou, 'of rare buit widely distributed minerals: cohimonly..
found in;contact zones of limestone and silicates: and are evidently
fornmed ..by :hpydrotherinal. processes. A number 'of' unsuccessful
at'empts'hav. been mand .to identify theý,cementing niaterial of:sand-
•i . . .•.. brick with some of 'the naturally occnurrig caleim hydrosiieate
miueryals [2]. 4, ',

About -a dozeni apparently distinct variteies of thelse, minerals are
listedby J W. Mellor [3], but several ofithese are based' on analyses
of Im"pure: specimens and inadequate optical data. For'this reasonhit
was n.necessary,' firsst of all, to make'a stiyi, of the, natural mrineials to
ascertain which of these are actually distinct scewcds. Hydrothermal

"syntheses of some, and determin•tions •of the.range of t!emperatures
,andd pressufres over Which they arijstaible, ,wre made. "CoaitaIn diffi-
cultiesswere encountered. Chief .amon.• thesewas the slow crystalli-.
zation rate.of the hydrated calciumisi•icates,,sonie of whichiapparentlyh

Zrequire months't or even year- toformat thehlower temperat~ures.
Consequently, the rangesof stability of the various phases' have been
only partially ascertained.. Aniheir'difficulty lay .:i the close ,snni-

,tri y in cryst'al habit andoptical properties of most of the compounds.
Confir•miation, by means of X-ray patterns was necessary in jmany
cases. .

II. X-RAY• IDENTIFICATION OF HYDRATED CALCIUM
.,4, SILICATE MINERALS

As many as possible of the hydrated calcium silicates already iden-
•tified as distinctiv•e minerals were obtained for further identification
by mean's of X-r'ay• 4diffraction patterns.' All were:either from type
loealitiesýor localitiesjrfom which specimens described in the'literature
had"beeniPsecuried. ý,Table 1 g.ives the name, locality,. formila,, and,,
lite•ature references accompanying the specimens of whiell X-ray
diffraction patterns were• made. Powder X-ra• diffractio• pattems
were""",made also of t.,the anhydrous calcium silicates: 3C•aO•.SO,
f,-2CaO.SiO,; y"2CaO.SO,,, 30aO.2SiO, a-COaSi8.2 (artificial pseudo
wollastonit.), and wollastonite .

SF ei n a tsIndieato thq .hteratura eferonosat theend of this'pa r . .

I Pr Ictically all of thesewiner lswere obtai•"'d frm6 t•e Unittd Statces I,'at l _:Useum, tirough the'
kindnress; of W. ?F. oslbag, Curator of.Nlianeri16gy.



':'~~7'

" H Iydratedt(Yaleium Silicates 619

TAnIR.B I•FUndrMTr7T T silicale... ..

NTamo Foermula Locality Lieauereterence

"ken"to - - Ca ,.2 -------..: . Crostmore" Calif. -----.. .'•I i C. ATI BUl. D. pt.

Contrallaeito- 4rCa `;02,j -------- Wet; weather Quarry Foshng, Am VIur1.~8 (192-1).

Truseottito 4Ca,,`I )O.1SiOj5U2O.0 --- 3enkoeler, 9umiatra-- G rutkerluk.'~~r eI7ti~t

Gyrolite> ------ - S0.5HN X 0 Njilakornat, OJreenland --- Boggild, MeddI'i aml Grnln1 31, 9

:. r ",.tmo %: .vi. e. -- - - - /reir o-3 Caif.... .. Fa l * - • Ui*w-," " ""- ý,&i " ... D .evtý.

Cre~sid(3itte' _"aO,2Si02ýM -------- Criestmoura, Calif____ Eakle, UnlY' Calif. Bul, Dept.
Geoli. 1ý327 (1917).4

X. . o •tl.t. a ..a. •5S 1 0 . .1 - ....-. I A 2 .... .... ... F o s h a g a n d L a rs o n , A in . M i.e r ul •

Xao.1litW .C11250, -------O Iflitoitspant M ie lm- Parry abd W~right, Mineralog.'
Iberly' South MArit a. MNg,420, 277-96 (l1925).

Foshagi: e ----- Ca0 S0331120 Crestm yre. "..i.- eE • r t•. Mineral .,O0 97 (1925)
.llebrandite 2Ca0. S. I0',-:•- V rdena Distriot, Wright. . Am. . Sol. 20. 551 (1908)

1)"rango, Nrexico .

The results of this Study were' As follows: The Miiinerals yoie
cen1trallasite, and ;truscottiteo wete ,found. to be V6ry closely related.
All of t~he lines in the piattern of gyroliteý weme sn in the samei "

po0Sitions in the-pattern of the~ tru~cottitb sa pliet,ý.The trus~cottite
s". ampke,• howevero had additiqna. ii" 'e• '1 ' •.e, intense of w .hich
correspo'nded-Uto. the more intense( 'lines of. ci.'t4The sampler of '

IcoAtrallasit.e also .Pos.sessio lies cm'ýmon t.o .., lit . : nd t.us•" .ttite . .
:as well,,as the miore intoensek line-, of qulirtz. 'he, recorded optical

• ropertibs of d i.,. .,,miner als. are also very similr all, three have.th .
:.same maximum A1 t deux o of f .1raction; 1.549ý' all are optically negaitive 0
and gytPolite-i's'iflaxiatli while ce'htrtailasite, fid~ trus ttite are'reported.'
;to have .Very' sminal optic~ angles,$>A~l:tlivoo f th6 samples 'studied'
contaiiied percepRtible amourats of isotropic ryaterial -ith low index of
refraction occurring as microscopically thini ottst.pWo the platy,,crystals

.ýor as fine laminae betwveef tho phates. '

..Of the 'hydniirted inonocaileium silicates, xonotlite ha.9,a pattern whc
.is chara'cteristio, znd ,distinictive.- S-ome confusion7 .ha~s existed regard-
ing the two rriierals' riv.ersid'ete a'nd crestmnoreitel which pos~sess
crystallographir 'properties identical within expern.jnental accuracy.
Their 'discov~eve A. S. Eakle 141 , di-stinguished betw~eett themi by the~
greater water content of:!ciostmoreite, *and prs 'frted a typca~l "analysis
o~f thi's 'liiieinivlwhich corresponded to 'the n~tiosl.09CaO: 1 00SI0 2 :

1.271420) after correc~tingj~for the P2Q5, S06, ad 002 presenlt. Simi-
larly, the analysis gie for r ~iversdeitec'onformed to the ratios
"1.0 laO:i1. .OO)'iO2. .62H20. Th6 aAalyses showed that both minerals
.h'ad the ýsanii impurities iii comparable amounts.

in order l"o doterminei the significAnce of. ltese reported.df&rcs
i"Ut ato content, some, experimen.ts were nia.. ..' a sample, '.cest- "'. ,•
moreite 'obtai'iied from ~the Iii'tod Statesý ~'v toa usu. h
jloss onI igato t6 ar temraturxf ofo 1; 10' as 1.3.09 pereent, After
heating the cregctmoreite' 'at 110 CO': for .3 hoanur, the loss oi~'inition.
(H,0+C0 2 ) Nvas rcducecI.to 9.8 Ucet l4ich, is'6 'iily slightly higher
than. the water content of 8.11 percent repoitod for. riversideite. The
indices. nid aj~j,_arancc 6f the crystals were ilinchanged FndJ the 'dis-
tinctive. X-ray pattern of the ori .ginal mine'ral was.-not alter~ed, which
lindicated that the water was not constitutional. 1
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-Another :chaacteristic of riversi•deit• according to Eakle, was its
. cNurrence in narrow scams in mounds of vesuvianitey whereas crest-
moreite was associated with calcitc. However', a sample labelled•,

."iiverside&ite," from: Ward's Natura Scieiice. Establishment, in which •
the-hydrated calcium silicate appeared as narIrow, veins in lumps of
vesuvianite, was found•b. its X-ray:.pattern to be identical with crest-'
moreite from the Uibited States ,N.ational..hi Museum. Thus, crest-:.,omoreite 'may occur 'associated with the:same mineral as was reported
for rixrersideite.' . . "

. ,sample labelled '".ersiv deit 'fromthe. United States National
Museum sho•Wed'complete. iden0tity of.patten with foshagite from the
Museum. 'Tid::ientical.X-raydiffradtion pattern:of a, preparation
obtained by ,treating 5CaO3SiD2 glasis'ý with water.. (as wiulbe. de-
scribed.' later) iddicaltes that bothv are. fshagite.,, .Becauise n.nsample .fiiverside-it••could" be obtained" "which was
distinct mnd in viw.of. the fact' that none oflits
reported. properties are characteristic it 'is believed thattriversid'ite
does not exist as an independent :omipound."" .

A, sample labelled .'"foshii••" fro•ithe, WetfWeathoy Quary.. . ..
'. Crestmore, Calif., obtai•ied.from dard's Natural Science Establish-

nent,:was found to ~be madle up of two.minerals. One gave.an X- .....
pattern identical with, that~ of foshagite; the otheriewas identicalwithb
that of hillebrandite fromtbhe..Velardena M.ines, Me"xico-both" saDIi"
were obtined" fromnithe United States National Museum. This
accountfor the fact that Vigfusson ,1[51 .found the X-ray .p'atterns "f
foslagite and hillebrandite identical anrhd concluded that they were.h~flle~r•:dite, " " orkeistc ite , and .the samie maineral. The remainung nueas oeie afwilie, an
h illelrancite,. gave charaeteristi(•aId& ye. X-ray patterns.

A sample of n unknu hyd(ratedcallcium silicate mineral obtained
from the Unit~l'States i Nvi lollellMuseum proved to be distinctive in
X-ray. pattern:,, and optical properties. Analysis gave. the followingcomposition: 35.57, percento•:f'aO, 0.3Q0.percent,. of MgO, 1.19. per-
cent of R20, 42.7.--percent.of SiO2 , 19.76_percent ignition loss; total
99.6:1, percent.,;... lThe amount of sample available was insufficient for a'
CG d.etermination•Dbut petrogýr" hi••nc exanination indicated that the
amount of carbonate presen pob~bl than 5 percent. As-
su"nig theIngtion.Iloss to represent, the water content, the analysis
conforms to Q.89saO.:i :1-0qSi2 :154H 2Q which doesnot .correspond
veir closely to any simple ,aO/SiOa ratio. The ,sample consisted of
aggregates of fibrous crys•tals haying parallel extinction, positive
"elongation, and indices ofrefraction' a. 1.540 ±0.003, .. =.1.54.
. .0.003.. Some".finely divid: material as well. as, glassy isotropic
impurity was present.. .. o.
. . II .HYDROTHERMAL ,SYNTHEStIS OF HYDRATED. CAL-•.. '.. " .... •. .•................ •......:..::;•: .;".: " .

2CIUM SIL~ICATESm
... M; 1 ATERIALS .

The starting inatenrials were precipit•tel hydrated calcium' •iicate,.... , calciuminsilicteglass, a the crysallini anhydrous calciun silicates.:.ý
Apre•.:.ious.,investigatopn [6] had s•l•own. that solutions con aimnig.

" In this paper a and 'y are used to Indieato the:inintinum and mIazimum refractiveindices, tespetively,
.". lthougli, in some ases, it is not aertain that te crystals. are b..ia...

•" -' . iv-.,-.
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0.5 g SiO2/1 and about 0.'05 g CaO/l c ane: prepared by boiling purified
silica gel. with dilute, 'ime §6soltion for several days. -By adding

.saturated liinewater to such t s0olution in varying proportions, hy-
. drated calcium silicate- precipitates were 1.)repared hhVing9CaO/SiO2

molar ratios ranging from 0.to. . .5I• i.he. precipitates":.were washed... . with alcohol and ether; dried, in. a desiccato.'over-calim chloride,
and analyzed to determine their CaO/SiO .molarirad's. These prep-
arations are designated in the' tables_ sby the letters.;"aq" to indicate
their -indefinite water content. ' , .

The calcium silicate glasses wNer prepared by. quenching charges
of the proper compositions wrapped im pl.tiiifimn' foilfrom tempera-
tures above the liquidus. Small amounts of' boric oxide were added to-
some of these charges to bing the tenperatinoe0of complete melting
within the range of the furnace.

The anhydrous calcitunsiicate, were laboratorl. preparations of
high purity.

2. APPARATUS AND EXPERI•IENTALýPR0CEDURE

Your .bombs were use, in.: this. i••vesti-gattion,, thre of which were
consftATi~ed according t6 desigis•i&• the Geo hyi•lo. Laboratorýy [(71.
'Thwo of .thes& bombs arb&of staiII..0s stel a n&of.40i•l: capacity, and.
onO is f Ptool steel annd of 1.8-inl %ipae.ity. These .bonbs were heated.
in.ills l•ted..NlronIevire. fu rn •eos having, heafing.zones twice Vs
long.a ..is hebopmbs. .By mimeawi of nimdified bilmeta]icre:gulators, ea . .
•......rnce co~idbe mnain tamed?~t~4~p atuxes between.i509 and 6000 C,
w within -4- .or longr priods.of efi.ie.T inperatures were ie2sited by niians of Clromel-Alumel thermo-

. couples in conlunction w\ith a • oirtable pt ent. .onter. The thernio-
couples were inserted ina wells diiilled.in the.'bombs.

Trhe calcium. silicate :starting: materials w:.ere inc6kscd ii. platinum
capsules of 3-ml capacity and plhced with•Nvater inthe bombs in such a
way that the solid was in cont, act iid at teiperaturcs below
the critical pomit of water. 'Si" Iien't ~t.. r Wzas always used .so that
the liquid phase was present up to theen itcialpoint, (3740 C, 218 atm.).
The pressures below 3740.0 are therefore' those:of saturated steam in
contact with liquid water; those above 3.74.0C were read from the
the curves of van Nieuwenburg and Blur&idal"[8],. kowing the mass
of water inserted and the volume of the bomb.

After completion of the heating period,: the bombWas removed from
its furnace and cooled byq.ixnmerior• in water; the'product was then
removed, washed with alcohol and oether, and dried- in. a desiccator
over a mixture of calcium chloride and. so~da-liml o.r Dehiydrite.
Petrographic examinations, and. inll some ciaises, "chemical analyses
were made on the products. X-rty diffraction patterns.were taken of
most of the preparations for ... comparison with: those.•.ofthe& natural
minerals. . is made . .

The fourth bomb is of:2liter caýpacity, is made of tooltsteel, and was
• used up to' 225' C. As figure • shows, it was so desighed, that the . .. iq-. d andsohidphases could. be qickly separattdwit• ut opening .
.the bomb.,, In luse -the ~bomb was.first inverted and the materials
wereŽ placed' in the compartment design•ed as upper.chai ber in the " '

figure....l.e.. bomb in ftis position was placed im' a heating oven
equipped wth, a.fan. On completion of the heitmg.,per d, the bomb,:.

• . ". . . .. " :"..t÷ . . .... ;.?. • " . !.... . .:"• . " : . . . . : .,* ',,
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Plow Ove 011mr,

FIcURB 1.L-B mbnfor kydrothermal saynthets (in postionifor filtering).

was turned over and the lowerchoamber (fig• 1) :pikd in cold water.
Conldensation steaof in tbhis cil4 compartmrent26rced the liqUid
through a M~imroe platinum filterinthoe mddle. dIk . .
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.3.. bRLMINARY EXPERIXMENTS

~ At a giten temipeno:Lre arid presslui~ th~e (OMPpCi 'oilil ofQ0Prodluct
Wvilhlpei on~t~ly on th~e compositioii ofth stif&iitg tmgit toril,-8 but

tlo on th, tdvtIy sohibilit.ies of Iiin' and silica, ih'i the lki ijd. TL
Ca r/SiO2ratio of"t1:puct may be 'i:ther raised oriowelod, depend-
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o10 g :kvas treitod..with. 7.00:i4n1 of li4.%0olution. of•.rous concentratins
41. the large, bolltb for 5 days, with oeca~sionaI sfisaki-nl . The resutitig
solutions, wahc..i reiiained cleak gr fo• a short time alter cooling, were
analyzed for.imie and siica,. and the results, areisow n •i figure 2.

h.he. maximum silica coacentration was 0.73 gl.,!.,000 of H 20 at
0.033 g of CaOi/1,00.. g of 11,,i, and the silicti. (on,- W11 0 the solutions
decreased rapidly w hen the .inme conten .tether exceýded or fell below

>ths • valuel The lowe curve iii aigure 2 Q retpreents the solubility
•relations found at 30' C in a, pri-ious investigiJion [61. . In neither
•curve do the values rcpresent the.otubilities ofr.any one of the crystal-
line formni f silica, but they were everthelessyfairly reproducible and
to Sorne extent indicative of the~ sohibilities of the tlmaterials used in

te6ex perin ellts.
sehveral. determinations Nremade also of the solubility 5of calcium

ihydrxide iii the temporaturo rangec100 0 to 200 C. The solubi]it•
at 100' 'C Nva.::foun d to"be less thani. half the solubility atiToorn tern-
perature,. o ,proxim aty0.5 g of .CaO/1,000 g of H2();) and the
solubilities at 1,500 and *2000 • uare approximately 0.25 and 0.1 g of
Ca00/l,000 g of 1120,•O SpeCtiVelyV'.

n ithe case of expe•runent s in theIihree small bombs, where 0.5-gram.
quanititi•s6•ofsolid were treated with..usually not more thain 10 nml of'
water, th• •esuilts indicate t atthe. Ca0/SiO&2 molar ratio of the product
cannot be:m..ih different fro•r tht: in the startin.g material. .I.n.bsomeexperiments in the large bonmb, however, where alarge excess of water
was psed, thfemolar ratioof the product may be considerably dif-
ferent from th•t of the tasting matertal.

It is evidenit i:thatAthe limited solubilities of lime and silica an"dtheir
compounds" would maked complete itivestigation of the liquid phase
inx this system very..difficu...

4. HYDR6THERMAL. TREATMENT OF CALCIUM SILICATES OF
VARYING MOLAR RATIOS OF LIME TO SILiCA,

The effect of hvdrotherm-tal tre•an~eat on calcium silicates of .

QaO/Si0 2 molar ratios varying from 0.1 to 4.0 will btedescrbed inl the
follo~wmg sections. Forconvenience• the variuis compositions are
divided into groups of:the same CaO/SiO2 rartio.or having a limited
range of molar ratios. The lengths .of tiime required for coomplete
crystlhi.zation to occur varied:ith the diffent tmolar ratios and the
periods'listed are s$mewhat arbitrary. In genera•• however, the times
of hei•tiig represent those necessary to form a well-crystallized sample
flas detrmin ed by'preliminaryeperiments;.

.() MOLAR RATIO CaO..iO2 . VARYING FROM 1.10 TO 1: 2

The least basi, of the knownr;.calcium hyd.osl i s the:nijiteral
ok•nite; CaO.2SIO 1.1210. The results •f treating .calciumm silites
having the molar ratio of okenite iias well as. those of lower molarratios
are describediin table 2 S.
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'1 ARfLh•2.,-•ieSUU of (-xperiments on compositn. 0 a .aryvrnq .i riwn'r ratio CaO/SiO "
'"• .:..••:' " " .:.:,".,fromi I.-10 to 1: 1•"• : i""" ":..
:..i~ ~~~~~~~~ .•. ...... ..... . . •..... . . :.,. ... . .... :. .. . . .. . :... . ..,.. •.., .

•~xperhfent i"t Temper, ;I:e7. 7 . me P. .'. . : . :Ex uzub Startingrmat 
*ure

. . .a ...... 14 14 Oristbale-. Iit .

2 . _ - -a-O..iO-q. . 450 12 12 Cristo Ialite+?... .
3 -- 3..... SiOS J q) •0 15 50 i4OaO.55iOS2.51:0+ .
,4_C. 61tOi glass -I---------.t .150 5 .59 Cristobbite+gnss.

--------- vo 25 25 21 OyG glatmg
-- - - - - - - --- do - Ib I - o
-------- 7o ZO 7O ldo

•8 ." .do ."50 O ~:Peudowollastoite+?
. .. ... ....... ... .".. """ • ~ . ., .• ....

• " here and in foIowIng: tables designates the Indef.niti):.v a content of the nnorphous calcium
sl1ieato precipita .. . 1.".

I Contained 3 pejrcent of 1•10..

The crvstalhzition of cristobahle and psuedowollastonite at
temperatures fa,. .rmoved fr >t.hose..at which they crystallize. fro,..

:anhydpious nelts •.• of somen test. .he cr.istoblite "crystals were
veriy, Pv iiiz but good X-r,!y..Paptterns were obtan,•. Other mvestiga-
t, 4ave obtained cristob.hite by hydrothelrmal.treatment it"core- .
siond-ing tempertures; buiti.usually from neturall or acidic solutsi•ns. 9.
Xonothte oCIO.,SiO2 H.O wh 1mh crysts lize.• i.ti Cristobal ite, inl
experimnentl 1, occurred in fairly large; i..ellformed crystals..S a.t•;.
experimenitsindicated that xonotlitecrysAatizes comparltiyl.y rapidly
at 3900",: hh, ihay accounit for its forniati6fi here"in•repfeirence to
less basi, "hdros•icates..

In the. . ;,rmeinie t 3he.:: formation ofLhe c6mipound. .4CaO.5Si1) 2.•5H 2O,
t synthesis of wi•icvill L& diussed-in a later.section, ciainnot be •

accoi id for.. Ilf~ rT..... i of . . knite or of gyrolit. was more to
be expected under flise c •ndii ",r z

The pseudowollastniite obtaied in experiment .8 crys.allized in
afggates of fibrous needles of pdrallel. .extiction and negative,
el~onatlon. The X-ray patt•rn was ident•cal withl tbat of a-CaO.SiO2 ...

"T.Ihe product in experiments 5 .6, azlnd 7 gave• -e•K r pattern of
griolie. In the best cry stallized of these, prempa oI i ý.No,. 6, the
.product had the appear~ance of a~ggregn ts oýf1 afal fibers.. The ~
ignition loss of this preparation, however, "Nv "Sonly4, s•e8eeht ! a
compared with:h ..v .theoretical water, content for 4CaO(S.63SiO2411, of
10.97 percentor for 4Ca0.7Si0 2.5H 20 of •2.26, percerw4, which mdi-
ca.mted that C6•Eeiysion was":.ineomplete. ' • . "

. Atteripts to~obtain, the miiner,9• okenite were uAisuccesful. A
* product which tli'.authors suggeste.d I) ght be okemdte" WAS" syynthe-
sized. bySchlappfr and Niggli'[l0] by treatment of mixtures of.iO2 ,
CIAO Ao2 Ql, and KOll with water at 470'. . They reported.sii..ti-"" .
tioes in appe'rance. and mean index tto the natural. mineral. These,..,
.crýterr..wVould .seem to be insutf.icicr•t.•view of the fact that.son.e of
the, tli-r hydrated callm Silicaes I ave almost the same index and.

•crystal. habit.-... " .. . . " .

(b) MOLAR. RATIO CaO/SiO. VARYINOGFROM .4:7 TO 2:3 ."

Thte*CaOiSiO 2 molarratio 0.59 corresponds 'to the .reporie ai ofI
the. minerals centralla'sit end truscottite, and, the ratio 0.66 corre-•
sponds. to that of th e Tinneral gyrolite. Resilts-of traetnent of such
compositions are given in table 3. .. 0
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•. " TAn ,3 -Resulis of, experiments on Compositions varying in molar ratio Ca•QSiOO

E""e. men " "Starting material I Te Prsure T•.e Product

q C alia Days
. ", ' 9 . . 0 CaO O --a . .180 . 5 42 .1y'rlite.

t0 _-do -- -------- --- '2 12 2.5 28 Df o,
I 11- - - - - - ----- d6 ..............-- :-- 250 39 . 5 Gyrolfte+XoInOt 3lL :
12' ----- --- do..--do- 300 85. 14 G tolite. . ..: :": " 3 0aj• __:. ... 0 59CAO SiO glass ..... "•• .. 300 ~. i•.. 85• .. 37" ,••.. .""'':. •:.

14 - - - ---- do -. o., . 63. . ...1
15 :.----- ---- -----------do _- .--_- _ 0 ..",o 300, 6 Peudowoll atonlte+?
16 .-------------- ,0660CaO:SJOj:aq - -.0' ".,. 39. 40 Gyrolite. •". • 17.0. 0.6 a 810, lass . _ 300  85 35 Do.
18do . 500 -' 380 14 Psaudowollstofnlte+?..:.. ~ ~ -- -- - -- --- do.• ... • -- - - - -.. 0 , 3.. . 8... . 0,•,. . . ., . .. .• '. . . , • . ... . • .. . , , ... ÷ . . , .. : . . . ,. . . x • . ,q

£The glasses contained no B203.

The gyrolite crystals occurred as, bundles of parallel fibers. with
positive elongation, parallel extinctio'n, .niaxial, nigative, and indices
.... of ref t ---1.536,: w=1'548. A photom -rograph of the prep-
arationi from xexperiment 16 is shown i- figure 3. Fi&gure 4 sbows
preparation: 11, which in somne portions' conitain~ed. large sbroom-shaped

,agregiites of xonotlite sui'rrounded by gyrplite;.,<raio 0 .
A... cli cal analysis of preparat•n 10, m ,til molar rati 0.59, gave

the conipossiti&on34.18 percent of CaO,' 55.9.6.percent, of, SiOj2 ,: 9.86
percent of11,0; coriesponding to the ratios: 1.96CaO':,OOSi 28O: 1.76120.
An analysi, of the, best preparation, No. 16, initial %'olar" fatoQo.66,
gave the composition: 33.58 percent :of CaO, 0.36 percent of IO•,&
54.02 percent ,of SiO 2 , 1.1.40 perceni4of 1120; corresponding to the
ratios:2,OOCaO:3.OOSiO 2 :2. 111-O. ,Tbleseanalyses-justifyasssigning to
gyrolite the, fornmlah 2CaO.3Si0 2 '.2"HQ. .The, fact that th&.Ca0/SAi
molar ratio of 0.59 was unstablea'nd increased to 0.65 in expeiiment 10,
while, a ratio of 0.66 remained unchanged in experiment 16, indicates
,that 0.66 is the stable ratio., In conijunction with the X-ray datatis
ev~idence, cofifirms 'the belief that ctntnillasite, and trusciottife are not
G. distnctimniPrals bu•iar:tather im re forims of gyrolite.

The• synthsis of gyftiteswas caiminedby •E. Baur.-[111 from a
.mixttre of SfO., AlO, K01-, anid aO treated with water&t 450,C.
T.e optie, cal propertes w..tch lihe reported for his. poduct, .v.ee;bhow-
ever,',not tho1se of gyrolite. No other report on ,the synil•es]sof,o

' gyrolitew found im , nthe lierature.
"!().MOLAR .RATIO CaOSiO, 4:5,

T.. he resilts"' of'these experments are."isted inta•ble 4
. .T,DLE 4.-Results of experiments on compositions varying rn molar ratio,

.. , . '.,' , . " CaO/SiO,, 4":5

h
L

r

1:

.... ~number •.... """Starting material .. . " , TTmer Pr.duct

19 - --80C-aO:S-O q. 150 ' 5 42 4CaO.SSiOz.S O • F'
'20 -------- • ----- do ----------- '------- - 2 . "' . 14 D o .
2do ----------------------- 250 " "" ; 7 D o,
22 ,•- CaO SiO:S fr•.aq - --"•' -" 275 " 59 21. Do.
23, _ ------ 0 8OCaO 8lO, 0 aq3_00•--- K. 85. 14 Xonbtlite.
24 ""---------"---.... do --------- ..-- ""-"- ' '.- 350 "" .J '1 10 D o,
25 •------ ------ .... _ do. 00 ' ..-.--380-1 -, " W ollastonte,".

' The small percentages.of R2Os in the products.0o bydrothermal synthesis reported here.and eLsewhere In
this paper are laigely 1o703 as a contaminiatlon irom the iron of the bomb....-





Ficouuit 5.-Synthelic Cfo HO-12 0.
MAlgnification X9)O.

Fxu~uizi 6.-Synthelic zonottite,
AMapnifaie'liol X180.
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The product. o experiments 19,. 20,. and 21 .onsssted of very small
needles of moderatet birefriingence and mean, refiracti•. index 1.54,
P6..i5tive elongafin. and p"railel extincti6h. :Tho. X-fiay pattern of
this ph ase.is°listinctive. A••alysis of preparations 19 anfd 21. gave the
following rýsdlts:

Comnponents

Rio2
Sf02

Tot---- -----

Preparatfon

Percent

. .37
• 47.84

. 14.44

" 9.951

Preparatton
21

-percwat

48.71
.11.84

.99.431

corr .rr ntding to thie ratios 4.13CaO:5.00Sio 2:5.031 20 in the case of
pr•piaration 19 an(dlto 400CaO:.5.00SiO2 :4.15H 20, for preparation 21.-
Thie ignit•on loss of preparation 20. was 13.97 percent, correspondfing
to 4CaO:5Si0 2:4.7 O.20. Tho.' formula of this compound is therefore
tentatiovely placed at 4CAaO.5SiO..5H2O.

The mineral nimst siilar to this preparationj .is tobermorite dis-
covered .by M,. F. Heddle [I2],:who assigned to it the formula 3(4CaO.
DSiO2H 2 0)..10H 2 0, or 4CaO.5SiO2.4%/H 20. P. Groth. [131 suggested
the Ioinmu 14CaO.5SiO2.4H 20.ý, Unfortunatoly, Heddle was unable to
determine the crystalline form of the mineral and lists none of its opti-
cal". properties, so no further comparison with the synthetic productis possible. :
is possib.(d MOLAR RATIO CaO/SiO, 1:1

:Thye hdrated monocalcium silicate minerals are cirestmoreite,
2CaO.2SiO2.3H_0; and xonotlite, 5CaO.5SiO2..-120. Experiments on
startingn materials of this ratio are listed in table 5.

Experiments 26 and 40 involved pseudowollastornite, wlhich under-
.went no transformation in 6 weeks at 150' C, but it was 50 percent
transformed to.. wollastonite in 3 weeks at 500' C, 480 atmospheres.

TABLE 5.-Results of experiments on iCaO: 1Si0 2 compositions

.Experiment Starting material Temper. Pressure Time Product
number " ature

.*" atm Days
26 ........... Pseudowollastonito.e. 150 5 42 Unchdnged.
27 ------------- 0.94CaO:SiO*:aq ...... 150 45 42 Amorphous.
2_•:-------- -1.04Ca-SiO-2:aq ------ 160 5 60 .CaO.SiOz.HsO.

29.--- ------- do..---------------- 175 9 79 Xonotdlte.
30-- ------------ do- ------------- -- 200 15 73 Do.

31i --------- 1OCaO:810 gla• '.... ,2450 39 10 Do.
32-.. 7 ..------. t,04CaO:Si0i:aq .. 320 109 7 Do.

.... do .- " .. :- -.: .. . 370 207 4 Do.
34-------------do--_ý-------------380 225 4 -Do.
35 ---- --- ----- do--------- 3900 225 4 Do.

36 --------- Xonotlite_ ----------- 0 300 169 7 Do.
37 -------------- --- do ------- 390 72 4 Do.
88..- ...-- ------ ,04CaO:Sioiaq 400 290 5 Wollastonite.
39-.-...... --. . do .- .45 300 -. Do.
.40.----------- Pseudowol1astonite_. -- ,,00 480 21 50 percent of wollastouite+50 per-

. cent of pseudowollastonite.

I Contained no B1O2.
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•.: • , ... Amorphous mijonocalcium siligate.hydrate treated with .water at
1"50 C for 6 weeks remaine•i•mbirphous, but a sample, teated foriM0'days at the same6te~pervatirei.(experinient 28) crystallizedto a single
phase of the followg: composition: 41:97 percent of" Ca0Q,43.97,"per-
cent, of' Si02,)V14.47 percent of 1120 corresponding tohe,ratio's
S" " .O.02Ca0: .0SiO2 : 1 .10H2O• or armonohydrate of monocaIcium.isilicat.
'Thepreparation waitirh.finely divided, but. under the6il-iminersi'o
objective it. appeared•too'be composed of, thick needle- and lath-shaped
crystals withparaUiVextiction, negative elongation., mean index 1.603.
, The X-ray 'tern was di incti e. and different,, from that,of crest-,
... mor~ite.. :Kp•!.hotorn -~oph of these crystals is showh"iii.figure '5..

o . 'o". ncalcium sili~ktehydrate treated with water between• 175 and
. 390 <C for.U.a. sufficient. tim.e crystallized, completely ,to -t producjt

having. the optical propert:es and Xray, pattern. of xonotlite, 5CaQ,-.
."2SiO2 H.H0. A typical angalsis is th a 4tofithe preparationi from expe r-

.ment 33 which, was: 46.15•percent of C.aO, 50.10 percent'of SiO,,
3.35,' pereen t .of -O," corresponding.o. the ratios: 0.99CaO.- :.00Si0:
0.22H2O.. A photomicrogr, aph of these (crystals. s shown i.e-figure 6.
rrhey are. fibrous needles of parallel extiction, positi.ve, elongation,
.. havingmdices of refraction: a1..583-±0.003, 1% =.594 ±:0.003..

Crystallizatio1nof.xonottit" occurred. most rapidly betweeni.3200 andl
,. C , 3900 .C h which range. it', *i-s: complete in 4 to 7 days.

Expenrfuen ts" 37 and 38 l- the upper 'temperature, limit'"at whic•!i
xonotlie -is1°stabl 'a6•,395°.±100 CG XOOtlite remained the. staible
phase6 at 3900 CQonrednliction. of the piessure from 225 to 72,atmos-
pheres." Above' thiis temip'rature complete crystallization to -la-rge
Swell-formed lath~s~ofhlastonite occurred in heating peri6ds of -5 days
A photomicrograph of :these crystals' is shown in figure7 7. ' "

. ..Nieuwenburgatnd Blumenndal [14] reported having obtained wollas-
, -. ite by steam ihg a lime'-silic.nijxture out of contact ith.thh li, for d1ays• at 365' C.. 'T.hei•r ,xperinento. wastrepeated wby stealiqid

" i ooc-alciumn silicate6hydrat• out:of contact with "the'liquid at .365'.C
.... o" -'"f~ days.•, Th•.:•r'idruct was xzonoilite. ' .. :2.. :

:Nagai"[151 and'.Kohler[ 1,6'1 irepoorted. having synthiesized xonotlit•e
but either ,of ,iý, athors gives aniy conflrma tory op tical or lX rayl

data.;
ýc) M(eOLAR RATIO CaO/OSiO. 3:2

The 'mineral afyillite, ;3Ca0.2Si0•2 .3H0, possesses the CaO/SiOý
molarý ratio used in"'experiments 41 to. 49, inclusive, table 6."

"" '"' ''...' of • " " " " " . " . . .o .:

i:!•.•;•:: TABLE6.--1?sults of experiments Oil 3Cao:2sio 2 compositions: :: !

<'.::
E•Prme~nt " .'/'Starting matria1-.' '. Tmempra rs Time .* Product

number attire sure

00 aim Drsas 'A

41------- --- 60Ca.28102 ------------------ 150 5 42 >50 percent 6naltered.
42--. ... 1.53CAW :510,aq -------- 5 70 CaO.Si0,.1120+? '

43- --ý,do ---- --------- 00 15 73. Do.
44 ------- -~ 0Ca 0 (re 4120 39 10 ? '

'45 ----------- .~ 'i 250A 39 14 Xonotlite+?', <

40 ------- 1.42CýQ SJ0 ( 810 - -a---- 300 85 14 ~' Do..,
'47 ----- 145Cqjq:iO aq ------- 360. 103 14 Do.** ""A

4 --- 1 '1.3CaO bl 2, aq - ------- 400 27,0' 5 1o..6' '"

49 -------- tt3C0a0 2Si02_ ' -------- i " '500 380 ' 14 ýACtao.28I,. '

..... :,.. .,............ . - y • : :

... ...... '
A~~. ... ...... '.'





I

FlouURF 9.-Synthetic IO aO.5si0 2.6HO.
Crossed niooss magnificatioa X400.
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In expe ent 41 more.-than 50percent of8the anh ,i calemm .........
""disilicate, treated with water at 150P' C for 6 wseeks, remanmed lluý- ..*,•*.

•Aered. The alteration produet consisted of irrel.ulro n.asse of l- •
C "irefringent material of refractive index 1.157, and was not idenatified..
T"his material kept anh additional 10 days;"at 250' C (experimen..44) .
.was largely altered to. low-birefringent aggregates of mean refractiv"
index, 1.62+. The X-ray pattern was different.froan that of afvill.t.e
"and could not be identified. .. .: "" " , .

Treatment of anhydrous tricalcium disilicate with w itter at 500' C',
380 atmospheres, for 2 weeks (experiment 49) resulted in. 90+percen.
.eonversion to a new phase. Inasmuch as the tricalciimdisilete•?t..v.
Contained a few percent of inpurities (mostly dic icium silicate) there
tvere also present some alteration products of the. impu rities, including
some dicalcium silicate hydrates, the hydrothernial formation' TOfI which will be described subsequently. Thle new phase consisted of
small needle- and lath-shaped crystals of parallel extinction and positive , 4 .
elongation. The indices of refraction are: ct=1.608 t0.003,,y= I. -615
40.003. A photomicrograph of these crystals is shown in figure 8.

Determinations of ignition loss showed the new compound .tobe b.
anhydrous. Its X-ray pattern proved to be different from tha.tof
ordinary tricalcium disilicate or any of the other anhydrous.'calciu•m
silicates. Ignition for a few minutes over a M6ker bu'rner6 d:nvdrted

Ait back to the usual form of tricalcium disilicate. •The evidence indicated that the new phase.. was a low-emperature

. .form of tricalcium disilicate. This was :confirmed. by experiments""'
using the quenching method. A sample held overnight at 1i,020? C

..gave, an unchanged X-ray pattern, while,, a sanripla•dhdd at 1Y0270 C,
: v'knight',gaveý,the pattern of ordinar tricalciumo disilicate. 'T ,,he. 0inversion of' the low-emperature form of 4 tricalcium. disilicato to"' the "

tiigh-temperaturo form is therefore. placed: at 1,024°C... 5..50 C.
ý "'Ajtenppts to prepare the mineral'afwillite wer.6sunspeessfl' ". "'iior-.
ihoiis hoates ha. hving the CaO/SiO m61ar ratio oo'this" minpound
when heated' ati temperatures of 1509 an• "200' C in'the ".:sence• of
watgern cryotmllizf -e larg1iyl to CaO.SiO2 .110, and at te.mperatures

rangngrom2,500 to%4009 C. crystal11' 1 largely t6' onuhtfi, The-
-'s it iz" "

secondary phase• cotuld no0t be listingiuished petrographically or b' v
the3 X-r.ay patterns. Raising the C-aO/SiQO inolar ratio hbis the effet.".
..of making 5oth CaO.SiO,.H1O, and xonotfite stable at higher temper. : ::
tres thaA" 4W1 twa cas.w~ith th.e preparatons oftpure hIyd IodTmono:. -
cacmm s$ilcate.:, 44 .....". .. ...

' (OMOL"AR "RATIO CaO/5IMO, 5:3

.The compositions treated: inthe expermentes reported in tableo•" .
" .. corresponded in lime-silica ratio to the..mneral foshagite, 5Ca,O.. .

TABLE 7.-Results of experiments on 5CaO:3SiOj compositio.s

Exper tm. - . .. . . ...
number . ri " '" ature Press re 4 " " 4..

0C, Wn Daysp4~4~;4~
50--_-------- 1.670a0:Si0, glass I------- 200. 15 73 ? "'.,~~
51 l do ---------------- -- 300 85 .53 Fosbagitc+-h ~ "

Co.... inod 7 pti+tCS" + o.f B,0. ...

----- -- ,do -------------------------- 35 13 1 obg~+d~~
iO )----- ----- 7 .0 .3 "174 F. 44

I, • .Contained 7 por at of BO.:
i>"•'•;. 100926ý--&• --- 7 . .. . ... • +.::..• .• , ..
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The product of exper•ninent 50 had the saie X-ray pattern a isthat
f- the product obtainmed b treating anhydrous dicalcium silicate and

dicalcium silicate glass witi water at relativelyloww .temperatures, and
willbe discussd. i,. the next section.

Thie productM ofexperiments, 51 and 52:was a low-birefmingent mate-
rialwithout definite crystallihne formnandof men:, inde 'of i:efrction
1.595, hichwl ct cmks ldex h,of-foshagiten Thtof
X-ray .patterns showed? copiplete correspondence with the X-ray
pattern of foshagite obtained from theUnitedStates National "
Conversion: of the glass. to thehydrate W\vsot ;'OTietomp ete even ill ' e'jrpe"
ment 5 1, as the product gav{ean igniiioh loss ofonly5'7 percent, com4
pared• with a theoretical loss Aor 'foshiagite of 10.5"percent.

A sa~mple of amorphous-hydrate -of, CaG/Site molar ratio 1.68,
steamed at 3000 C o6• of contaIt wPth.-water gave` a product having
the X-ray patten ofCaOSi•O2 .H 20:. The. manner of combination oý
the excess lime could not be determined.,

'(g) MOLAR RATIO CaOlSiO2,,2:1ý

Results of experim'ents• 'ol compositions having a dicalcium silicate
molar ratio, 't'o w•wich the mineral hillebranditei 2CaO.SiO2 .HlO,-
corresponds,: are listed in table 8.

TAPiL.-ReSults of experiments, on 2Ca0 :lSiO, compositions
99'

F

199

'*9

'9

r
L

'Experi- Tern- pres-'.inent Starting material. perm. ,..e Time Product
number~ tuore

63 -------62Cs0aSo *_ ------- 25 1 10 years-. ?
"",,I ' --- ------ -100 1 " d.... 100 "ays - OCaO.5Si~i.G O+P-20a0i0.

55 :-------- - 20a0.s-I------ 150 5 4.days. -- iye aO.5SIO2.6rs20+j.-2Ca0." " 2.
5. . •2O4Si0.. 150 5 1 day .... Scarce 10Ca0.5sio0.61H"O

+9-2.CaO.8102.
67 ----.---- -- do ------------------ 150 5 7 days.... Pare loCaO.Mi2.611,0.
58 ---- -2a:i0 ge].,.-------- 150 5 10 days.. 05% of 10CaO.5SO1,.6HR0.
59"--------- 2..a:SIO gltss (12% of 150 5 23 days.. Sameas preparation 53.

60 ------ 0% 9of ,-2Ca0.SiO,+ 150 5 14 days_. 1OaO.5SiO2.6H,0+natura1 hillebrand-
1.10% of natural hlle- ' Ito.
brandite.

1 --.------•.rparatibn 53 .... 175 -' 9 41 days.. Same product as preparation63..
62 ---------- ftý2Ca t ----------- .. 200 15 3 days...- 0CaO.5SiO,.,rIO.
63 ------ 2CaO:SiO(ge_. .-------- 225 25 44 days..-. 2aO.SlO,.HO.
64 ----- "3CWiO:28i0:aq+Ca0.- .225: 25. 47 days.. .CaO.l101.Ht0+?.

o5_--------- - ..a0.SiO..... . 250 30'. 15 days-. 20aO.Sios aq.
W ------- CaO.55i0H .. 250 89 14 days.. 10CaO.5SiOl.61120.
67__ --- 00%.. of ..,-2Ca0.SiO0+ 250. 39 14 days.. Natunra hllebrandifTe+2Ca0.SiOaq.

10% of. natural hlla .
brandite.

'68 • SaO.•SiOgaq~+CaO• 300 .8 7 days..- CaO.SlOs.t{0+?.

6q-, ......-.- .... ------- 3.0... .163 8 days... CaO.SI0,.HO+30a0.SiOi.2Hs0.
0z. 10OaO.5O2HsO.:._......450 400. 7 days.--. 2CaO.SlOs.213EI0.0-- -- - o a....... .. 12 .:• 4 4 .X ..

.• ., .4x, • '...•.. • • . .... .. . . ., . , . , .', .

,• • .•:: ,' ,.*,9; :. 9- . . .... > . •",

j"

'I

",Five g 0f..dicaloium siliC, tW treated with500 ml of water for 10
years at iroom, .temperatiuýreexperli ent '53) and, shaken at intervals
.gave a prod.Ict haviig9 . A, dis•tptiV6 X-ray pattern and possessing a
compositiod"corresponding to the ratios 1.8Ca0:1.0SiO:2.1H 20. it
6coantainedabout, 5 percent of calcite with the bulk of the material
consisting of :weaikly b1irefringbnt1t iasses without definite crystalline
form., In order 'to oeffeGt ,further9 crystallization: this: material .-was
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.heated in the presenc of water ,6,weeks at a termperature of 175' C
.(experiment 61). It w:as theincompletely crystallizted to very fine'
nvooneed lesOf low "birfringence and) nean index f refriaction 1.60 A

,hemical analysis gave the composition: 52..94 :prcent,6f CaO, 0.78''
poercei 0f R 203, 3S6.50 percenit ofl SiO0, 9.69 peree n t 6f, 120, which

.. orrosponids •t6n& mola rcatios:,i.55CaO: 1 .00Si0.00.881O. . Alow-
for the caIcite which the sample &onta6ned, this aualysis agirees

K-airly Nvell with the f!ormun•a 3CaGO.W2SiO.1.51 2O. The pattern is not
like that of afwillite.. Thie samie X-ray;pattern was given by4diec m
silicate•glass (con1taining ,12 percent o •f)203) tkeated ih yater at'.
1 50 for 63•:weks (experiment 59) and :also ,by 5N6O.3Si0 2 glass,

: ;(conaining 7.percent of B10) at 2000 C for 10weeks ,(experiment
K o;;a50, table 7). .

Tireating dicalciuimsilicate6,-with water between 1000 and 200.0 C.
usually produces an orthorhombic hydrate of dicalcium silicate. Thisicompound is ideiticalwithCrystals found by.Thorvaldson and Shelton
[17]:in steam-cured portland cement and prepared in a pure state by
iVgfiisson; Bates, a~nd Thorvaldson [181.,. Reference to the prepara-
tion of the same compound from mixtures of lime, silica, and water
4and;•from tricalcium silicate and water has also been made by Flint
and 'Wells [61.: The crystals are extremely thin (rarely more than 3
microns: in thickness), lath-like plates often occurring as simple rec-

utaigtilar parallelopipeds but not infrequently with domatic faces bevel-
ling the prismatic forms., The measured indices of refraction agree
with those fixed by previous investigators: a=l.614±0.002, 0=1.620
+ 0.002, --y-=1.633=±t0.002. The crystals are biaxial positive. There
is a perfect, cleavage normal to the elongation. A photomicrographi••!i:isljsho•m6, in.•fijure 9. -"
is Analysis oi gtypical preparation gave the composition: 5.6.64 per-

cent of CaO, 0.46 percent of R1203, 31.i4 percent of SiO2, and 11.34
pereent of 110, corresponding to the ratios: 1.96CaO : 1.OOSiO 2 :

,!.191H20. Prolonged heating in an oven maintained at a temperature
'of 110' C reduced the water content to 10.90 percent, which corre-
sponds to a H20/SiO2 molar ratio of 1.17. Analysis of several other
preparations also gave water contents corresponding closely to 1.2HO:
LOSiOM2. The average of three'analyses of this compound presented
by Vigfusson, Bates, and Thorvaldson [18] likewise gave a 7H1O/SiO2
m olairratio of 1,24. It, therefore, appears probable that the water in
excess. of I mole is constitutional, and accordingly, the formula
.10aOC0.5S0 2X.H20 is suggested for the compound.

As s' shown in table 8, IOCaO.,5SiO2.6H 20 resulted from treatment
with Water of #- and -y-dicalcium silicates and 2CaO: lSiO2 mixtures

K of calcium0i xide and silica gel.. At 100' C (experiment 54), 9 days'
!boiling•f-l: g of f-dicalcium silicate with 25 ml of water under a
reflux gave about 30-percent conversion to 1OCaO.5SiO2 .6H20. Well-
formed crystals of iOCaO.5SiO2.61• 0 were also obtained by treatment
.6f:pkrtland cment clinkers with water at 100' and 175' C. A photo-
.. ich'giraph'of thdgpi~oductm obtained at 1750 C is - vdn in figure 10.

Attrempts to prepare hillebrandite by treating mixtures of natural
ihillhbi'andite and', dicalcium silicate, with water at 150' and 2009 C
(eiýeriments 60 and 67) were unsuccessful. The results obtained by
:Koller [16], who reported having prepared hillebrandite by heating a
mixture f,6 o dicalcium silicate and water at temperatures ranging
.from: 2000 to 290' C,: could not be duplicated. The synthesis of hille-
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.- bfrandit, frrom mixtures:of OaO anitamorphous SiO2' in the presence of
Canti Niatgl: With water a~t C?'¶' C bas beent claim~ed' by. Scilaepf& r

Treatment of 10CaO.5SiO,61l2O at 2500 ',Cfok-2 weeks. (experiment '. "'

66) produced no changc; treatment at 4506' 400 atmospheres, for
~1 wieek gttvda produict' of unchan~ged cryst4 'fonrm but haviiio- the
Indices of refraction:a=-1.642 1.~672, which aI'eiaboiut 0'.03 higher
th" i (,Ian [(e Corresponding indiceis ol 0CaO-5SiOýi-611O . This watedal
gave a• distmctiveX-ray 'patterd n and its composition corresponded
to the'fr l,6'a.SO.HX

,Ini : :expiment;6Th '-dial•icin silicate heated in. a bomb wi'th water-
at 25,05 CW crystallized to a gaw 4ailaj product' having a•.meafr index o(f

.refraction of 1.64. Theq.X-ray pattern was similarijn 'spacing and,
- intensiiy" of lines to that of a 'finoel crystalline monohydrate of dical-

ciun sili~cate obtained by Keevil aid,,Thorvaldson [19]. Treatment,
S2a=0 -.: 1Si0 2 mixture of :CaO anal'silicagel at 2250 C (experiment

63) gave 6CoInplete crystallizatioA to the',other monohydrated dicalcium
silicate described by Thorvaldson ian4,,e'oworkers [1.8, 191.. I lThsoccurs
in very 1small needles-,of low birefrmgence and mean index 1 6 0 ,' >

Analysils gave, a compositiolin:hcorreponding to the ratios ?2'C••aO

In oxperiients.,64, 68, and 69 aniorpthous hydrated ,calcium silicate
of CaO/SiO02 nolar rati.3 : 2 w¥as mixedwith snufficmnt CaO.to give a '

ra Ctloof 2": 1 and in the presence o f water heated at temperatiues of •
' -, 225%.3000, and 350 C. The principalproduct in all three cases was

. aOSiO1Ji 2 0O.', The 'secondary, pro4ddct* was not identified, extept in
exp\r meit ,69i where the opticalproperitis and X-ray pattern showed

p .. itI b)1) e a hydrate of. tricalcium silicate.,,
(h) MOLAR RATIO C.O/SiOt, 3..

,,~~~T w ,,,:Imresuflts of: these experiments are• shown m table 9. ":... ,,••+.
I II experiment 71, 1 g oftriadcium silicatetreated with 500 nil ,of

.. , t,•er for 9 years• at roomtmperature was completely, conerted to a ...
hydrated& minaterial' of composition 1.3CaO:t.0SiO•-:L7,QO. Petro-'i
graphiicex'amination. shoved less than 5 percent 'of caleite with the''
bulk or th ,,mnaterial appeiiring as rounded gra~ins of low bireffingnce

1:":: ¶ :,having ~refractive- in'dices ranigi'!- from 1.52, to 1.i53, TWX-ray,'..
pa~ttern of this material was different.from thiat of c~acitWeor. any'"f. thl,,other hYdrous or anhydrous calcium silicates'thus far mvestigated.

TABLE 9... .Residts,f exper" .ents on . CA..: 2 compositions " . •, .' ".

merit Starting rnagertI pera.- tir mee Prodfit

71----- CaO.5IO.- 25 1 9 years& ?
72 ------- ---- 100 1 14 da~ys--. 'IoCaOS i.M GT-61 O+Ca(OH1),

74 ------- ---- o-- -------- 200. 15 35 days-;qiO io.t 2 0tl~ O O~~ fi

75 ----- -- do : ---------. --- 21,0 39 12 days- "3Cno.6iO,.2I11,O
7", j2CFQ.Slýi+O24-l)- 1 .250 313. 10 days- 2' "2 ASIO, hý!trnt+C'n(O1),*

7i CaO2S1~:a'+~aO 275 591 5 Ty~ 3OaO.S10z2. 20,h
3ca ý 'f) ----- ---- 1 3501 103 days--- Do.

~Tiicralciwiii<" silicate. treated wit h water'at~ 1000 C under a refux
~coiidenser (eXPerimenjt 72.).and in the bomb4 at. 15060 C(experiment 73)k
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Fzj(,xRp IO.-Lgathice~ orthorhombic plales of synthetic IG~Oo0.5
hexa~gonal plates of Qan(0l)2 obtained by, treatrment of portlani revf
water (i 17.5,C.
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FIGuRE 1l.-Synthe&i 3CaOSiO2 .2H2 O.
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I Vell'i Hydral,z Calcium Sihealesý6`

was converted to 10Cý(tQ.5SiO,61120O and5 alciurn hydro0\d,. AIt,
2 50 0 (6xC'(experimet 75)i(rect iliydratiqq omccrred ~witlct~ libeiration

• of calciutm .hydroxide. :Th.eproduct consisted of broad .lb oua s-
tals of positive efo, 1 'ation and p'ilel xtinctionr. The indes of re-
fraction wer•5 9=1.5 0•± 0.003, ,1.602 ±00.k, i.Analysis of the
pr ation from experiment 75 ga-ve theo compositii: 65.42 percent
... aO, 23.45 percent of SiO2, 11.53 percent of HlO, cori,-sonding to.
jthe ratios: 2.98CaO.".00SiO2 :1.63TH-2'. :At 2Q C t 74)
the product vas p-rimarily this eou pind With smallor aramounts of
10CaO.5SiOJ6H0 and Ca(QH),, also p'resnt. 7

For oxPefriment 77 the st.rtuting mate(ri.. , a nixture of ...amorpho.u "
. hdrate of CaO/Sio molar jratio 3:2 miixed with sufficint.aOt(9o6gve..:
.2 ratio o&f 3:1. After 16' days in the b)omb at 275' 9 this pepaxatioin

... crystallized co4ifiletely to large. .broom-slhaped clusters of fibrous
needles having the compostio: 63.07 percont of (aJO, a050 percent of .R20 22.38.r-cent of SiO, 13,56 percent ofH142, co•Vrrsponding to the,
ratios: 3.02 0:1.00Si0 2.2.02l'l ,•0.2H0 A.photomicroVthr .of.tis ma-.
terial is shon i.alla jintigure,11. ThetX-ry pattern ad );)I*cal, properties
were the sa•, as thoso of th&1oduct from diuect lid ration of an-
hydrous.triczaýIum silcate. .;:prneparation andhat of experimenit
75' ave neg five tests:for. f: ew alcohol glyei 1 extraction'aud i
by aMohe'- t• r .,."fhod.
• This corn ound. is identical ithe produicIobttined by Keev il .

and Tlih6 4i.(dson [19] by steanini tricalcium silicate bctween 100 ".ari. .
375'•C. By their procedure, however, ol ery finely crystalline'

Dehydration experiments proved "the hydrated tticalloim silit•te
to be a very stable compound. AKpreparation heateed•i a oveni for
.16 hours at 2150 C g0 a loss in weight of only 0.2 perAen. .t 500' 0C
for 16 hours the loss w.as 2.6 pereentand it 700.' C 16iours, 10.3
percent. I ognition for 5 rminutes at ,200 C (gar vcr- ete n onvers . .)
of the .sai•,pl to -ýdicaleium silicate and of~citim ½de. Attempts
to dehydt•i the compound to tricalcium silicte, r.e unsuccessful.
Loss of wat•r and liberation of Ifree lime appear to t'9ake place conei- :..
rently.

In, experiment 76 an attempt was madeh to prepare the' hytdrat•d"
fricalciumm silicate from a 3CaOi:,18O 2 mix}.tur of32CaO.SiO2, a:i..,
CaO treated with water at 250, 0. :The, prodt c •nsisted of cal ,4.

• hydroxide and the granular dtcalcium silicaitc. •y•ydate obtained by
•Ieevil and Thorval on ..[19] and• also identifieio i experiment 65,
table 8 of thispapel i. : ' .A::Ce ' ." : "

. (i) MOLAR RA TIo C 4Ui•i • 4 .I

...Several.xeriments, which wereimade to .dem .n whether any
hydrates, richer in lime than 3C.aO.SiO2.2H2O edr ýare recorded ...
table 10.

TA. -. 10.-ResaUds of experihnenis on 4"ao: I84 O2 composilions "

Experi. , Tern-
went iý8tarting materWa pr- Pie roduct

number tura

0C atm OI
, ----- -2CaO.S10s+2C000--------50 3 00.ima±ab,%

-3CO.IOCa -~250 39 i, WZ' aO.5102.21LhO
81...... -1-4CniO:O10j-s!2.6Caio. ---- 400 307~ 7 $CaO.SlOv.21IOCCHt
82 ------ l3CaOý.S1Oa:aq+2.7CfiO,,-., 450 400~ 6 5 30as0.StO,.2111 0)+Ca(0H)i.4

......... . .........



634 Journal of Research of the JXatwnal Bureau of Standards [vo• >21

The retsuitsnindicato that dicalciumn and tricdcium silicats form the .
same'. hydriAtes as.they didifth• bseiceof excesshlme. ThecAl-ciurm silicate hydra formed in epenmen 7o curred h d 1lc1,-t, 7OCreQ -in smal
irregular. plates havig refractive indices ranging from 1.62 to 1.64.
It was the same product as wasobtaitied•i•m' experiment 76,' table9e,
and eri ment 65, t ble of this paper.,4

5. 'CEMENTITIOUS MATERIAL IN SAND-LIME BRICK
Some experiments similar to those of G and Bessey [2] 'wre '

made in an attempt to 'is!oA't'dthe hydrated caltihm silicate in a com-
mercial sand-lime. 1 briclk 'of'good quality. Half .of the brick was:!crished in, a porcelaii ninrtar 'with as'little i• •g as. possble. O
this iater6iall the sample passingý b:No. 40 sieve and retared on, ' a'.
No; 7P sieve. after brief shakding was used.4 It con'tained I4.4 percent
of soluble silica. dete.mrmned according 'o thi usual procedure.i. The

' material was screened on a No. 200 sieve fo•r4' h4oui and' that passing
was exa~m* 4 unider the microscope. '"It appearc~l. to consist almost~

..wholly. of calcite and xas discarded. Screemnng was then continuedl
anotherhialf hour. It wt•as hoped by this method that the cenentin•;
material surrounodingjhn e sand gramins micgl•t be rubbed off and con-
centrated. That th•s4apparently occurred w, as sshown by an increase
:in soluble silica to l6.2 percent•in the materi'alpassing the No. 200:
sirev• . A u•ýinmber of penmies were' the addedl to the material oin the..L' ~":..'No. 200 sieve to'assist the rubbing action, aand the screening*was
-coiitfinued ~4for an h~our. <The ma~t'erial passing..then showecd a "solubleL .silica content of '20.2 percent. However, mn the X-ray patterns. of
.bothsýamples .ony the lines f calcite, and.Auarz appeared.

It"' as thought; that evideinceof the pi.esenee'qf a crystalline hdrated
calcium silicate might b n obtined usig. a laboratory-prepifal briok:

&:thiý purpo'se A- mixture of 10 pterpcent o6f hy~drated lime 'antd 9 ~0

silica) was mlolded'A ino bar. r4in a'. blhand press. ,The bar was then
treated in .contact with 'waVtr at 17 50'C.for 20 hours. After crushing ,the brick, the whole sample was•found to• contain 2.6 percent of solublesilica.--' This sample was rubbed ith the fingers :,on a No. 20 sieve

and. thematerial passing in each' rý se was rubbed,.successively on the'
No. 48, 100, and 200 sieves. The material passing~i" No.,200 sieve,.
contained 16.8 pe.rce.t of.soluble silica. I•.i the'.-Xay.pattern the-
strongest lines were• tose of clcmmlhydroxide tgether witiho the lines'
o.Of quartz. '. ' ,'' " "

.Another bar was treated inethe bomb ait175 C for 15 days. After a -
separation similar tojthatjust'described the iateti-al passing a'iNwo. 200
'i,.seve.was extracted for. 75 hours with bboilitg ethylene glycol0 in an •''
'extractor .of •the type' . s Id in rubber an~alysis. TlTh• residue c oirtained
ho• free•• calciummaydroqxid•. Its X-ray pa:(tti nshowed .the lies' of.,
quartz' with a few additional lines of inu~diate' iin'te.gity which '.~did .

; '. " not 'coincide with any of the lines of quartz, caluite, or c'alcium hydrox..-""
ide. It was not possible, however"';to assnignthese ,dditional hines
with certainty to any of the known hydrated calcium silicates.; ...... :i ,.. } ,.c i~ ~ln .• o•.a n .. ""'4""• . . . 4.. . .. 4':, ... :. ::••..:.;,

4.. . .4, ..: . .. . . . .. . . . . .4."... . ..: . . . .. . 4.. . . . . . . . . . . . . .. ..: ÷

.. .. •. •. ..::.... •.. .•.:. ,.:: . .. • . • , ..... .. . . . .' .4.'$. . ..... ....4"..
4" .: . .•.q . -. ,"""4 , .: . . ,• ." • 4" 4.) . g .?' .• • ,:~

'.'4':" ' .*." - • i. " :: % % • • " :"• : ;:". : .. " . ., •o . '• ' " : ; • •. : : .. : :.

4.• . 4.!• • • " _ ,4.. . , :.'.• . . . . . . .• _ . • . ...4. ..' . . :. . .. ....•1 •.••.. •.. •" " '' °":: • ': . . .. '• .•,.•" ':"., g._ . : "'> ° • % ' ::":'• • .,,.: .,• • " : "• " "'. .:£ a ::: -.:_• .>@ V..i " " "" ';•: " ''•"• • " " " : .' ". '...°• .,v, : '>'



-7 ...........

' et, "iMcurd fi" '•••ydratd CGalcium Silicates .635

IV. DI SCUSSION
in the manufacture of san'd-hmre brick.> a wetted. mkxture of 'about

10 percent of hydrated, li6:'ahdý'ad 90"percent of sdnd' is pressed into
forms, the resulting blocks removed, and steeamed'mIi an autoclave at
1500 to 2000 C (5 to 15 atim) forV8t6-o2 hours. .,The nature of the
cementing material formed by this.treaiment has: never been estab-
lished, but it, is presumed to be'a hydrated calcium silicate. X-ray
and optical data [2] indicate .th.t. it may be amorphous. Some infer-
ences regarding its potential d rystaliiý'ncomposition may, however,
be made from the results of this paper.

Lime usually constitutes nhly,. about 10 percent of the sand-lime
brick mix, but its proportion. to: surface silica available for reaction will
evidently be much higher owvingto the relative coarseness of the sand
particles. Thus, it is8 probablM hat the cementing: material of the
brick will be much richer i.i•'i ' I.i.n t. Suc a
condition might permit the erys talization. of'compounds as highly
basic as I0CaO.58iO•. •O. : T• compound appears to be)by far t.he

ijmost easily formed of 'the hydrated calcium silicates at thi. temperta
turesemployed in "said-limif bricikc manufacture.' However, if the
lime available for reaction with surface silica is isufficetit to forni this
compound the .potehitial cryst~allization of a less basic compoun~d such
as gyrolite might be favored.

Athugh the experiments witbs -lime brick failed 'to establish
thidentity of the cementin• material in sand-ihme brick thleg"reatly
increased soltble silica cont~ett 'of the finer fractions of the crushed
brick appears to indicate the T-rirlation of :potentially. crystalline
comlp6unds. That th se com'bina•ion could not be identified by' their
X-ray patterns is not surprising invi:ew of th"e fact that the various
syntheses described in this paper ial• requirednimjeh longer periods of
time than those employed :in'• and-&ime brick manufacture., The
appearance of additional lines in"the X-ray pattern of the sand-lime
brick treated for. a Ion er peiod.~c is. promising,~ and it is hoped that
further work may reveal their' source..,""'"

The crystalline materials obtained by reacti6)fr'of water on P-dical-
cium silicate and tricalcium si.licate 'at, room temperature are note-
worthy with reference to end'products in the setting of portland
cement. There is a possibility that the pproduct derived from dical-
cium silicate, and which had a compositioniapproximating 3CaO.-
2SiO2.1.5HO on complete crystallization, may occur in set portland
cement. This product could not be identifed with any of the known
calcium'hydrosilicatemniinerals... . .

The poorly crystallized material'N•icii r'sulted :from- treatment of
tricalcium silicate with water at room te•perature".had' G iaO/SiO2
molar ratio of only 1.3 owing to theextensive hydrolysis which: had
taken place in the -presencef'of a large'iexcess of water. Therei-ore,, it
probably would not; form intthe settin• of o•rtland cementNwheniess

..water is used but might occur in hydrated"puzzolanic cement where6-thieSproportion of silica' to lime is higher. Unfoirtunately, the patter'o-bf
'"this material also could not be identified. "'.".

<• , 2As""'has been pointed out by Thorv.aldsori and coworkersf[17• .18,
191, the compounds:desiognted ixi this paper asIi,0•aO.5SO 2..6H2O
•.•.,•'and •3CO.Si 2~O2H 20 are probable products of the autoclave.treat-
•i ent of: portland cements. ,Under such conditions it has ,also. been

.. . . .. . . .. .. .. ,.• .. .. .. .. . . ...... ... J. . .
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.".. y shwn Matler, ad Thorvaldson [20] that tncalcitm 'aluminateywill
hydrate to 3CaO0.A41O,.6Th0, and tetracalcnin. altiminoferrteto .
3CaO.AlI2 -O6120 anrd CaO.Fe2O3 hydrate, whichin turn, will sliwly
decrompose to Ca(OH) 2.and he..atite. Thus i•t. w.. . ld appear possible
to hydrate cement. partial!y•in the autoclave without.th0 liberation of
appreciableifree lmi&e. This is actually the cas.:"" group of four
high-tricalcili. silicate ceinents: all' having ignition losses and ýr•e-"
lime coite.ts of less than 1 prc.it was steameod' ithe autocla.:.a.t
• 200'C(15atm) overnight, The igitionjoss ineacb case was increased
to 5 to s eclt how fredji3 me content of on6: &ein .nt r .emained the
same, another showed.a sli..ght decrease, and, the'two .remain ing an
increase of a few teniths of a peicent. ~

With regard to the 2150"t au~tbclave test [11 for nea~t cemednt bars,
the fact that calciumhydroxide Can Cait Withlamoiphous hyda
c•. ciicmmsilicate "lady formed,.toZ give the hydrate, of tricalcium siliý'
catrf is signficant. This resdlt; taken in con uc ion with t'ose of,.
•.Mather and Thorvaldson [20],, indicates that any expansion which re- "
sults..fro auitocaving, cann'o0tbe caiisedby crystallization of c.alcim
hvdroxide fiberated from .the cement compounds, but must be ascribed
to othecauses."~

As wso 1ointed out, -ith reference• to sand-lime brick, the. crystal-
I ization of hyrdrated lejcum silicates occurs slowly, requiring day's or-.

'•weeks to eah',! CWmplp~t~ioni even at tenmperatil., es above 2000 C." it is,
the" "a:oushydrates described in this paper would be found in speci-.
mens steamed for th. period employed, in theautoclave test.

-Ony incipien!,t crystallization would occur, but the products should be
the-same as.th*.e formed overlonger periods.

.. ble ... -V., SUMMARY

.. gble iv 11 gies a summary-of optical properties of the natural and
synthetic trierals identified in this investigation.X-ray•,•. :" st• : d• of" th... thiinestg.ton

.XOnray-stiide of .1th.hydrated calcium silicate minerals indicated
that the f6llow6ing.areedistinct compouonds.:.

.... " .. Oe te . . _CaO.2SiO2.21 •2 .•" T .. .Gy rolitc : ............. L: 2': -: 2Ca. . 3 i 2 I20
. Crestmoreite----- 2 2-a0.20i02.3t 2Q. •

. . Xonotlite -• ---'- - ------------------- 5CaO.5SiO2.H20, .

Afwillite --- 3CaO.2SiO2.3H 20.
,------Foshagite : " . CaO.3Si0 3H•0...

. , ,Hillebrandite _ - - --------,-,--- --- 2CaO.Si02 .H2 0.

Centrallasite, 4CaO.7SiO2.5H.1O, and truscottite, 4(Ca,Mg)O.7SiO2.-
51120, seem" to beJbimpure forms of gyrolite. Riversideite, 2CaO.-
2SiO;.H2O, is a.pparently'not a distinct mineral and is probably the..
.sae compound as crestmjore te._,

Prep~arations having X-ray pa'ttrns identical with those'of gyrolite,
xonotlite; and foshagite"• Nere *syrnthe'sizcd by hydrothermnal methods.
O..•ther compouids formed• vwerecristobalite,. wollastonite,: pseudowol-
lastonimte,• ý3••0a2SiOR2 ),1 CaO.5SiO2 .5H2 0, CaO.SiO2.H!L, 20aO
..SiO.H 2,• l0C0.SSit0 .6110, and 3CtaO.Si0 2 .2H 20.

. , • '• . . d .• " • : .. . " .. .. . . . . ,•..

Oi*40 10. .ý11 .nd

,.".
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• TABLE ll 9Oplical propertie qornaiural acod synthetic miniralaidentifiled in this

S ":"•"," "" " : '" O1"t'c01''•ro"'sytm B"l ow• Mineral ' " . s tW•o .. co..,• mpos•ition .. • -.... "' '. .".; ," .,.ga-

S 4 ign Opti rc ud tior nam - Icahly• ~ ~ ~ ~ fl ... e,,, .•. .. <.•:¢r $ .- t •habit leally - . ,2

s.. ...z L.. -------. 1. Orth. ft .
brous.

2 a,,...... 21. 0 ,, . 1-- 548 -- - 1.63 Trig. 11- + (1rTie . es.
brotisJ

-00SS~ ------ 1.54 ---- cieular + Tobernionite(?)'L Yea,
5C. O.5..0 JtiO + Small_ 1 53 f 583 1.504 Orth. (?) + Xo. otlito...'., Yes.

fibrous.
1.603-.----- (03 - Isra - ....... Yes.

2CaO.2S5i.0 O----- L_ re --- 1 53. 1.603 L...7 Fibrous_ + Orestmorite(&. N o. .
30a0.2810~7 :1.620 .1.634, Mn filt . o

3COq.2siO31TM_,0. + ---- I W Mo Neo.
Prismn.

5CaO.S3SiO31. 3,1 -0 + SmIll--- L59 .T8U941 .1. 598 Ortb. (1' + 'ootlite.-_ Yes.
brous.

. aO.SiO•,.iO 6... • ... ., 1: .•- . 1 61 1.812 (--do.--..- + Hillebrandite No.

.. 1..5... -- -- M -- •------.-- --. -Y es.
201A0.501J0 4 ------l---------- 1. A4 --- --- ----------- Yes.
lOCa0SOs.55lia6H,0 Medium 1.814 1.620 1.83W Orth....*+ - NO.
OWaO'38102.21-10 --- --------- 1 642 1.672 (?)------- )---- ---- Yes.
,,-- ----------- .1 50 1. 607 Fibrous.- + -------m------ Yes.

Ateatt produce okenite. synthetically were Unsuccessful. Thus,
~'a npe of calcium disiliciite ~gI~ss treated with water for 8 weeks

ati W g ave partial crystallization to' cristobalite only.
Golite was. formed at 1.50 to 400' C from glasses and amorphous

ýhydrates, having Ca.OlSiO2 molar ratios in the vicinity of 2:3.
STreating amorphous hydrate with CaO/SiO2, molar ratio 0.80 at

temperatures between 1500 and 275'0 Cgave a single phase of distinc-
tive X-ray pattern, and a composition corresponding to 4CaO.5SiO2.-5110. his, com~positio is" simiar to that reported for the rare
miner-al tobormorite. :At 3000 C the product was xonotlite.

Amforphous mono'calcium silicate hydrate at 1500 C crystallized to
2CaOSiO 2 .H. 20, which had a distinctive X-ray pattern. However, in
the, presence of higher molar... ratios of lime to silica, CaO.SiO...•H

was formed at temperatures as high as 350' 0.
' X:1O tlite, 5C60.5SiO2 .H1O.0, crystallized from preparations of

*amnorjphous hydrated iffouopalcium silicate between 1650 ± 150 C and
$3950 ~5 0(70 to, 225 atm). Above 3950 C wollastonite crystallized.
:Am•Sorphous hydrate of molar ratio 3CaO/2SiO 2 treated between
1500 and 4000 C did not .... .a llite, 3CaO.2S0 2 3H 2 0, but instead
crystallized partially to uaO.SiO2.1 2.0 at the lower temperatures and
to xonotlite at the higher.e ynthese were probably metastable crystal-
lizations resulting fo threaily high -crystallization potential
of the monocalciuta silicate hy~drates. Anhydrous tricalcium disilicate
treated "at~ 2506" C was' converted to an unidentified hydrate.

The usual form of anhydrous tricalcium disiicate treated at 5000. C
(380.,atm)for 2 weeks was converted to a low-temperaturde or p form

f . the nhiydrous. compound.. It inverts to the high-temperature
* frm at 1,0240 ±5,,C.

Glass of composition 5CaO3SiO2 treated at 3r00 and o350h C was
converted' to a product having. an X-ray pattern identical with that

*! ,of the mineral fosl iagteo.
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The compound,.1OCaO.SiO S 6T120 was formed:' from -. ad. 7y-
dicaldium silicates, tricalciurhi -Ilicate, • •d mixtureso6f lime and silica,
gel in, the' temperature raie 1000 :to:i ,00 0 ." C ttempts to prepare a
hydrate identical with natdral hillebiadite were unsuccessful.

Ticuaum sihiCatetreated wi... , ... "Atýibettween .2000ý and 450.0"c
hydrated directly to.,, aO.SiO 2.21H20. No -hydrates of higher lime
,content than,3CaOW.S!O.21,0 appear to. exist.

A number of unsuccessf•l attomipts we'e madeqto.isolate and identify
the cementing material insand lime brick.:
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The classical external-standard method derived from the work of O'Connor &
Raven [Powder Diffr. (1988), 3, 2-6] was used to examine the hydration of the
major phase, alite, of ordinary Portland cements at different temperatures and
different water/alite ratios. In order to estimate the accuracy of the method,
heat-flow curves were calculated from the alite dissolution curves obtained from
X-ray diffraction in situ experiments. The heat-flow curves calculated in this way
were compared with heat-flow curves recorded using a calorimeter. It is shown
that the calculated curves agree well with the curves obtained from heat-flow
experiments.
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1. Introduction

Even though ordinary Portland cements (OPCs) have been
used and studied for decades, the hydration kinetics of their
major phase, alite (doped tricalcium silicate, C3S), are still not
completely understood. Several theories have persisted
alongside each other. The major concern of these theories has
been to explain the reaction kinetics of alite hydration which
are commonly determined from heat-flow calorimetric
measurements (Fig. 1). An initial heat flow can be detected
directly after mixing (I). This is followed by a period of slow
reaction which is known as the induction period (II). This
induction period is followed by the main hydration, reaction
(III), which is separated into the acceleration (IlIa) and the

deceleration period (IIIb). The main hydration reaction is
normally completed after the elapse of 24 h, but the hydration
continues at low heat-flow levels for months. The hydration

results in the formation of an amorphous calcium-silicate-
hydrate (C-S-H) gel and crystalline portlandite. The Ca/Si
ratio of C--S-H depends on the temperature (Escalante-
Garcia & Sharp, 1999), on the water-to-cement ratio (Locher,
1967) and, in the case of an OPC, on the composition of the
OPC used (Richardson, 1999). After 28 d, the Ca/Si ratio of a
C-S-H gel formed in a hydrated OPC at 293 K with a water-
to-cement ratio of 0.4 stands at 1.7, according to Allen et al.
(2007). We thus arrive at equation (1) for the hydration of C3S

after this point in time:

C3S + 3.9H --+ C.S'HI2 .6 + 1.3CH, AH = -561 J g-1 . (1)

The enthalpy of reaction AH is the difference between the
sum of the formation enthalpies of the products (AHFproducts)

and the sum of the formation enthalpies of the reactants
(AHFeacta,,,).

The enthalpy for equation (1) was calculated using data
acquired by means of the thermodynamic software GEMS
(Kulik, 2010) using the GEMS version of the Nagra/PSI
thermodynamic database (Hummel et aL, 2002; Thoenen &
Kulik, 2003), the cemdata07 database (Lothenbach et al.,
2008) and the enthalpy of formation for C1.7SH 2.6 derived
following Fuji & Kondo (1983). -

The most widely used theory for the hydration of alite
predicts the formation of a metastable protective C-S-H layer
on the C3S grain surface directly after wetting. This protective
layer suppresses further hydration of the C3S and ends the
initial period (Stein & Stevels, 1964; Gartner & Gaidis, 1989).
At the end of the induction period, this protective layer is
destabilized, giving rise either to a more permeable layer or to
the dissolution of the layer, which allows the hydration reac-
tion to start again. Livingston et al. (2010) assume, from the
results of their nuclear resonance reaction analysis of C3S

E

0

0 5 10

Time (h)

15 20

Figure 1
Heat-flow curve of alite; water/alite ratio = 0.5; T = 296 K.
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hydration, that an existing protective layer breaks because of
the osmotic pressure attained between the silicate-rich grain
surface and the calcium-rich solution.

Another theory does not require this assumption of the
emergence of a protective layer in order to explain the
progress of alite hydration. For example, Garrault & Nonat
(2001) and Peterson & Whitten (2009) assume that a single
process is responsible for both the nucleation and the growth
of C-S-H, which begins, according to Rodgers et aL (1988),
directly after mixing. Thomas (2007) concludes, from mathe-
matical calculation of a boundary nucleation and growth
model, that the hydration continues at low levels during the
period of slow reaction. This, he suggests, is because there are
only a small number of C-S-H nucleons present, so that this
period does not form a separate chemical process in itself.
Assuming a constant rate for the C-S-H nucleation process
(Thomas, 2007), the acceleration period would begin once a
sufficient number of C-S-H nucleons have been precipitated.
Juilland et aL (2010) suggest that there are different solution
mechanisms working at different degrees of undersaturated
solution, as described by Lasaga & Luttge (2001) for several
minerals.

At a certain point, the hydration of alite becomes diffusion
controlled, because the unreacted alite grains come to be
covered by a continuous product layer. Some authors (e.g.
Garrault & Nonat, 2001) claim that the diffusion regime has
already begun with the onset of the deceleration period, while
others consider it to begin only with the end of the decel-
eration period, when the hydration has reached very low
levels, or at even later points in time (Thomas et aL, 2009).

X-ray diffraction (XRD) in situ analysis is a suitable method
for examining the phase development of hydrating alite/water
mixtures during the process of hydration. This is the case even
though the C-S-H phase that is formed during this process is
not detectable by X-ray diffraction in the first 24 h because of
its low degree of crystallinity. Besides this, the water added to
the alite cannot be quantified directly with X-rays.

Software for Rietveld (1969) refinement usually gives the
total of the crystalline phases determined, normalized to
100 wt% (ZMV algorithm; Hill & Howard, 1987). In cases
where amorphous phases are present (in the case of alite/
water mixtures, there is likely to be at least C-S-H phase and
water) the amounts of the crystalline phases calculated from
Rietveld analysis will differ from the actual amounts. More-
over, any computing error of any phase of the mixture will
have an influence on the calculated amounts of all phases in
the mixture.

There exists the possibility of plotting peak areas or peak
intensities in order to show phase developments in pastes in
quantitative terms (Pbllmann et al., 2009; Pelletier et al., 2009)
and without normalization to 100 wt%. Unfortunately it is not
possible to calculate actual quantities, given in wt% of the
alite/water mixture, by this method.

An internal-standard method can be applied in order to
establish the phase composition of the crystalline phases as
well as the amount of the amorphous content of an alite/water
mixture (Scrivener et al., 2004). If an internal standard is

added to the cement, there exists the possibility of the stan-
dard material exerting an influence on the hydration of the
cement.

Westphal et al. (2009) have examined the mathematical
consequences of the internal-standard method and have
concluded that there is such a thing as an optimal amount of
internal standard that can be added to the sample. Assuming
an amorphous content of 35 wt% on average in the first 22 h
of hydration (depending on the C-S-H phase and water/alite
ratio), the most advisable option, they propose, is to work with
an amount of internal stanrdard of at least 40 wt%. Where this
is not done, the user will have to accept a considerable analysis
error. Such a high amount of internal standard might possibly
have an influence on the hydration inasmuch as it might bring
about alterations in nucleation and growth kinetics or the
water/alite ratio.

In order to avoid complications that might be caused by
mixing an internal standard with the alite phase, we decided to
make use of an external-standard method, which was first
described by O'Connor & Raven (1988) but has not subse-
quently been used for the quantification of hydration reac-
tions.

The scope set for this paper is to provide an answer to the
question of whether or not XRD in situ analysis is a suitable
method for characterizing the hydration process of the alite

• phase. It is also the intention of the authors to focus attention
on the comparison between heat-flow curves as calculated
from XRD data and heat-flow curves as measured from heat-
flow experiments. The main focus is on the main hydration
period of the cement, which sets in after several hours and is
concluded within 24 h at room and higher temperatures.

However, a question that can be answered using XRD
experiments is how the reaction from alite to portlandite and
the C-S-H phase emerges. Assuming that there exist at least
two processes here that release heat, namely the dissolution of
the alite phase and the precipitation of portlandite and the C-
S-H phase, it necessarily follows that dissolution and preci-
pitation have to run synchronously in order to make it possible
to calculate the heat flow using only the dissolution curve of
the alite phase obtained from Rietveld analysis.

.2. Materials and methods

Alite was synthesized using CaCO 3, A120 3 and Si0 2 from Alfa
Aesar and MgO from Merck. A120 3 and MgO were added to
stabilize a monoclinic (M3) alite structure (De La Torre et al.,
2002). The chemicals were homogenized in a vibration disc
mill and placed in platinum crucibles. The thermal treatment
was carried out three times at a temperature of 1673 K for 4 h
in a chamber furnace. The synthesized alite was checked for
phase purity using XRD. The specific surface of the synthe-
sized alite was measured to be 0.29 m 2 g- 1 , using the Blaine
method.

For the in situ XRD analysis a custom-made sample holder
with a heater/cooler unit was used (Hesse et aL, 2008). Cement
and water were mixed by external stirring for 1 min. The paste
was then put into the sample holder and covered by a 7.5 gm-
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Table 1
Structure models used for Rietveld refinements.

Phase ICSD code Author

Alite 94742 De La Torre et al (2002)
Silicon 51688 Tbbbens et al. (2001)
Portlandite 34241 Greaves & Thomas (1986)

Table 2
Chemical composition of the samples (wt%).

CaO 71.8
A120 3  0.6
SiO 2  25.9
MgO 1.8

thick Kapton polyimide film. The diffraction patterns were
recorded using a D8 diffractometer (Bruker) equipped with a
LynxEye position-sensitive detector. We made use of Cu Kot
radiation at 40 kV and 40 mA, and recorded from 70 20 to 400
20 with a step width of 0.0236 and 0.58 s counting time per
step. Under these conditions, it is possible to record 88 ranges
within the first 22 h of hydration. For the Rietveld refinements,
the program Topas version 4.2 from Bruker AXS Inc.
(Madison, Wisconsin, USA) (fundamental parameters
approach) was used. There was no evidence for any difference
in the results when working with a longer range from 70 20 to
70' 20.

The quantitative phase composition of the alite paste was
determined using the G-factor method, which was first
described by O'Connor & Raven (1988) and which has already
been used successfully for the examination of cements and
cement pastes (Jansen, Goetz-Neunhoeffer et a., 2011; Jansen,
Stabler et a!., 2011). In addition, the method was recom-
mended by Schreyer et al. (2011) for the examination of
organic mixtures. For this purpose, a well known standard (in
our case silicon; Jansen, Stabler et a., 2011) is used in order to
calculate the G factor [equation (2)]:

Psi

where ssi is the Rietveld scale factor of silicon from Rietveld
analysis, psi the density of silicon, Vsi the unit-cell volume of
silicon, csi the weight fraction of silicon (100 wt%) and 1L* the
mass attenuation coefficient of silicon.

Table 3
Mass attenuation coefficients (MAC) (cm2 g-1) of the samples.

MACd, At. 99
MACH 0  10.2
MAC(alite/water paste; water/alite ratio = 0.5) 69.4
MAC(alite/water paste; water/alite ratio = 1) 54.6

Table 4
Computed G factor and structural details regarding the silicon standard
employed.

Scale factor from Rietveld refinement 0.007695
Cell volume 1.6 x 10-22 cm3

Density 2.33 g cm-3
Mass attenuation coefficient 63.7 cm2 g-'
G factor 2.92 x 10--" cm5 per wt%

The G factor was then used to determine the mass
concentration of each crystalline phase j in the hydrating alite
paste [equation (3)]:

'j = P j2A G~j (3)

This made it imperative that the sample be measured under
the same conditions as the standard. Since the alite paste was
covered during the measurement process with a Kapton film,
which can cause absorption of X-rays and thereby intensity
loss, it was necessary that the standard material be likewise
covered with a Kapton film during its measurement process.
The structure models and the respective ICSD codes are
shown in Table 1. The chemical composition of the alite
samples is shown in Table 2. The mass attenuation coefficients
of the dry alite powder and the pastes are shown in Table 3.
Mass attenuation coefficients for the various elements were
drawn from International Tables for Crystallography (Prince,
2004). The mass attenuation coefficient of the alite powder
was calculated from the chemical composition. More details
about the standard used are shown in Table 4. The G factor
was evaluated from six powder samples with individual
preparations. The mean value of all measurements was used
for the quantification of the water/alite pastes. The standard
deviation of the mean value for the scale factor of the silicon
powder was 0.8 wt%.

The G-factor method of O'Connor & Raven (1988) displays
enormous advantages where it is applied to the quantification
of alite hydration. Where this method is adopted, the crys-

18. A A Observed data
cm bets: 94.150 Calculated data

*20 Cu Ka
Figure 2
Rietveld refinement of a powder pattern of the synthesized alite.

Calculated data

0

'o Is 20 25 30 35

"20 Cu Ka
Figure 3
Rietveld refinement of a paste after 11 h hydration; water/alite ratio = 0.5;
T = 310 K.
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talline phases can be quantified directly from the scale factors.
No error in the determination of any individual phase has any
influence on the determined amounts of the other phases. In
addition, the amorphous phases, namely water and the C-S-H

Poltundite

Measured 41
POWnrtlude Pottthndk*

phase, cannot be quantified using the standard Rietveld ZMV
algorithm, which only considers the crystalline phases.

Heat-flow experiments were carried out using a commercial
TAM Air calorimeter. Alite and water were equilibrated
before the measurements in a calibrated heat chamber. Mixing
of the alite with the water was carried out externally by means
of a special mixer which allows reproducible stirring for 1 min.
The samples were then put in the calorimeter. The first half-
hour of the heat-flow experiments cannot be evaluated
because of the disturbance of the signal caused by opening the
calorimeter.

Heat-flow curves were calculated from the in situ XRD
results (alite dissolution curves) using equation (4) (modified
from Hesse et aL, 2011):

0

21
30

ty

I.,

17

1*

I

HF owt% alite/Ot AHR

100 • _(6
(4)

, it

*2e Cu Ka
where owt% alite/at is the derivation of the alite curve from
XRD in situ experiments, and AHR is the enthalpy of reaction
of equation (1).

Poittm~dlte Pot tPortlandh

E

7 iu Ka
*28 Cu Ko

at do

Figure 4
Level plots of all patterns measured and calculated for the system at
296 K and a water/alite ratio of 0.5. (Portlandite peaks are marked, the
remaining peaks are alite peaks.)
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Figure 5
Content of alite in different alite/water pastes
hydration.

0 2 4 6 8 10 12 14 16 18

Time (h)
Figure 6
Measured heat flows (top) and calculated heat flows (bottom) of the alite/
water pastes at different temperatures and water/alite ratios (from 1.5 h).

during the process of
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Figure 7
Comparison between measured and calculated heat flows of synthetic alite

3. Results

The Rietveld refinement of the synthesized alite is shown in
Fig. 2.1 There was no sign of any phase except the alite phase.
The calculation of the amount of alite using the G factor,
which was derived from the standard material silicon, resulted
in 96 (2) wt% of alite in our sample and 4 (2) wt% of amor-
phous or non-fitted phase. We assume that the structures used,
as well as inaccurate dislocation parameters, might possibly be
the reasons for the underquantification of the alite phase
(Jansen, Stabler et al., 2011). An amorphous, glassy phase is
not verified.

The Rietveld refinement of the hydrating alite/water paste
is shown in Fig. 3. There is close agreement between the
intensity as observed and the intensity as calculated. The
hump between 150 20 and 250 20 is created by the Kapton foil
which covered the sample in order to avoid interaction with
atmospheric CO 2 or water loss. The background of the Kapton
foil and the water was considered using a special peaks phase
model (Hesse et al., 2009).

'Supplementary data for this paper are available from the IUCr electronic
archives (Reference: CG5188). Services for accessing these data are described
at the back of the journal.

5 10 Is 20

time (h)

at different temperatures and water/alite ratios (from 1.5 h).

Fig. 4 shows level plots of all patterns calculated and
measured for the system at 296 K and a water/alite ratio of 0.5
as a function of time, representative of all measurements
performed and refined. All Rietveld refinements were as good
as the refinement shown in Fig. 4.

The results from the XRD in situ experiments are shown in
Fig. 5. It can be seen that the reaction of the alite phase
strongly depends on both the temperature and water/alite
ratio. Since about 96 wt% of crystalline alite could be detected
in the dry sample, we can expect an absolute alite content of
around 64 wt% in the cement paste, when working with a
water/alite ratio of 0.5. A water/alite ratio of 1 would result in
an amount of 48 wt% of alite in the paste, assuming that no
alite reacts immediately after mixing the alite with water. Fig. 5
shows that no dissolution of the alite phase directly after
mixing could be proven by means of the G-factor method. This
leads us to the conclusion that either no alite reacts immedi-
ately with water or only very low amounts of alite are
dissolved immediately, the amounts being lower than the
standard deviations of the results of our experiments
(±2 wt%).

The heat-flow curves as measured and the heat-flow curves
as calculated from XRD data using equation (4) are shown in

I. Appi. Cryst. (2011). 44, 895-901 
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Figure 8
Quantitative phase development of alite and portlandite during the
hydration of alite and water (water/alite = 0.5, T = 310 K).

Fig. 6. It can be seen that the calculated heat-flow curves
accord to a great extent with the measured heat-flow curves. It
is a fact that slow reactions are much harder to track by X-ray
experiments than fast reactions. Therefore it is not surprising
that the main period of the hydration is much easier to
reproduce by means of X-ray diffraction than is the induction
period.

The direct comparison of the curves is shown in Fig. 7.
There is close agreement between the heat-flow curves as
measured and the calculated heat-flow curves evaluated using
the determined alite content measured by X-ray diffraction. It
can be proven that the heat-flow curve obtained from the
heat-flow experiments can be explained by the hydration
reaction of the alite phase. This leads us to the conclusion that
the quantification method chosen for the experiments can be
recommended for the quantification of hydration reactions,
such as the reaction of alite with water.

The fact that the complete hydration reaction [equation (1)]
can be described by the alite dissolution curve can be inter-
preted in two ways. The first is that all heat is released during
the dissolution of the alite phase. The precipitation of
portlandite and the C-S-H phase does not contribute to the
heat flow that can be detected from heat-flow experiments.

Another, more likely, explanation is that the dissolution of
alite and the precipitation of portlandite and the C-S-H phase
take place synchronously. This makes it conceivable that the
heat-flow curve of alite with water is correctly described by the
dissolution of alite.

A plot of the alite curve and the portlandite curve in the
same diagram also shows that the dissolution of the alite phase
and the precipitation of the portlandite phase emerge
synchronously. Fig. 8 shows both curves at a water/alite ratio
of 0.5 and 'at a temperature of 310 K, representative of all
experiments performed. Under these conditions, the dissolu-
tion of alite and the precipitation of portlandite begin at a
point in time some 3.5 h after mixing of the reactants.

Figure 9
Development of the scale factor of a quartz standard material over time.

4. Conclusion
The method presented by O'Connor & Raven (1988) was a
crucial step in developing a method for quantifying materials
with amorphous portions. The implementation of this method
for the characterization of hydration processes turned out to
be very promising. It transpires that the calculation of a cali-
bration factor G is of great practical use in the day-to-day
work of a laboratory where hydration processes of materials
containing crystalline phases are under examination.

It could be shown that the dissolution of alite, which was
quantified by means of X-ray diffraction using the G-factor
method, is suitable for characterizing the kinetics of the
reaction of alite and water. The heat-flow curves obtained
from heat-flow experiments could be simulated by using the
quantitative XRD data for the calculation of heat-flow
diagrams.

It is, however, imperative in every case that the user of the
G-factor method always takes care to ensure that the right G
factor is used. This is because the factor depends on the
performance of the X-ray tube and the detector, and therefore
strongly depends on time. As shown in Fig. 9, it is not advi-
sable to calculate the G factor a long time before or after the
point in time at which the experiment is actually performed.

The authors would like to thank Natalia Illenseer, Sebastian
Klaus and Sebastian Scherb f6r their support during the
experiments.
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FOREWORD

In 1960 Victor J. Azbe, President of the Azbe Engineering Corp.,
Clayton, Missouri, generously established through an irrevocable trust
an annual award of $1000 for the best technical paper on lime. Mr. Azbe,
who has dedicated 40 years of his life as an international lime plant
engineering consultant, hopes that this award will help stimulate greater
interest in research on lime.

The National Lime Association -- administrator of this annual contest --is pleased to publish the first award paper by T. C. Miller of the National

Gypsum Company, which deals with the fundamental reaction between
quicklime and water. If succeeding winning papers attain the high quality
of Mr. Miller's, the lime industry will be the benefactor, and Mr. Azbe's
generosity will be more than justified.

The Victor J. Azbe Lime Contest covers all aspects of lime manufactur-
ing, including limestone processing, calcination, hydration, etc.; research
on lime's physical and chemical properties; and methods of tests for
evaluating lime's properties and quality. Further details of this contest
can be obtained from the National Lime Association.

Robert S. Boynton, General Manager
National Lime Association
Washington 5, D.C.
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I - INTRODUCTION

The reaction between calcium oxide (CaO) and water (H20) is an interesting
and complex process. A great deal of confusion has existed in the use of
calcium oxide by the chemical industry when it is required that the calcium
oxide be converted to calcium hydroxide with water only, and ofttimes has
resulted in unexpected results because of the unusual characteristics of such a
calcium hydroxide. Commercial dry calcium hydroxide also has been
criticized because of the varying degree of characteristics of a product from
one producer. A study has been made of the reaction between calcium oxide
and water for a wide range of variation in temperature to understand m6re
fully the results to be expected when the reaction is carried out under specified
conditions, from producing a dry product to that of producing suspensions with
a large excess of water.

The physical analysis of products resulting from the dry hydration of calcium
oxide under a variety of conditions indicates wide variations in settling time and
specific surface or mean particle diameter. A similar study of aqueous
suspensions of calcium hydroxide resulting from the wet slaking of calcium
oxide in an excess of water under various conditions of temperature and
concentration indicate that by this process of converting calcium oxide to
calcium hydroxide a wide variation of settling times and soecific surfaces is
being obtained. Requests for the study of the process of a large number of
chemical industries indicate the need for more technical knowledge of the
hydration or slaking process and the resulting products. Results compiled
from the study of industrial processes indicate the need for a search for a
better understanding of conditions controlling the physical properties of
calcium hydroxide and for better test methods which would more clearly define
these physical properties.

It has been known for many years that the physical properties of settling rate
and specific surface may vary over a relatively wide range with slight variations
in a hydration process but these variations have never been studied in the effort
to establish laws by which these variations take place. The data from industrial
processes indicated that some law may exist by which these characteristics could
be controlled and maintained. This paper deals with the results of such a
study in slaking calcium oxide in an excess of water to produce aqueous suspen-
sions of calcium hydroxide. It is not the intention at this time to include the
results from a study of the dry hydration process.

It has been established during recent years that the specific surface of calcium
hydroxide could be changed within certain limits by a change of either the
concentration or the temperature of the water used for hydrating.
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......... ........

It is also known that there is correlation between specific surface and

settling time of calcium hydroxide, but this correlation is not always inp as close agreement as would be desired.

The cause for this disagreement has been studied with the result that physical

limits have been established for standardizing the hydration of calcium

hydroxide to proxje the most desirable product available to increase the

efficiency of a chemical process.

The single important fact to come from this study is the discovery of

conditions that have given a clue to certain laws governing the control of

particle diameter of calcium hydroxide resulting from the reaction of calcium

oxide and water.

II METHODS OF EVALUATING THE PHYSICAL PROPERTIES OF CALCIUM

HYDROXIDE

A Settling Time and Rate

The lack of understanding the physical properties of dry, as well as aqueous
suspensions of calcium hydroxide has been primarily the result of the limited
means of test methods. Since the introduction of commercial dry calcium

hydroxide powder in 1904 the only test methods have been the settling time
or rate determination and the sieve test. Although in use for an indeterminate

number of years, the settling test did not become a standard test method until
recently (A.S.T.M. Cl10-58). It is certainly a reliable and reproducible
method of evaluation, but two major disadvantages make it difficult to become
a popular test.

First, the time required to determine the settling time or rate on many types
of calcium hydroxide, especially aqueous suspensions prepared by using an

excess of water resulting in a slow settling product, make the test unsatis-
factory as a control test. Second, when slight changes in the hydrating or
slaking procedure are permitted, these changes influence a change in the

viscosity of the suspension and consequently influence the settling time or
rate. This gives the impression that changes in the quality of the calcium

oxide are responsible for the differences in settling time or rate. Therefore,
it appears that settling time tests of aqueous suspensions may require the

determination of some other characteristic or characteristics to fully define
the settling rate.
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A sieve test is meaningless as far as defining a physical characteristic of
calcium hydroxide is concerned. This test merely indicates the maximum
size particle to which the calcium oxide has been slaked or the calcium
hydroxide sieved or air separated. A sieve test gives no information on the
size or distribution of particles finer than the finest sieve used.

A test method which would give more positive information in a short length of
time has been desirable and is even in greater demand in present-day chemical
processes where more definite physical characteristics are required. A
study of various test methods has been undertaken over the years and very few
have shown promise of becoming accepted methods for process control. Liquid
elutration methods employing water, methanol, ethanol and various other
organic suspending mediums have been ruled out for the same reason that has
made the settling time test-so unpopular as a process-control test - - its
time-consuming aspects.

Gas absorption methods are the most precise even for research work, but
the cost of equipment and the high skill required for operation will
undoubtedly prevent the method of being accepted as a control test.

B Specific Surface

During the past 15 years the Blaine air permeability method for specific
surface has been employed as a method for studying the characteristics of
calcium hydroxide. The results have been very encouraging. The method
has been used throughout the present work and it is concluded that it is the
most economical and rapid method for process control. The inexpensive
apparatus makes it possible to provide more than one imstrument for plant
control where constant control must be maintained throughout more than one
department. It is encouraging to cite that several of these testing instruments
have been installed by industry for process-control testing. Approximately
twenty to thirty minutes are required for testing a dry calcium hydroxide and
approximately one and one-half hours for testing aqueous suspensions of
calcium hydroxide.

The Blaine specific surface results are not influenced by viscosity or other
physical properties. It is a test for the area exposed by one gram of calcium
hydroxide which can be employed to calculate the theoretical mean particle
diameter. The reader is referred to National Gypsum Company's Industrial
Sales Department Technical Bulletin 2 BC for details of this method.
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III METHODS OF HYDRATION

A Dry Hydration

The reaction between calcium oxide and water is not a simple one from any

point of view. Calcium oxide is practically insoluble in water. Theoretically,
0.131 g dissolves in 100 ml water at 00 C and 0.07 g dissolves in 100 ml
water at 1000 C. Calcium oxide reacts with water to form calcium
hydroxide. Calcium oxide is a member of a group of chemicals which
liberates a considerable quantity of heat when reacting with water. This is
known as an exothermic reaction. It is a remarkable property found in but
a few materials which lime producers and consumers have failed to recognize
to its fullest.

The reaction between calcium oxide and water takes place according to the
equation

CaO / H 2 0 Ca(OH) 2  27, 500 Btu/lb-mol (I)
56.08 18.016 74. 096

That is, 56.08 pounds of calcium oxide will react with 18.016 pounds of
water to produce 74. 096 pounds of calcium hydroxide. Each pound of calcium
oxide will produce 1. 3213 pounds of calcium hydroxide by combining with
0. 3213 pound of water. The calcium hydroxide produced contains theoreti-
cally 75. 7% calcium oxide and 24. 3% water. Calcium hydroxide also is
practically insoluble in water. The solubility at 00 C is 0.185 g per 100 ml
of water and at 1000 C is 0.077 g per 100 ml of water.

One significant property of this reaction is the liberation of 27, 500 Btu of
heat for each lb-mol (56.08 Ibs) of calcium oxide. An idea of this amount
of heat is illustrated by the fact that it is sufficient to raise the temperature
of 194 pounds of water from 700 F to 2120 F (boiling). Considering that
only 18. 016 pounds of water are theoretically required for each lb-mol of
calcium oxide, a greater amount of heat is liberated than can be utilized
with this amount of water simply to heat the product to 2120 F and therefore
the mass will become heated above 2120 F unless a larger amount of water
is used.

The extent of this exothermic reaction offers an opportunity to utilize the
heat in three distinct methods of hydration according to the type of calcium
hydroxide desired as determined by the utilization of this heat. These
methods are outlined in Figure 1. The most familiar method of hydration
used by commercial lime producers is the conventional one producing a dry
powder at temperatures not exceeding 2140 F. A second method produces
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THE PRODUCTION OF CALCIUM HYDROXIDE FROM ROTARY KILN QUICKLIME

QUICKLIME

DRY-HYDRATED CALCIUM HYDRATE_ _ I WET-SLAKED CALCIUM HYDRATE

IFAST-SETTLIN CONVENTIONAL

%0

Specific Surface fairly
low ranging from 13,000
cm2/g to 17,000 cm2 /g.

Settling time -- 50 to
70 minutes.

Uses:

Bleach manufacture
Water Treatment
Salt clarification
Oil refining
Any industry speci-

fically requiring
a fast-settling
calcium hydroxide.

Specific Surface moderately
high ranging from 25,000
cmi/8 to 36,000 cm2 /g.

Settling time -- 120 to
180 minutes.

Uses:

Any chemical industry
requiring a calcium
hydroxide of moderate
settling or where set-
tling is no problem.

Specific Surface ranging from
fairly low to high depending
on slaking temperature and
concentration. Range 15,000
cm2 /g to 58,000 cm2 /g with 2.5
to 25 parts water at 40C to
90 0 C.

Settling time -- 70 minutes to
1800 minutes or more. Many
suspensions can be made which
will not settle to one-half
volume. This method of hydra-
tion has the greatest
versatility.

FIG. 1



a dry product at temperatures above 2120 F by taking advantage of the

liberated heat to control the size of calcium hydroxide particles. The

third method of hydration, known more commonly as slaking, employs an

excess of water to produce an aqueous suspension of calcium hydroxide. The
chemical industry employs this method of producing calcium hydroxide
principally because more economical equipment can be used and a greater
latitude of variation is permissible with less skill. But recent studies
of this method of producing calcium hydroxide indicate that closer controls
are necessary to maintain constant physical properties of the calcium
hydroxide.

1. Conventional Dry Hydrate

Commercial dry calcium hydroxide is normally produced by reacting
approximately one pound of calcium oxide with 0. 75 to 1.0 pound of water
in a continuously agitated machine or hydrator. The mixture of CaO and

H 2 0, in the very early stages of hydration, produces a wet or "soupy" mass
just prior to the beginning of the heat reaction. This mass reaches the
temperature of boiling water within a few minutes when the excess water
begins to be evaporated. The temperature cannot exceed the boiling point

of water (21Z2 F) at atmospheric pressure as long as liquid water (not water
vapor alone) is present. The process is regulated with sufficient water to
be assured that liquid water is present until the hydration reaction is
practically complete. Then the last trace of liquid water is evaporated
to produce a finely divided dry powder practically free of excess moisture.

The degree of burning a limestone to produce a quicklime influences to a
great extent the type of calcium hydroxide which can be produced. A soft-
burned quicklime reacts very readily with water as indicated by the
temperature rise test involving a small amount of lime in a comparatively
large amount of water. On the other hand, an overburned lime reacts much
slower with water to give a low temperature rise by this test. Rotary kiln
or other similar quicklimes generally have a high temperature rise which
indicates a soft burned product capable of producing a finely-divided calcium

hydroxide. Shaft kiln quicklimes generally have a low temperature rise
indicating their inability of producing as finely divided calcium hydroxide
as rotary kiln quicklime. Both types of dry calcium hydroxide may have the
same percentage passing a 325 mesh sieve, which might indicate equal
quality as far as fineness is concerned, but this is not true. The real
difference in the products is the size of the particles or distribution of

sizes smaller than 325 mesh. Two evaluations may be used to denote this
difference. One of these is the settling rate of a ten per cent suspension to
one-half volume in a 100 ml graduated cylinder. Calcium hydroxide
containing particles of large diameter will settle at a faster rate than a
calcium hydroxide containing particles of small diameter.
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Another method of evaluation is the determination of the specific surface
or the mean particle diameter. This may be determined with the Blaine
air permeability apparatus.

¶ The difference between shaft kiln and rotary kiln quicklimes is illustrated
by the results of Table I.

TABLE I

Settling Time, Specific Surface and Mean Particle
' Diameter of Calcium Hydroxides from Shaft Kiln and Rotary Kiln Quicklimes

Lime Settling Time to Specific Surface Mean
1/2 Volume cm 2 /g Diameter

Minutes u

Shaft Kiln "A" 50 14,451 1.8

Shaft Kiln "B" 40 13,624 2.0

Rotary Kiln "A" 133 30,238 0.9

Rotary Kiln "B" 150 29,379 0.9

A great many chemical processes were established on calcium hydroxide
produced from shaft kiln quicklime before the widespread production of
rotary kiln quicklime. These industries may be able to use a hydrated
lime produced from a rotary kiln quicklime, but most generally it means
the investment in additional equipment or an alteration in the process to

compensate for the differences in physical properties. A great many
industries can use this finer product without disadvantage. Also, a great

- many industries can and do use a much finer calcium hydroxide than is
obtainable commercially in a dry form from either shaft kiln or rotary
kiln quicklimes. These industries must produce their calcium hydroxide
from quicklime slaked in an excess of water.

2. Special Dry Hydrate

A study of the dry hydration of calcium oxide at temperatures greater than
2120 F indicated that the diameter of the particles could be increased as
denoted by a decrease in specific surface or an increase in mean particle

diameter. -
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A decrease in specific surface or increase in mean particle diameter
decreases the settling time of the dry product. This increase of particle
diameter is proportional to the increase in temperature of hydration above
2120 F. The increase in temperature of hydration is accomplished by
regulating amount and rate of water addition to produce a high temperature
that will maintain all the water as liquid and vapor, or vapor alone at
atmospheric pressure until hydration is complete. This method of
hydration can be used to reduce the settlingtime of dry calcium hydroxide
to approximately one-third that of commercial dry rotary kiln calcium
hydroxide produced by conventional methods and is comparable to calcium
hydroxide produced from shaft kiln calcium hydroxide.

The reaction of calcium oxide in an excess of water, which we choose to
call wet slaking, offers a great magnitude of variation of particle diameter
control by a single method. Because the chemical industry uses this
method exclusively in processing calcium oxide it offers great opportunity
to standardize calcium hydroxide suspensions with constant physical
properties.

B Wet Slaking

It is indeed interesting th-at the exothermic reaction of calcium oxide and
water offers such control of particle diameter by slaking the calcium oxide
in an excess of water. When a particle of soft burned calcium oxide is
dropped in water, the lime immediately absorbs the water into the inter-
stices left by the escaping carbon dioxide during the calcination process,
and wets every part of the particle. Hydration begins immediately. When
the lime is over-burned or when shaft kiln calcium oxide is used, the
reaction rate is considerably slower. If the particle of calcium oxide is
considered to be made up of many smaller particles, these very small
particles will disintegrate during the hydration to produce even smaller
particles of calcium hydroxide. The rate of reaction or the degree of
hydration should then offer some means of controlling the size of the
resulting calcium hydroxide particles. The process involving only sufficient
water to produce a dry calcium hydroxide has been known as hydration, while
the reaction utilizing an excess of water has been known as slaking. The
two chemical reactions are identical as far as producing a calcium hydroxide
is concerned, the only difference being that hydrating produces a dry product
and slaking is spoken of as producing a suspension.

Realizing that the liberation of 7, 500 Btu of heat per lb-mol of calcium
oxide could have considerable influence on the development of the particle
diameter of calcium hydroxide, the reactions were carried out not only
with water at yarious temperatures from 40 C (390 F) to 900 C (1940 F),
but also at concentrations from 2. 5 pounds of water per pound of calcium
oxide to 25 pounds of water per pound of calcium oxide. This range in
temperature would give us all practical values between the freezing and
boiling points of water. The range of concentration would likewise be
from the most concentrated suspension to a diluted suspension which would
be feasible in any chemical process.
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IV HEAT DISTRIBUTION CALCULATIONS

The liberation of a large amount of heat from the reaction between calcium
oxide and water makes it desirable to study the effect of this heat on the
hydrating mass. It is desirable t.o determine the distribution of heat in
dry hydrating as well as wet slaking to better understand the possibilities
of particle size control. The amount of heat developed and its distribution
or dissipation controls the particle size and the particle size distribution
of a- calcium hydroxide and these calculations may be helpful in better
understanding its effect.

A Dry Hydration

1 Conventional Dry Hydrates

Nearly every lime producer operates a hydrating plant for the production
of a dry commercial calcium hydroxide. These plants are normally
operated by the conventional process of adding sufficient water to convert
the calcium oxide to calcium hydroxide at temperatures not exceeding
2140 F (elevation of the boiling point of water by about 20 F by the presence
of the solid calcium hydroxide).

Theoretical calculations for the use of 0. 75 pound water per pound of
calcium oxide, without heat loss from radiation, are shown in Table II.
These calculations show that theoretically 94. 3% of the water is used for
hydrating and dissipating the heat, leaving 5. 7% in the finished product.
This amount of water constitutes 3. 14% of the finished product.

This calculation is not exactly true, because no corrections were made
for radiation losses. Neither were allowances made for the amount of
recovered water from escaping steam normally captured by one of the
sprays in the system. The efficiency of the hydrating machine or the
amount of heat losses will determine whether this amount of water is
sufficient to completely convert the calcium oxide to calcium hydroxide.
Practical operation of the process in a hydrator with low radiation losses
produces a finished product with 0. 5% or less free moisture.

2 Special Dry Hydration

It has been found that the development of higher temperatures in the
production of a dry calcium hydroxide has a desirable effect on increasing
the particle size. Calculations illustrating the temperatures possible by
this process have been made.

Theoretical calculations for the operation of such a process above 2120 F
are shown in Table III. -When 0.40 pound water per pound calcium oxide

13



TABLE II

Basis: Normal Hydration

56 lbs. CaO (1 Ib-mol)
42 lbs. H 2 0 (0.75 lbs. H 2 O per lb. CaO)

42 lbs. H 2 0 added to CaO at one time.
56 lbs. CaO will require the following amount of H20 for theoretical hydration:

CaO / H 2 0 Ca(OH) 2

56 18 74

Therefore 18 lbs. of water will be used for converting CaO to Ca(OH) 2

Excess H 2 0 will be 42 - 18 . 24 lbs.

Total heat evolved in combining 56 lbs. CaO / 18 lbs. H 2 0 - 27, 500 Btu

Amount of heat required to raise the temperature of 24 lbs. H 2 0 from
700 F to 2140 F = (24) (144) . 3452 Btu

Amount of heat required to raise the temperature of 74 lbs. Ca(OH) 2 from
700 F to 2140 F = (74) (0. 29) (144) = 3089 Btu

Therefore, the heat required to heat both Ca(OH) 2 and H 2 0 from
700 F to 2120 F = 3452 j 3089 = 6541 Btu

Remaining Btu's available for heating 24 lbs. excess H 2 0 above 2140 F is
27, 500 Btu - 6451 Btu = 20, 959 Btu

Quantity of water which can be evaporated at 2120 F with this quantity of
heat will be:

20,959 = 21.6 lbs.
=• :•970

Water as liquid at 2120 F remaining in 74 lbs. Ca(OH) 2 will be
24.0 - 21.6 2.4 lbs. or

The composition of the finished product will be, therefore 74.0 lbs.
Ca(OH)2 / 2.3 lbs. excess water or a total weight of 76.3 lbs.

Water 2.4 lbs. 3.14%

Ca(OH) 2 74.0 lbs. 96. 86%

Total 76.5 lbs. 100.00%

9
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TABLE III

Basis: Special Hydration for size control

56 lbs. (I Ib-mol)
22.4 lbs. (0.40 lbs. H 2 0 per lb. CaO)

22.4 lbs. HZO added under controlled conditions
L. 56 lbs. CaO will require the following amount of H2O for theoretical hydration

CaO / HZO = Ca(OH)z
56 18 74

Therefore, 18 lbs. of HZO will be used in converting CaO to Ca(OH) 2

Excess H 2O will be 22.4 - 18 = 4.4 lbs: HZO per 56 lbs. CaO

Total heat evolved in combining 56 lbs. CaO / 18 lbs. H2 0 27, 500 Btu

Elf Amount of heat required to raise the temperature of 4.4 lbs. H 2 0 from
700 F to 212 0 F = (4.4) (142) = 625 Btu

Amount of heat required to raise the temperature of 74 lbs. Ca(OH) 2 from
700 F to 212 0 'F = (74) (0.29) (142) = 3057 Btu

.i Therefore, the heat required to heat both Ca(OH) 2 and HzO from
700 F to 2120 F . 625 Btu 1 3057 Btu = 3682 Btu

Remaining Btu's available for heating 4.4 lbs. excess H2 0 above 2120 F is
27, 500 Btu - 3682 Btu = 23, 818 Btu

Quantity of water which can be evaporated at 2120 F with this quantity of
heat will be:

23,818 24.6 lbs.

970

Since there is less water than this in the mass, a different method calculation
must be made. The amount of heat necessary to evaporate 4.4 lbs. of H2 0
at 2120 F is:

(4.4) (970) = 4268 Btu

Excess heat still available is 23, 818 - 4268 . 19,550 Btu
Heat required for 74 lbs. Ca(OH) 2 from 2120 F to 5750 F will be

(74) (0.29) (363) = 7790 Btu

Heat available for heating water vapor only = 19, 550 - 7790 - 11,760

Temperature attainable = (4.4) (0.48) (x - 212) . 15,516

or x - 12,207 5780 F
2. 11

-o
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is used and added at such a rate that evaporation is maintained throughout
the process to provide vapor for hydration, it is shown that theoretically

temperatures of 5780 F can be maintained.

Greater quantities of water, to a maximum of 0. 75 pound water per pound
calcium oxide, will decrease the final temperatures to that for conventional
hydration as shown in Table II. A decrease in final temperature results
in a decrease in mean particle diam'eter or an increase in specific surface.
An increase in specific surface is accompanied by an increase in settling
time of the calcium hydroxide.

B WET SLAKING

The theoretical temperatures expected from the reaction of calcium oxide
and water were calculated for water temperatures from 40 C (390 F)
to 900 C (1940 F) and for water-to-calcium oxide ratios from 2.5 pounds
to 25 pounds. The calculations are based upon a constant weight to

give 0.503 pound pure calcium oxide. Water ratios of 2.5, 7.5, 10.5,
13.5, 18.5 and 25 corresponding to excess weight of water of 1.16, 3.81,
5.39, 6.98, 9.36 and 13.06 pounds respectively were used.

Calcium oxide in the amount of 0. 503 pound will produce 0. 665 pound
calcium hydroxide. The theoretical heat evolved by 0. 503 pound calcium
oxide during hydration is 246.9 Btu.

The amount of heat required to raise the temperature of water to any
temperature up to and including 212iF (boiling), where

H a the heat in Btu

W the weight of water
h . the heat capacity of water - I
T1 = the initial temperature of the water, and
T? = the final temperature of water

is calculated from the equation

H (W) (h) (T2 - T 1 ) or (W) (T 2 - TI) (2)

The amount of heat required to raise the temperature of calcium hydroxide
where

H - the heat in Btu

. -the weight of calcium hydroxide
-h the heat capacity of calcium hydroxide = 0.29

T 1 the initial temperature
T'2 the final temperature

16



is calculated from the equation

H' (W') (h') (T' 2 - T'l) or (W') (0. 29) (T' 2 - T' 1 ) (3)

When a constant weight of 0. 503 pound calcium oxide is used with a value
for H of 246. 9 Btu and a weight for calcium hydroxide of 0. 665 pound the
equations become

246.9 (W) (T 2 - T 1 ) (4)

and
H (0.665) (0.29) (T' 2  - T') (0. 193) (T'2 - T'I) (5)

respectively.

The total heat derived from the hydration reaction is the distribution of
the evolved heat from the calcium oxide between the water and the calcium
hydroxide to the same temperature. It is the sum of the heat required to
raise the temperature of the water and the heat required to raise the
temperature of the calcium hydroxide to the same temperature.

The combined equation then becomes Equations (4) / (5) or

H W (T 2 - T 1 ) I W'h' (T' 2 - T'l) (6)
or

H (W) (T 2 - TI) / 0.193 (T' 2 - T'l) (7)

The final temperature of hydration can be calculated from this equation
by solving for T 2 since H = 246. 9 Btu. The equation then becomes

T 2  H / (0.193 / W) T1  (8)
0.193 / W

When it becomes desirable to calculate the temperature necessary to
start a reaction with a given weight of calcium oxide to theoretically result
in a final temperature of 2120 F the equation becomes

TI (0.193 / W) TZ - 246.9 (9)
0.193 / W

The theoretical final temperatures expected from the same weight of pure
calcium oxide (0. 503 lb.) with various ratios of water at several temperatures
as calculated by equation (7) are shown in Table IV.

TABLE IV

(following page)

17



TABLE IV

Theoretical Slaking Temperature (0F) of calcium oxide
with water at various temperatures and proportions.

Temperatures of Slaking Water

Ratio Excess 40 C 10oc ZOOC 400C 600C 900C

1-HZO/GaO HzO 39 0 F 50°F 68 0 F 104 0 F 140°F 194 0 F
lbs.

2.5 1.16 ZZ1.4 232.5 250.3 286.3 322.5 376.4
7.5 3.81 100.7 111.8 129.7 165.7 201.7 255.7
10.5 5.39 83.2 94.2 112.2 148.2 184.2 ' 238.2
13.5 6.98 73.4 84.4 102.4 138.4 174.4 ' 228.3

V 18.0 9.36 64.8 75.9 93.9 129.8 165.7 ' 210.7
25.0 13.06 57.6 68.6 86.6 122.6 158.6 ' 212.6

Temperatures in excess of 212°F are shown above and to the right of a
dotted line, indicating that insufficient water is present to absorb the
liberated heat and therefore part of the water will be evaporated during

L. the slaking cycle. Temperatures of calcium hydroxide suspensions less
than boiling (212 0 F) can be expected from the reacting between calcium
oxide and water for ratios greater than 7.5 and for all temperatures from
39 0 F (4 0 C) to 140°F (60 0 C).

The initial temperature of water for the reaction of all ratios of water to
calcium oxide to give a final temperature of 212°F were calculated by
equation (8). These initial temperatures are shown in Table V.

TABLE V

THEORETICAL INITIAL TEMPERATURE (TI)
(OF) OF SLAKING WATER TO GIVE A FINAL
SLAKING TEMPERATURE (T 2 ) OF 2120 F.

Ratio Excess Water T, Ti corrected for

H 2 O/CaO Lbs. UP °C OF 1adietim bss OC

- 2.5 1.16 29.6 -1.4 54.6 12.6
7.5 3.81 150.3 65.6 166.8 74.9
10.5 5.39 167.7 75.4 180.1 82.3
13.5 - 6.98 177.5 80.8 185.8 85.4

18.0 9.36 186.1 85.6 196.5 91.4
25.0 13.06 193.4 89.6 205.0 96.0

L.
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All of these calculations have been made to illustrate the wide temperature
variations expected in using a variation of ratios and temperatures of water

* to effect the development of particle diameters of calcium hydroxide in
aqueous suspension and to compare the theoretical values with the actual
values. It should be emphasized that the degree of rotary kiln calcination

.* of a limestone may affect the rate of slaking and therefore all calcium oxides
may not reach these expected temperatures. Only soft-burned calcium
oxide will check the values.

V METHOD OF WET SLAKING

A very reactive rotary kiln pebble calcium oxide was used for this study.
The reactivity was measured by testing the temperature of 180 grams of
the pebble calcium oxide in 900 ml of water at 240 C in an insulated stainless
steel beaker. The temperature rise in 30 seconds was 330 C. The quality
of the calcium oxide was determined by the sugar method for calcium oxide.

iIf was found to contain 95% calcium oxide.

A Procedure

The procedure for preparing suspensions of calcium hydroxide employed
240 g of pebble calcium oxide for each sample. The amount of water for
the preparation of the su-spensions ranged from a ratio (R) of 2. 5 to 25 times
the weight of calcium oxide. A tabulation of the weight of calcium oxide
and the volume of water are shown in Table VI.

TABLE VI

Weight of CaO and Volume of HZO used for
Preparing Ca(OH) 2 Suspensions

R Rotary Kiln Total Excess Water
__Pebble CaO Water g lbs.

g ml

2.5 240 600 527 1.16
7.5 240 1800 1727 3.81
10.5 240 2500 2447 5.39
13.5 240 3240 3167 6.98
18.0 240 4320 4247 9.36
25.0 240 6000 5927 13.06

The water for each slaking test was heated to the required temperature.
The weighed amount of rotary kiln pebble calcium oxide was added to the
water at one time. The mixture was mechanically stirred and the reaction

*temperature measured with a thermometer calibrated to 0. 10 C. Agitation
was continued until the temperature reached a maximum and began to recede.

19



The proper agitation of a mixture of calcium oxide and water during the

hydration cycle is of the utmost importance. Agitation must be provided

to prevent local overheating of the calcium oxide, especially in large

quantities of water, and to assure that each particle of lime is supplied

constantly with a fresh supply of necessary water to carry out the entire

hydration reaction. The most satisfactory method of agitation was found

to be supplied by a stirrer having two arms perpendicular to each other

and of sufficient length to extend almost to the periphery of the reaction

vessel. The agitator speed was controlled during the hydration cycle

to provide maximum agitation without overflowing the vessel.

The suspensions of very high solids concentration were very difficult to

agitate to a homogeneous mass. The evaporation of water was so rapid
that it was difficult to prevent local drying before the temperature decreased
below the boiling point. This condition may introduce errors of accurate

temperature determination of the slaking reaction.

B Method of Testing

1. Specific Surface

A sample of each suspension was taken immediately after hydration was
complete for a specific surface determination. Approximately 100 - 250 ml

of the suspension were filtered on a 3-inch Buechner funnel under vacuum,
washed with five portions of alcohol to remove the water and then washed

with five portions of ether to remove most of the alcohol. The evacuated
sample was then dried under infra-red heat until all of the ether and most

of the alcohol had been evaporated. The sample was finally dried for

approximately 30 minutes in an oven at 105 to 110 0 C.

A weight of 1. 30 g of dried powder was used for determining the specific
surface of each sample.

2. Settling Time

Each suspension was then stored in a 1/2 gallon sealed mason jar to allow

cooling to room temperature. Then each well mixed suspension was
analyzed by the sugar method to determine the concentration of calcium

hydroxide in grams per liter. The suspension was then diluted with water

or decanted of clear supernatant liquid to give 100 grams per liter of

calcium hydroxide and rechecked by the sugar method. This concentration
is equivalent to 10 grams of dry calcium hydroxide in 100 ml of suspension

for the settling time test. Settling rate was then determined on 100 ml each

of suspension by noting the time-rate required to settle to 50 ml (1/2 volume)
for those samples which would settle to this point, or to determine the
minimum volume each suspension of calcium hydroxide would assume when

20
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no settling value could be obtained. The latter condition existed for those
samples having a high specific surface, indicating a bulkiness for the
extremely fine particles.

3. Viscosity

It is known that the viscosity of calcium hydroxide suspensions can be
increased by dispersing the particles more completely in the liquid vehicle.
It is also known that the increase in viscosity in a given suspension is
accompanied by an increase in specific surface when there is no change in
the water ratio of the suspension. The increase in specific surface increases
the settling time of the particles in the suspension. The degree of dispersion
of particles during wet slaking is proportional to the degree of calcination
of the limestone and the temperature and ratio of the slaking water.

It is not the intention to go into details of the viscosity of calcium hydroxide
suspensions in this report, but to briefly touch on the subject to show that

some relation exists between the quality of the calcium oxide, the method
of slaking and the characteristics of the resulting calcium hydroxide.

All types of calcium oxide will not produce aqueous suspensions of calcium
hydroxide of equal viscosity at the same concentration by the same procedure
of slaking. For example, one type of calcium oxide slaked in six parts
water at 200 C (680 F) and stirred for five minutes produces a calcium
hydroxide suspension with a viscosity of 46 centipoises while another type
of calcium oxide slaked under exactly the same conditions of stirring and
water temperature and ratio produced an aqueous suspension of calcium
hydroxide with a viscosity of 273 centipoises. These same calcium oxides
slaked in exactly the same manner but using water at a temperature of
60 0 C (140 0 F) produced suspensions of calcium hydroxide having viscosities
of 716 centipoises and 395 centipoises respectively. Further agitation of
these suspensions produced some surprising results. The suspensions
produced with slaking water at Z00C and stirred for twenty-five minutes
after slaking was complete yielded viscosities of 200 centipoises and
288 centipoises respectively. The suspensions produced with slaking
water at 600C and stirred for twenty-five minutes after slaking was complete
had viscosities of 3875 centipoises and 390 centipoises respectively.

Far too little study has been made on the viscosity of calcium hydroxide
suspensions from various types of calcium oxide to understand the mechanics
of viscosity control. The viscosity of suspensions produced for this report
was determined for various concentrations. The determinations were made
with a standard Brookfield viscometer.
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VI RESULTS

A Slaking Temperatures and Slaking Time

The slaking temperatures of samples for all concentrations and initial water

temperatures are shown in Table VII.

TABLE VII

Maximum Slaking Temperatures of CaO with Various
Amounts of Water at Various Temperatures

Initial Water Temperature

P; R °C 4 10 20 40 60 90
OF 39 50 68 104 140 194

UC UF 0 F oFFC FF

E. 2.5 85 185 90 194 '100 212 100 212 100 212 100 212

7.5 32.2 90 36.5 98.7 43.6 110.5 63 145.4 82 179.6' 100 212
10.5 24.6 76.3 29 84.2 38 100.4 58 136.4' 77 170.6' 100 212
13.5 21.2 70.2 25.5 77.9 34.8 94.7 54 129.2 69 156.2' 100 212

18.0 16.0 60.8 21.6 70.9 30.6 87.1 50 122.0 69 156.2' 100 212
25.0 12.2 52 19.0 66.2 27.8 82.0 48 118.4 65 149.0' 100 212

i These values are also shown graphically in Figure 2.

Temperatures less than 100 0 C (212 0 F) are shown to the left and below a

dotted line.

A comparison of these actual slaking temperatures with the theoretical expected
temperatures indicated quite a variation. The percentage differences between

these two values, based upon the theoretical, are shown in Table VII-A. No
values are shown for tests with R at 2. 5 or a temperature of 194 0 F.
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TABLE VII-A

Percentage Difference between Theoretical and Actual Slaking

Temperature

Initial Water Temperature OF

R 39 50 68 104 140

7.5 10.6 11.7 14.8 12.3 11.0

10.5 8.3 10.6 10.5 7.97 7.4
13.5 5.5 7.7 7.5 6.6 4.7

18.0 6.2 6.6 7.2 6.0 5.7
25.0 9.7 3.5 5.3 3.4 6.0

No correction was made in the theoretical calculations for heat loss in
the steel container or for the radiation loss. A correction for heat loss
in the steel slaking vessel would have been constant to give a uniform

lower percentage difference between the theoretical and actual results.

Radiation losses would be expected to be greatest at the higher temperatures
which would result in a greater temperature difference. This, however,

is not exactly true. Greatest losses were found to be at the lower values

of R. The initial temperature of the slaking water appears to have little
influence in increasing these losses. For example, at initial temperature
of 60 0 C (140 0 F) the final slaking temperature was approximately 150°F or
greater with percentage difference between theoretical and actual less

than many other tests at lower initial water temperature. There is a

general trend for lower percentage differences between theoretical and
actual slaking temperatures with an increase in the value of R.

All rotary kiln calcium oxides will not produce slaking temperatures
corresponding exactly to these values. The activity or slaking rate of
the calcium oxide (V-I, p. 19) and the viscosity of the calcium hydroxide

suspension will affect the final slaking temperature. Regardless of the
activity of the calcium oxide the slaking temperature will be proportionate
to the values shown as changes in R and water temperature are made.

These data indicate anticipated temperatures to be expected for changes

in R and Ti.

The time for the reaction between calcium oxide and water to be completed
is dependent upon both the solids concentration and the initial temperature
of the water. An increase in the ratio of water at a given temperature
increases the slaking time, but an increase in the initial water temperature

at a given conicentration decreases the slaking time.
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The approximate slaking time for each sample prepared is shown in
Table VIII. The values give the slaking time to the nearest minute for
the temperature to reach a maximum.

TABLE VIII

Slaking Time (Minutes) of CaO with Various Amounts of
Water at Various Temperatures

Initial Water Temperature

°C4 io 20 40 60 90
,.. R OF39 50 68 104 140 194

" 2.5 4 3 6 1 2 1
. 7.5 8 16 7 3 2 1

10.5 18 20 7 4 2 1
13.5 13 23 8 4 2 1
18.0 14 20 7 4 z 1
25.0 18 12 8 4 2 1

These values are shown graphically in Figure 3.

B Settling Time

The settling rate of each suspension, adjusted to 100 gpl Ca(OH) , prepared

at all concentrations and at temperatures of 40, 100, ZOo, 400, 600 and 900 C
are shown in Tables IX, X, XI, XII, XIII and XIV respectively. The data
is also shown graphically in Figures 4, 5, 6, 7, 8 and 9. A summary of
the settling time to one-half volume (50 ml) for each sample is* shown in
Table XV and graphically in Figure 10. The volume occupied by the
settled calcium hydroxide after 24 hours for each suspension is shown in
Table XVI and shown graphically in Figure 11.

The settling time of a series of calcium hydroxide suspensions prepared
with water of the same initial starting temperature increases as the ratio
of water decreases for final temperatures less than 212 0 F. For example,
using water at 4 0 C (39 0 F), the settling time is 80 minutes when the ratio
is 25 pounds of water per pound of CaO and 480 minutes when.the ratio of
water has been decreased to 7. 5 pounds water per pound CaO. Also,
using water with an initial temperature of 60 0 C (140 0 F) the settling time
is 835 minutes when the ratio is 25 pounds water per pound calcium oxide
and 1800 minutes when the ratio is decreased to 7.5 pounds water per
pound calcium oxide.
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TABLE IX

SETTLING RATES OF HYDRATES

Temp° C 4 4 4 4 4 4
0 F 39 39 39 39 39 39

R 2.5 7.5 10.5 13.5 18 25
Mn. (hr.)

0 0 0 0 0 0 0

5 1 1.5 1.5 1.5 3 1.5
10 2 2.5 4.0 5 5.5 7.5
15 2.5 4.5 7.0 9 8.5 14.5
20 3 6.5 10.5 13.0 11 22.5

K 25 3.5 9.5 15.0 18.5 14 32.0
30 4 11.5 18.0 22.5 16 37.0
35 5 13.5 21.5 26.5 18.5 40.0
40 6 16.5 25.5 32.5 21 42.0
45 7 18.5 30.5 3'7.0 23.5 43.0
• 50 9 21.0 34.0 39.0 26 44.5

55 11 24.5 36.0 41.0 28.5 45.5
60 (1) 13 28.5 37.0 42.0 31 46.5
70 15 31.5 39.0 44.0 37.5 48.5

80 - 33.5 40.5 45.0 - 50.0
90 18 35.0 42.0 46.5 46.5 51.0
100 - 36 43.0 47.5 - 52.0
110 20.0 37 43.5 48.5 49.0 53
120 (2) 20.5 38 44.5 49.0 50.0 54
135 21.5 39 45.5 50.0 51 55
150 22.5 40 46.5 51.0 52 56
165 23.5 41 47.5 52 53 57
180 (3) 24.0 41.75 48.25 52.75 54 58
195 25.0 42.5 49.0 53.5 55 58.5
210 - 43.25 49.75 54.0 - 59/
225 27.0 43.75 50.00 54.75 57 59.75
240 (4) - 44.25 50.5 551 - 60L--
270 28.0 45.5 52 56.5 57.5 61.5
300 (5) 29.0 46/ 52.75 57 58.5 62

•' 330 30 47.0 53.5 58 59 62.5
360 (6) 31 48.0 54.25 58.75 59.5 63
390 31.5 48.5 55.0 59.25 59.75 63.5
420 (7) 32.25 49.25 55.5 59.75 60 64.0
480 (8) 33.5 50.0 56.0 601 60 64.0
540 - 50.5 56.5 60.5 - 64.5
1440 (24) 44 57 61 6-3.4 61 66
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TABLE X

SETTLING RATES OF HYDRATES

Temp° C 10 10 10 10 10 10
0 F 50 50 50 50 50 50

R 2.5 7.5 10.5 13.5 18 25

Min. (hr)

r 0. 0 0 0 0 0 0
: 5 0.5 1 1 0.5 1 1.5

10 1.5 3 3.5 2.5 3 8.5
15 2. 5 4.5 5.5 5.0 6 15.0

IA 20 4 7.0 8.5 8.0 10.5 21.5
25 6 10.0 12.0 12.0 15.5 30.0

rt 30 8 12.0 14.0 14.5 20 37.0
[1 35 9 14.0 17.0 17.5 25.5 41.5

40 10 16.0 19.5 20.5 32 43.5
" 45 11 19.0 23.0 24.0 37 45.0

50 12.5 22.0 26.0 27.0 39 46.0
55 13.5 25.0 30.0 32.0 40.5 47.5
60 (1) 14.25 29.5 34.5 36.5 41.5 48.5
70 15.5 33.0 38.0 40.0 43.75 50.0
80 16.5 35.0 40.0 42.0 45 51.0

90 17.5 36.5 41.5 44.0 46.5 52.5
100 - 37.5 43.0 45.0 - 53.0
110 19.5 38.5 43.5 46.0 48.5 54.0
120 (2) 20 39.5 44.5 47.0 49.5 55.0
135 21 40.5 45.5 48.0 50.75 56.0
150 22 41.5 46.5 49.0 51.75 56.75
165 23 42.5 47.5 50.0 52.75 57.5
180 (3) 23.75 43.25 48.5 51.0 53.5 58.25
195 24.5 44.0 49.0 51.75 54.25 59

! 210 25/ 45.0 50.0 52.50 55 59.5
k... 225 - 45.25 50.5 53.0 - 60.0

240 (4) 26.5 46.0 51.0 53.75 56 60.5
270 - 47.25 52.5 55 61.5
300 (5) 28.5 48.0 53.25 56 62

- 330 - 49.0 54.25 57 62.75
360 (6) - 49.75 55.0 57.5 - 63.25
390 - 50.5 56.0 58.5 - 63.75
420 (7) - 51/ 56.5 59.0 - 64.0
480 (8) - 51.75 57.0 59.5 - 64.25
540 - 52.5 57.75 60.0 - 64.5
1440 (24) 43 58 61.5 63 60 66
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TABLE XI

SETTLING RATES OF HYDRATES

TempP C 20 20 20 20 20 20
0 F 68 68 68 68 68 68

R 2.5 7.5 10.5 13.5 18 25

Min. (hr)

0 0 0 0 0 0 0

5 0.5 1.0 1.0 2.0 2.0 2.0

10 1.0 2.5 2.5 4.5 4.5* 6.0

15 1.5 4.5 4.0 7.0 8.0 10.5

20 2.0 7.0 6.0 10.0 12.0 15.0

25 2.75 9.0 8.0 13.0 15.5 19.5

30 3.25 11.0 10.0 15.5 19.0 24.0

35 3.75 13.5 12.25 18.75 23.0 28.5

40 4.25 15.5 14.5 21.75 26.75 34.0

45 4.75 17.5 16.0 24.0 30.0 39

50 5.0 20.0 18.5 27.5 34.5 42.5

55 5.5 23.0 21.25 31.0 39.5 44.5

60 (1) 6.0 25.75 24.5 35.0 42.5 45.75

70 6.75 31.5 31.0 42.0 44.75 47.5

80 7.5 37.5 34.5 43.0 46.5 49.0

90 8.0 39.5 36.5 45.5 47.75 50.0

100 8.75 41.0 38.0 46.75 49.0 51.5

110 9.0 42.0 39.0 47.5 50.0 52

120 (2) 10.0 43.0 40.0 48.5 50.5 53.0

135 10.5 44.5 41.0 49.75 51.75 54.0

150 11.25 45.5 42.0 50.75 52.5 55.0

165 12.00 46.5 43.0 51.75 53.25 56.0

180 (3) 12.75 47.5 44.0 52.5 54.0 57.0

195 13.5 48.0 45.0 53.5 55.0 57.5

210 13.75 48.5 45.0 54.0 55.5 58.0

225 14.5 49.5 46.0 54.5 56.0 58.5

240 (4) 15.0 49.75 46.5 55.0 56.5 59.0

270 16.0 51.0 47.5 56.0 57.75 60.0

300 (5) 17.0 52.0 48.75 57.0 58.75 61.0

330 18.0 53.0 49.75 58.5 59.75 62.0

360 (6) 18.75 54.0 50.5 59.0 60.0 62.5

390 19.5 54.75 51.0 59.5 61.0 63.0

420 (7.) 20.5 55.5 52.0 60.25 61.5 63.25

480 (8) .22.0 56.5 53.0 61.0 62.50 64.0

540 23.0 57.5 54.0 62.0 63.0 64.5

600 (10) 24.5 58.5 55.0 62.5 63.5 65.0
660 26.0 59.0 55.75 63.0 64.0 65.0

960 (16) 31.75 60.75 58.5 64.0 65.0 65.75

1200 (20) 34.25 61.25 59.0 64.25 65.0 65.75
1440 (24) 37 61.5 59.0 -64.25 65.0 66.0
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TABLE XII

SETTLING RATES OF HYDRATES

Temp. "C 40 40 40 40 40 40
0 F 104 104 104 104 104 104

R 2.5 7.5 10.5 13.5 18 25

Min. (hr)

0 0 0 0 0 0 0
5 5 1.0 1.0 1.0 2.0 2.0

10 1.0 2.5 1.5 1.5 2.0 3.0

15 2.0 2.5 3.0 3.0 4.0 5.5

20 2.5 4.0 4.0 5.0 6.0 7.75
25 3.0 4.75 5.25 6.5 7.75 10.0
30 4.0 6.0 7.0 8.25 9.75 12.0
35 4.75 7.0 8.0 10.0 11.5 14.5
40 6.0 8.5 9.75 12.0 13.5 17.0
45 7.0 10.0 11.0 13.5 15.5 19.0
50 8.5 11.0 12.25 15.5 17.5 21.25
55 10.0 12.5 14.0 17.5 20.0 23.0
60 (1) 12.0 14.0 15.5 20.0 ZZ.0 27.0
70 15.0 17.0 18.5 24.0 27.0 33.0
80 16.0 20.0 22.0 28.5 32.0 39.5
90 17.25 23.5 26.0 34.0 38.0 42.0
100 18.5 28.0 30.5 37.75 40.25 43.50
110 19.0 31.5 34.5 39.0 41.5 44.5
120 (2) 20.0 33.0 36.5 40.0 42.5 45.5
135 21.0 35.0 38.0 41.75 44.0 47.0
150 21.75 36.0 39.75 43.0 45.0 48.0
165 22.75 37.0 41.0 44.0 46.0 49.0
180 (3) 23.5 38.0 42.0 45.0 47.0 50.0
195 24.0 39.0 42.5 45.5 47.75 50.5
210 24.5 39.5 43.0 46.0 48.0 51.0
225 25.0 40.0 44.0 47.0 49.0 51.5
240 (4) 25.75 40.75 44.5 47.5 49.5 52.5
270 27.0 42.0 45.5 48.5 50.5 53.5
300 (5) 28.0 43.0 46.75 49.75 52.0 54.5
330 29.0 44.0 48.0 50.5 53.0 55.5
360 (6) 29.5 44.5 48.5 51.5 53.75 56.25
390 30.0 45.5 49.5 52.0 54.5 57.0
420 (7) 31.0 46.0 50.0 53.0 *55.0 57.5
480 (8) 32.25 47.25 51.5 54.25 56.5 58.75
540 33.5 48.5 52.5 55.25 57.5 59.5
600 (10) 34.5 49.5 53.5 56.0 58.5 60.5
660 35.5 50.5 55.0 57.0 59.0 60.75
960 (16) 40.0 54.0 58.0 59.5 61.0 62.25
1200 (20) 41.0 54.5 58.25 60.0 61.0 62.5
1320 (22) 42.0 54.75 58.5 60.0 61.0 62.5
1440 (24) 43.0 55.0 58.75 60.0 61.0 62.5
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TABLE XIII

SETTLING RATES OF HYDRATES

Ternp? C0
F

R

Min. (hr)

0
5
10
15
20
25
30

60
140
2.5

60
140
7.5

60
140
10.5

60
140
13.5

60
140
18

60
140
25

60
90
105
120
135
150
240
300
330
360
370
420
480
600
660
720
780
840
900
960
1230
1380
1440

(1)

(2)

(4)
(5)

(6)

(7)
(8)
(10)
(11)
(12)
(13)
(14)
(15)
(16)

(23)
(24)

0
1
2
2.5
3.0
4.0
5.0

10.1
14
15
16
17
17.5
21
22.8
23.5
24.0
25.0
25.6
26.9
29.0
29.9
30.6
31.6
32.1
33.0
33.8
36.3
37.6
38.0

0
1

2.
2.5

3.2
4.0
5.1

10.5
18.0
22.8
26.0
27.8
29.0
34
36
37
37.9
38.5
39.0
40.2
42.3
43.1
44.0
44.9

,. 45.3
-46.0
46.6
48.3
49.0
49.2

0
1
2
2. 1

3.2
4.0
5.0

10.0
18.0
20.8
26.0
27.0
29.8
34.8
36.9
37.8
38.8
39.1
40.0
41.0
43.1
44.0
45.0
45.9
46.3
47.0
47.7
49.2
50.0
50.0

0
1
2
2. 1

3.2
4.3
5.5

1b. 0
21.0
26.0
30
32
33
38
40
41
41.9
42.5
43.0
44. 1
46.4
47.3
48.0
48.9
49.6
50.0
50.7
51.9
52.5
52.5

0
I

2
2.5
3.5
4.5
5.5

12.0
21.0
27. 0
29.2
31.0
32.0
38
39.0
40.0
40.9
41.4
42.0
43.1
45.2
46.1
47.0
48.0
48.4
49.0
49.6
51.1
51.5
51.7

0
2
2.5
4.0
5.0
6.0
7. 5

16.0
27.1
29.0
31
32.5
33.5
38.5
40.5
41.7
42. 5
43.2
44.0
45.1
47.2
48. 1
49.0
49.8
50.1
50.9
51.2
52.9
53.2
53.5

f
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TABLE XIV

SETTLING RATES OF HYDRATES

I TempP C 90 90 90 90 90
0 F 194 194 194 194 194

R 4.5 7.5 10.5 13.5 18.0

Min (hr)

0 0 0 0 0 0
5 1.0 1.0 1.0 0.5 0.5
10 1.0 1.0 1.0 0.5 1.0
15 1.8 Z.0 2.0 1.0 1.4
20 2.6 2.6 3.0 2.0 2.1

L25 3.4 4.0 3.8 2.4 3.1
30 4.5 5.0 4.9 3.5 4.0
35 5.0 5.8 5.6 4.2 4.8
40 6.o 7.0 6.8 5.0 5.2
45 7.1 8.0 7.5 6.0 6.0

7. 50 8.0 9.0 8.0 6.6 7.2
55 9.0 10.0 9.0 7.2 7.9
60 (1) 10.0 10.9 10.0 8.2 9.2
70 11.1 12.8 12.8 10.0 11.8

:. 80 13.0 15.1 13.8 11.9 14.9
100 17.5 20.8 17.8 15.8 22.0
110 20 24.1 20.0 18.1 24.0
120 (2) 23 27.2 22.9 21.1 25.1
150 29.6 30.4 31.0 29.9 28.1

165 31 31.6 32.1 31.2 29.1
L- 180 (3) 32 32.8 33.8 32.8 30.0

210 33.8 34.1 35.0 34.3 32.0
240 (4) 34.1 35.8 36.8 36.0 33.2

L 300 (5) 37.4 37.7 38.8 38.1 35.3
330 38.1 38.5 39.8 39.1 36.6

V 360 (6) 39.1 39.1 40.5 40.0 37.1
390 40.0 40.0 41.1 40.9 38.0
420 (7) 40.6 40.6 41.9 41.7 38.9
480 (8) 42.0 41.9 43.1 43.0 39.9
540 (9) 43.0 43.0 44.2 44.0 41.1
660 (11) 44.8 44.8 46.2 46.0 43.0
780 (13) 46.2 46.1 48.0 47.8 44.5
900 (15) 47.8 47.4 49.4 49.0 45.9

1020 (17) 48.9 48.7 50.3 49.8 46.9
1080 (18) 49.2 49.0 50.9 50.0 47.1
1200 (20) 50.1. 50.0 51.6 50.1 48.0
1260 (21) 50.6 50.1 51.9 50.4 48.2
1320 (22) 51.0 50.8 52.0 50.5 48.7
1380 (23) 51.2 51.0 52.1 50.8 48.9p 1440 (24) 51.9 51.1 52.2 50.8 49.0
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TABLE XV

SETTLING TIME OF CALCIUM HYDROXIDE

PRODUCED WITH VARIOUS RATIOS OF WATER OF DIFFERENT TEMPERATURE

Temp.°C 4 10 20 40 60 900 F 39 50 68 104 140 194
- "_R(H2 OCaO)

2.5
7.5 480 375 275 630 1800 1200V 10.5 225 210 330 420 1380 980
13.5 135 165 140 310 900 1080
18.0 120 126 110 240 1180 1800
25.0 80 70 90 180 835 1100

TABLE XVI

VOLUME OCCUPIED BY CALCIUM HYDROXIDE

AFTER SETTLING 10% SUSPENSION FOR 24 HOURS

Temp. °C 4 10 20 40 60 90
oF 39 50 68 104 140 194

R (HzO/CaO) --

2.5 56 57 63 57 62 --

4 .5 ...--.-...

7.5 43 42 38.5 45 50.8 48.7
10.5 39 38.5 41 51.25 50 47..8
13.5 36.6 37 35.75 40 47.5 49.2
18.0 39 40 35 39 48.3 51
25.0 34 34 34 37.5 46.5 50
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None of the calcium hydroxides prepared with a ratio of Z.5 pounds water
per pound calcium oxide settled to one-half volume even after one week
(10.000 minutes). The settling time values for suspensions prepared
with water between 40 C and 60°C fall between those values shown for

40 C and 60 0 C and are of the same increasing values with decrease in R.

The settling times for suspensions prepared with water at 90 0 G (194 0 F)
are more constant for all values RP than any of the suspensions prepared
with water at lower temperatures. Some irregularity exists with changes
in R, but this difference has not been fully explained. A decrease in
settling time with an increase in the value of R does not occur, at this
temperature. The slaking temperatures for all values of R at this
temperature theoretically exceeds Z12°F (Table IV) and actually evaporated
some of the slaking water during the reaction. This boiling temperature
undoubtedly produced crystal growth of calcium hydroxide to increase both
the settling time and the viscosity.

These data indicate that the settling time of calcium hydroxide can be
controlled by choosing a combination of initial water temperature between
40 C and a temperature producing a final temperature less than Z12°F, and
ratio of water to calcium oxide to give the desired characteristic.

C Specific Surface

The time required to adjust the suspensions to the required 100 gpl
calcium hydroxide and to determine the settling time was efiormous, and
would be unjustified as a control test in an industrial plant requiring
several periodic checks per day. A shorter and more convenient method
of testing involves the determination of specific surface. The specific
surface of each sample is tabulated in Table XVII and shown graphically
in Figure 12. The specific surface values range from a low of
15,314 cm 2 /1produced with hydrating water at 40 C at R = 25 to a high
of 58, 300 cm /g produced with water at 90 0 G at R = 2.5. These specific
surface values represent a mean particle diameter range from 1. 74 microns
(u) to 0.46 u respectively. The calculated mean particle diameters for
the calcium hydroxide produced in all samples are shown in Table XVIII.
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TABLE XVII

SPECIFIC SURFACE OF CALCIUM HYDROXIDE

PRODUCED WITH VARIOUS RATIOS OF WATER OF DIFFERENT TEMPERATURES

Temp. 0 C
0

F

R(H2O/CaO)

4
39

10

50
20
68

40
104

60
140

90
194

2. 5
4.5
7.5
10.5
13.5
18.0
25.0

50, 736

35. 246
29, 133
23, 166
17, 833
15,314

54,293

34, 534
29,840
24,419
18,968
18, 597

52,790
48,307

36, 520
31,556
29,405

56,606

47,035
45,203
41,080
37,620
40,910

57, 355
52,260
49, 183
48,920
45,967
48,307
48, 244

58, 300
55, 255
53, 070
51, 126
52, 658
53, 925
53, 295

TABLE XVIII

CALCULATED PARTICLE DIAMETER (MICRONS) OF CALCIUM HYDROXIDE

PRODUCED WITH VARIOUS RATIOS OF WATER OF DIFFERENT TEMPERATURES

Temp. OC
OF

4
39

10
50

Z0
68

40
104

60
140

90
194

R(HzO/CaO)

2.5
4.5
7.5
10.5
13.5
18.0
25.0

0.53

0.76
0.91
1.15
1.49
1.74

0.49

0.77
0.89
1.09
1.40
1.43

0.50
0.55

0.73
0.84
0.90

0.47

0.57
o0.59
0.65
0.71
0.65

0.46
0.51
0.54
0.54
0.58
0.55
0.55

0.46
0.48
0.50
0.52
0.51
0.49
0.50

-1
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An initial water temperature of 40 C (39 0 F) and a change in R from 2. 5
to 25 pounds water to pounds calcium oxide produces calcium hydroxide
with specific surfaces from 50,736 cm2 /g to 15,314 cm 2 /g with corres- E
ponding mean particle diameters from 0. 53 to 1. 74 u. Settling times
represented by particles of this size, according to Table IV, range from
480 minutes to 80 minutes respectively. A constant water temperature
of 10 0 C (50 0 F) and R from 2.5 to 25 likewise produces calcium hTdroxide
of decreasing specific surfaces from 54, 293 cmZ/g to 18, 597 cm /g with
corresponding mean particle diameter from 0.49 u to 1.43 u with increase
in R. Particles of this range have settling times from 375 minutes to
70 minutes respectively. Water temperature of 20°C (68 0 F) follows a
similar pattern with the usual change in R, but the change of a much

[ smaller magnitude than either 4 0 C or 10 0 C.

The ranige of the calcium hydroxide at a water temperature of 20 0 C is from
[.i 52, 790 cmZ/g to 32, 610 cm?/g specific surface with corresponding mean

particle diameters of 0. 50 u to 0. 90 u, indicating that the higher temperature
slaking water gives changes of less magnitude than at the two previous
temperatures. . Settling times of these samples more or less correlate
this data by showing less variation of settling values from 235 minutes to
90 minutes. Water temperatures of 400 C (104 0 F) and 60 0 C (140 0 F) both
show less mean particle size variation than the previous temperatures.

L At 400 C the change will be seen to be from 56, 606 cm 2 /g to 40, 910 cm 2 /g
specific surface corresponding to mean particle diameters of 0.47 u to
0.65 u, while at 60 0 C the variation is from 57, 355 cm 2 /g to 48, 244 cm 2 /g
specific surface with mean particle diameters of 0.46 u to 0. 55 u. This I
narrow range of mean particle diameters would be expected to show longer
settling time than previous series for all values of R.

Slaking water at 90 0 G (194 0 F) produces from 58, 300 cm2/g to 53. 295 cm 2 /g
specific surfaces for all values of R with a mean particle diameter range of
only 0.46 u to 0.50 u. Very long settling times would be expected from
these suspensions. Table XIV and Figure 9 show active settling times
from 980 minutes to 1200 minutes.

The specific surface decreases(mean particle diameter increases for all
initial water temperatures to 60 0 G as the ratio (R) of water increases from
2. 5 to 25. Also, the specific surface increases (mean particle diameter

decreases) for each value of R as the initial water temperature increases.
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The highest specific surface calcium hydroxides were obtained from those
tests producing final temperatures of or greater than 212 0 F. These
temperatures were obtained with R at 2.5 for all initial slaking water
temperatures investigated and for an initial slaking water temperature of
90 0 C at all values of R. The development of specific surface of a calcium
hydroxide is therefore a function of the final slaking temperature. Final
slaking temperatures less than 100 0 C (212 0 F) develop the specific surface
of calcium hydroxide in proportion to the final temperature, which is
another way of defining the ratio; R, of water. Higher ratios of water
resulting in lower final temperatures produce the lower specific surfaces,
and low ratios of water resulting in higher final temperatures produce
higher specific surfaces. Investigating this condition further, the amount
of water required for several ratios was heated to the calculated initial
temperature (Tl) to result in a final temperature (T 2 ) approaching 100 0 C
or 212°F (Table V), and used for slaking tests. The tabulation of data
for the tests and the results of final temperature of the suspension and
specific surface of the calcium hydroxide are shown in Table XIX.

TABLE XIX

Results from Volume and Temperature of H 2 0 (T 1 ) to Produce a Final
Temperature (T2) of approximately 212oF

R Temperature 0F Specific Surface
T1 T2 cmz/9

2.5 57.2 210.9 55,100
7.5 167 211. 1 • 52,300
13.5 190 211.6 51,600
25.0 205 212.7 53,200

0
The final temperature of each test approached the expected value of 212 F.

L- The specific surface values are of the same magnitude. Therefore, these
data offer further proof that to produce extremely high specific surface or

V small particle-diameter calcium hydroxide requires a high slaking
temperature approaching 100 0 C (212 0 F). It is a matter of choice for the
ratio of water to be used so long as the temperature calculated for this
value of R will produce a final temperature approaching, but not exceeding,
2120F.

It is important that the calcium oxide have a high degree of activity to
produce a high specific surface calcium hydroxide in a short slaking cycle.
Otherwise, a low activity calcium oxide will increase radiation losses to
reduce the slaking temperature below the necessary limit.

46



Very low values of R will produce high specific surface calcium hydroxide.
However, at these concentrations, especially above an initial starting
temperature 50°F (10 0 C) the final slaking temperature (T 2 ) will theoretically
be above ZIZOF resulting in the evaporation of a large proportion of the
water. Also, values of R at temperatures approaching 90 0 C (194 0 F)

produce high specific surface calcium hydroxide. Final temperatures of
these combinations will be theoretically above Z12 0 F, so that a large amount
of the slaking water will be evaporated.

Aqueous suspensions of calcium hydroxide exposed to heated bodies above
!: Z14 0 F have been shown to produce hexagonal crystals of fairly large size

(Wire and Wire Products, October 1955). The specific surface of these
suspensions increases as the crystallization increases because of the
colloidal characteristics of aqueous suspensions of crystalline calcium
hydroxide.

It has also been found optically that calcium hydroxide produced by the
slaking of calcium oxide in water at values of R and Tj to result in a final
slaking. temperature T2 of-ZIZ1F or calculated theoretically to exceed
21Z°F also produces crystalline calcium hydroxide. The specific surface,
settling time and viscosity of these suspensions are greatly increased
because of this crystallization.

Suspensions produced at all values of R with T1 at 194 0 F (90 0 C) contained
large amounts of crystalline calcium hydroxide which account in part to
the very high specific surfaces. Crystallization also increases the
settling time as shown in Table XIV.

The initial slaking temperature (T 1 ) should be chosen to assure a final
slaking temperature (Tz) of 212 0 F or less to prevent or reduce to a minimum

- the opportunity for crystal growth.

D VISCOSITY

The viscosity was determined on calcium hydroxide suspensions slaked
with several ratios of water and temperatures then cooled to 70 0 F. Two
of the suspensions were prepared atR of 7.5 and T 1 of 4 0 C (39 0 F) and

60 0 C (140 0 F). One suspension was prepared at R of 2.5 and Tl of 14 0 C
but was too viscous for a test. Three suspensions were prepared at R of
7.5, 13.5 and 25 and T1 of 750 C (166.8 0 F), 88 0 C (190 0 F) and 96 0 C
(205 0 F) respectively calculated to produce final temperatures (T 2 ) of
21Z°F. The values for T 2 and the viscosities, with the exception of the one
prepared at R of 2. 5, are shown in Table XX..
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TABLE XX

Slaking Temperature and Viscosity (Centipoises) of Calcium
Hydroxide Suspensions

oCTemperatures
R T 1 TZSample

1

3
4
5
6

7.5
7.5
2.5
7. 5
13. 5
25.0

4
60
14
75
88
96

33.8
88.3
99.4
99. 5
99.8
100.4

Viscosity

38
163

241
28
10

* Suspensions prepared at this value of R are highly viscous and a viscosity
test is meaningless.

The viscosity increased with an increase in temperature for a constant water
ratio. When the water ratio was increased and the initial temperature of
the water increased to produce a final temperature approaching Z12°F the
viscosity decreased at a very rapid rate.

The theoretical concentration of a suspension at R of 7. 5 is approximately
162 gpl. The concentration at R of 13.5 and 25.0 are 91.4 gpl and 49.7 gp1
respectively. The concentration at R of Z. 5 is theoretically 456 gpl.
Therefore it would be expected to find very low viscosities of suspension
prepared with R of 13 and 25 as shown in samples 5 and.6. Samples 5 and 6
were allowed to settle and the calculated amount of supernatant water decanted
to give a concentration equivalent to R of 7. 5. Sample 3 required diluting
with water to reduce the concentration from 456 to 162 gpl. The viscosities
of these corrected suspensions are shown in Table XXI.

TABLE XXI

Viscosity (Centipoises) of Calcium Hydroxide Suspensions
at approximately 177 gplV.

Sample R of Original
Suspension

Viscosity of
Suspension corrected
to 16 2 gpl

L. 3
4
5
6

2.5
7.5
13.5
25.0

131
241
360
2913.
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The amount of water employed for slaking and its initial temperature has

a decided effect on the viscosity of a calcium hydroxide during the slaking
of calcium oxide. A ratio of water of 7. 5 at a temperature of 75 0 C

(1670F) produces a suspension of higher viscosity than a suspension
prepared with a ratio of 13. 5 even though the same final slaking temperature
is reached. However, when both suspensions are made to the same
concentration, the one prepared with the greater ratio of water has the
higher viscosity. A suspension of calcium hydroxide prepared at a ratio
of 25 and an initial temperature of 96 0 C does not produce the same
viscosity when corrected to 16Z gpl.

The viscosity of the calcium hydroxide suspensions at a concentration of
100 gpl were determined. It was anticipated the values would be relatively
low at this low concentration, but it was thought that values for any differences,
however slight, may help to explain some of the differences in the settling
rates. The values for most of the samples produ-ced are shown in Table XXII.

TABLE XXII

Viscosity (Centipoises) of Calcium Hydroxide Suspensions
at Concentration of 100 gpl (CaOH) 2

Initial Water Temperature
oC 4 10 20 40 60 90

R OF 39 50 - 68 104 140 194

2.5 -- -- 72 42 63 --
7.5 35 27 21 25 32 28
10.5 28 24 24 22 32 27
13.5 -- 23 22 20 29 26
18.0 -- 21 19 33 --
25.0 .... 20 19 --..

The viscosities of suspensions of this low concentration will be very low.
The viscosities are higher at the lowest water ratio of 2. 5. These samples
are undoubtedly influenced by the presence of crystalline calcium hydroxide
produced at this low water ratio. The viscosity decreases with an increase
in the water ratio between 390F and 104 0 F. The viscosity appears constant
at ratios from 7. 5 to 18 for initial water temperatures of 60 0 C (140 0 F) and
90 0 C .(194 0 F).

The higher viscosities of suspensions prepared with water ratios of
*Z. 5 indicate a change in physical properties which will decrease the
settling time. Therefore, the settling time is not dependent upon mean
particle diameter (or specific surface) of the suspended calcium hydroxide
alone.
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VII CONC LUSIONS

This preliminary study of the reaction between calcium oxide and water
reveals the complexity of the reaction in producing results regarding
settling time, specific surface and viscosity of calcium hydroxide suspension
prepared with an excess of water.

Advantage can be taken of the thermodynamics of the reaction by altering
the ratio and temperature of water per pound of calcium oxide to produce
calcium hydroxide varying in particle diameter from fairly large to
extremely small as determined by the Blaine air permeability method.
Low ratios of water produce higher reaction temperatures and calcium
hydroxide of high specific surfaces. -Specific surfaces vary less with
changes in water temperatures at low water ratios. Specific surfaces
also vary less with water at high temperatures for,all ratios. The
specific surface of the calcium hydroxides vary over a very wide range at
ratios of 7. 5 to 25 and at temperatures from 40 C (39 0 F) to approximately
60 0 C (140 0 F).

Settling times of calcium hydroxide suspensions corrected to 100 gpl do
not correlate changes in ratios and temperature of water as well as
specific surface measurements. This may be caused by the influence of
the viscosity of a suspension on the settling rate of the particles of calcium
hydroxide. A considerable change in viscosity was found which has not
been fully explained.

This study, although presenting encouraging data on specific surface control,
indicates the need for more information on the factors influencing. the
difference in the rate of settling and a more thorough knowledge of particle
size distribution with changes in the process.

Data on the control of specific surface or mean particle diameter by either
a change in the ratio of water to calcium hydroxide or a change in the
temperature of water at any given ratio of water to calcium hydroxide is
presented which, to our knowledge, has not been previously available to

the chemical industry. A better understanding of this principle offers the
industry a new method of more consistent control at higher efficiency.
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Thermodynamics

of the

Liquid State

GENERALIZED PREDICTION OF PROPERTIES

K. M. Watson
UNIVERSITY OF WISCONSIN, MADISON. WIS.

On the basis of a modified application of the
theorem of corresponding states, new
methods are presented for the general pre-
diction of the following thermodynamic
properties of liquids: thermal expansion
and compressibility, pressure correction to
enthalpy, pressure correction to entropy,
pressure correction to heat capacity at con-
stant pressure, heat of vaporization, dif-
ference between heat capacity of a saturated
liquid and its ideal gas, and difference
between heat capacity of saturated liquid
and heat capacity at constant pressure.

J URING the past ten years much attention has been
directed (2, 4, 7, 8, 10, 23-2,6) toward the develop-

ment of generalized relations which permit prediction of
the thermodynamic properties of the gaseous state, even at
extreme conditions of temperature and pressure, with accu-
racy sufficient for general engineering purposes. The similar
properties of the liquid state have received little attention be-
cause of their lesser importance and because of the failure of
the theorem of corresponding states to directly correlate
liquid properties with accuracy. However, by a modified
application of this theorem it is possible to correlate liquid
properties with a degree of accuracy similar to the correla-
tions of the gas phase.

THERMAL EXPANSION AND COMPRESSIBILITY

The equation of state for the gaseous phase is ordinarily
written,

The only data required are the boiling
point, the critical temperature, critical
pressure, and the liquid density at some
one temperature.

Like all applications of the theorem of
corresponding states, these relations are
not rigorously correct. However, devia-
tions from the available experimental data
on a variety of compounds, both polar and
nonpolar, are sufficiently small to warrant
their use for many process problems where
reliable data are not available, and for ra-
tionalizing fragmentary experimental data.

where w, which might be termed the "expansion" factor,
would be a function only of reduced temperature and pres-
sure.

Unfortunately it is found that factor c. of Equation 2 is not
a generalized function of reduced conditions. Values of w at
the same reduced conditions may vary by more than 20 per
cent for different compounds. Accordingly, Equation 2 is a
rough approximation useful only where no direct liquid den-
sity data of any type are available.

Since at least one value of liquid density is available for
almost any compound, a more useful relation results by ap-
plying Equation 2 to obtain an expression for the ratio of the
density at any given condition to that at some reference state
designated by subscript 1:

P1 W1

pv = zRT (1) Ptor p =-- (3)

where z, the compressibility factor, is a function of reduced
temperature and pressure, approximately the same for all
substances. If this relation were applied to the liquid state,
an expression for liquid density might be written,

pM I/ p, \ P P.M (2)
P =zT - kTzRT,) T, - 0 T-T.2

It has been found that if co is evaluated as a function of re-
duced temperature and reduced pressure for one compound
on which complete data are available, Equation 3 may be
used with satisfactory accuracy for predicting the densities of
any other compound for which one liquid density value is
available to establish p/w1l.
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Table I. Values of Expansion Factor w
-Expansion Factor .T, Pr - 0 Pr = 0.4 Pr - 0.8 Pr ý 1.0 Pr - 1.5 P, m 2 Pr m 8 P, - 5

0.5 (0.1328) .... .... 0.1332 .... 0.1338 .... 0.1350
0.6 0.1242 .. .. 0.1250 0.1258 .... 0.1275
0.7 0.1144 0.1150 0.. 0 8 .... 0.1170 0.1182 0.1202
0.8 0.1028 0.1042 0.1060 0.1066 0.1070 0.1077 0.1098 0.1126
0.9 .... 0.0900 0.0915 0.0926 0.0949 0.0968 0.1002 0.1043
0.95 ... 0.0810 0.0831 0.0872 0.0902 0.0948 0.1000
1.0 .... ... .... 0.0440 0.0764 0:0818 0.0875 0.0954

Through Equation 6 the group

Jpi fbH\
k TPor)

Figure 1 and Table I give values of co for isopentane, cal-
culated from the measurements of Young (11) and extended
to higher pressures by the data of Sage and Lacey (16, 18) on
propane and n-pentane and Equation 3. Tables II and III
compare liquid densities calculated from these curves and
Equation 3 with experimental data from the indicated sources
for compressed and saturated liquids of various polar and
nonpolar types. The agreement is reasonably good with de-
viations, in general, less than 5 per cent, even for the case of
water at 1000 C. and above. The anomalous density changes
of water at low temperature are not in agreement with the
correlation, and selection of 40 C. as the reference conditions
instead of 1000 C. would increase the maximum deviations in
the high-temperature range to approximately 10 per cent. In
general, it is desirable to use the highest temperature at which
data are available as the reference state, particularly when the
high-temperature behavior of polar substances such as water
are being calculated.

Figure 2
to the cr

The ei
more us8
obtain ti

may be expressed as a general function
of reduced temperature and pressure by the
graphical differentiation of Figure 1, re-
membering that 6(1/wJ) = -(Ow/lw). The
results of this operation are summarized in

and Table IV for the range of conditions not close
itical point.
fTect of pressure on enthalpy may be expressed in a
eful form by graphically integrating Equation 6 to
ie differences between the enthalpy of a liquid under

PRESSURE CORRECTION TO ENTHALPY

The effect of pressure on the enthalpy of any substance is
expressed by the rigorous thermodynamic equation:

:Rearranging in terms of reduced conditions,

V -- T,..(, (5)

3

cr.,

0

LL
4.

0.

Xwj

12

II

Ic - 0 40 '

>9 REDUCED PRESSURE 0\

7

i I

.0

Combining Equations 3 and 5,

Jpo /.-- H ) a =

.0

(6)

Table II. Densities of Compressed Liquids
Pressure, Reduced - Density Gram/Co.---- -

Lb./Sq. In. Pressure Caled. Exptl. Calcd. Exptl. Calcd. Exptl.
WATER (12): pi/cýn - 7.586 AT 100, C., I ATM.

204.4- C., 348.9 C., 374.30 C.,
T, - 0.738 T, - 0.981 T, - 1.0

1000 0.312 0.842 0.864 .
3206 1.0 0.851 0.874 0.611 0.616 0.826 0.318
4000 1.248 0.854 0.878 0.633 0.639 0.551 0.543
5500 1.715 0.858 0.885 0.658 0.660 0.603 0.803

PaopA•E (17): pi/wt - 4.807 AT 21.00 C., 200 Ls./Sq. IN.
54.65 C., 71.1. C., 87.95 O.

Tr - 0.878 T, - 0.921 Tr 0.866
300 0.466 0.453 0.447 ...
600 0.934 0.460 0.458 0.416 0.422 0.374 0:.36

1500 2.85 0.485 0.482 0.460 0.458 0.431 0.430
3000 4.66 0.508 0.506 0.489 0.489 0.469 0.470

BUTANE (19): P1/1. - 5.037 AT 21.1* C., 250 LB./sq. IN.

71.10 C., 104.4- C., 121.1- C.,
T, - 0.809 Tr - 0.887 T, - 0.926

250 0.462 0.521 0.522 0.467 0.461 0.4f7 0.411
500 0.945 0.520 0.27 0.475 0.472 0.438 0.434

1500 2.84 .0.546 0.545 0.508 0.501 0.487 0.475
3000 5.67 0.567 0.564 0.536 0.528 0.521 0.507

0. 0.5 0.6 0.7 0.8

REDUCED TEMPERATURE

0.9 W

Figure 1. Thermal Expansion and Compressibility of
Liquids

Table III. Densities of Saturated Liquids
Tempers- Density, G./Co. Tempera- Density, 0./Ce.
ture, o C. Caled. Expl. turn, 0 C. Cal.d. Exptl.

AMMONIA (21): p1/MR - 5.463 AT -- 33.8o C., SATn. PRESSURE
-73.8 0.729 0.730 37.8 0.586 0,584
-45.6 0.698 0.699 93.3 0.488 0.475
-17.8 0.664 0.684 121 0.388 0.380
+10 0.626 0.625 133 (To) 0.240 0.234

ETHYL ALCOHOL (11): pR/Mn - 6.210 AT 20* C., SATD. PRESsuRE
0 0.809 0.806 60 0.746 0.755

40 0.768 0.772 80 0.721 0.735
243.1 (To) 0.273 0.275
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40.01 Expressing in terms of reduced conditions and combining with
Equation 3,

JpiT, (b3T/

Equation 9 may be integrated to obtain a useful correction
chart relating the difference between entropy under the
critical pressure and entropy at any other pressure under the
same temperature:

JpaT. ~
P.__ fl.

0 
)T= o

wi!f,
dp, (10)

0 1.0 2.0 3.0 4.0 5.0

REDUCED PRESSURE

Figure 2. Differential Effect of Pressure on Enthalpy of
Liquids

3-

its critical pressure and the enthalpy at the same temperature
and other pressures:

~H rJ ') dp, (7)

The results of this integration are summarized in Figure 3 and
Table V.

Unfortunately few data are available with which to com-
pare the enthalpy corrections calculated from Figure 3.
Table VI compares the calculated values and those experi-
mentally evaluated for water and propane.
The agreement is reasonably good for both
compounds. In view of the fact that the
pressure correction is relatively small as
compared to the enthalpy changes ordi-
narily encountered in industrial operations, Tr
it is believed that Figure 3 may be safely 0.7

used for many engineering applications. The 0.80.85

fact that a relation based on data for 0.90
pentane is in even fair agreement with 0.040.98

such dissimilar materials as water and pro- 1.0
pane is reassuring as to its generality.

PRESSURE CORRECTION TO ENTROPY

T, Pr

The effect of pressure on the entropy of any 0.7 +:y 0.8 +(

substance is expressed by the rigorous. thermo- 0.85

dynamic equation: 0.9

Figure 3. Pressure Correction to Enthalpy of Liquids

Table IV. Values of -

Pr-• 0 P, - 0.4 P, - 0.8 Pr - 1.0 P, - 1.5 Pr -
2 

P, -a3 Pr - 5

-3.0 -3.2 -3.4 -3.5 -3.8 -4.0 -4.4 -4.7
0.1 -0.0 1.3 - 1.. - 2.2 - 2.8 - 3.3 -4.1
5.o +3 1 + 1.8 + 1.3 + 0.2 -0.7 -1.9 -3.4

+15.0 +9.1 + 0.3 + 5.3 + 3.4 + 1.9 - 0.2 -2.7
.. +19.0 +14.0. + 7.7 4.9 + 1.7 -2.0

.... ... .... .... +20,8 +12.1 + 6.2 -0.7
+36.•0 +21.8 +10.7 +0.4

Table V. Values of (IL 2 - H)7 -P.Wi
'=0 Pr '= 0.4 Pr 0-08 Pr ý 1.2 Pr - 1.5 Pr - 2 P, - 3 Pr - 5

3.1 2 -t0.8 0.7 1.8 -- 3.4 7.3 17.20,8 -to - 0.1 -- 0.2 -- 0.7 1.4 -- 4.0 -- 12.3

3.2 -1.8 -0.8 0.4 0.9 + 1.0 0.9 8.0
-6.0 -- 1.7 +1.0 2.2 3.7 4.4 0.2

-3.8 2.1 + .2 8.2 11.8 10.8
+10.0 + 18 + 25.8 20.2 + 39.3
.+15.0 24.9 5+30 47 + 54.1

.. ... ... +46.5 + 62.5 + 77.8 97.6 T110.3. ... ... +87.0 +101.5 +115.2 +130.5 .....

O. 984 .0.98
0.99
0.999
1.0

f 'S

J(Lap)" - - GTE),
(8)
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Values [b(1/•w)/1T 7 ,, were obtained from Figure 1 in de-
riving Figure 2. The resulting integrated pressure correction
to entropy is plotted against reduced temperature and pres-
sure in Figure 4 and summarized in Table VII. Table VIII
compares values calculated from Figure 4 with experimental
values for water and propane. The agreement appears to be
somewhat better than that of the enthalpy correction, in-
dicating that generalization is sufficiently sound for useful
application.

Table VI. Pressure Correction to Enthalpy

-( ,, HTcl/a mole -
Pressure, 204.4' C0(.p -3 H489,0ca.ram oe37430 C

Lb./Sq. In. Calcd. Expt . Cald.' Exptl. Caled. Erptl.

WARma (10)

1000
2500
4000
6600

300
1500
3000

23 28.
8 10 -i07 1ii0

- 8 - 9 + 75 + 79
-28 -32 +184 +172

PROPArM (17)
54.5* C. 71.1* C.

-29 -25
+18 +12 +6s +"
-28 -21 58 45

+1370 1526

87.9* C.
2d5 -i-0do

280 +256

* PRESSURE CORRECTION TO HEAT CAPACITY AT CO
PRESSURE

A useful expression for the effect of pressure on heas
ity at constant pressure may be derived by des-
ignating the right-hand side of Equation 7 as 4,
a function of reduced temperature and pressure:

INSTANT

t
ttcapac-

JP1 (H., - H)r,
P.W1

(11)

Table VII. Values of JpjT, (S 5 -- S)r

Tr Pr- 0.4 P,- 0.8 Pr m 1.2 Pr m 1.5 P, = 2 Pr - 3 P, - 5

0.7 -4.8 -1.7 + 1.1 + 8.2 + 0.9 + 13.8 + 25.0
0.9 .. '. -3.6 + 3.8 + 8.5 + 15. 26.9 +44.9
0.94 ... -7.1 + 6.6 + 12.2 + 20.8 84.7 53.8
0.98 ... ... +13.2 + 24.8 37.8 55.1 79.0
0.99 ... ... +18.3 31.9 + 47.7 + 71.0 99.9
0.996 . .. +32.1 50.0 70.2 + 96.9 130.0
0.999 +50.7 76.9 $102.0 +130:9 165.a
1.0 ... ... +93.2 +113.0 +134.0 +161.5 .....

Upon differentiation at constant pressure,

Jp, Ft"H,\ - -1 (1)
Y~c, Lw, 6T 6v~, Tpj. T. \r

or -J'Pi (C., - C,,) = ( i-k (12)

The results of graphically differentiating Figure 3 in accord-
ance with Equation 12 are summarized in Figure 5 and Table

160-

140-

120-

100-~o

2 80.
QP

IX. A comparison of values calculated from Figure 5 with
those derived from experimental data for water is shown in
Table X. Additional data for testing this relation are scanty,
but the agreement with the data on water is suffi-
ciently good to indicate that the generalization did not lose
greatly in accuracy through the series of manipulations em-
ployed in deriving Figure 5.

HEAT OF VAPORIZATION

An empirical graphical generalization was developed by the
author (f2) which satisfactorily represents the effect of tem-
perature on the heat of vaporization of a variety of polar and
nonpolar compounds. A curve, based on the available data
for all materials, was presented from which the heat of vapor-
ization at any reduced temperature can be calculated if one
value at a known reduced temperature is available. The
Kistiakowsky equation offers a satisfactory method of es-
timating heats of vaporization at the normal boiling points
for nonpolar compounds but does not apply to polar materials.

A satisfactory generalized method for estimating the heat of
vaporization of any substance at any temperature was de-
veloped by Meissner (14). This method shows good agree-
ment with experimental results, particularly at high tempera-
tures. It becomes somewhat unsound at low reduced tem-
peratures, but even in this range the errors are not ordinarily
serious. The method here presented is an alternate to Meiss-

Table VIII. Pressure Correction to Entropy

-" Se. - 8) X 108 oaI./gram mole/* K.X -
Pressure. 204.C. 8348.9° 0. 874.3* C.

Lb./Sq. In. Calrd. Ezptl. Calod. Epti. lTdJ.Ept.
WATER (10)

1000 -- 115 -- 100 .... ...

2500 -37 -32 249 -242
4000 + 88 + 88 + 194 187 1OO0 2030
5500 112 96 480 445 2400 2646

PnopAxa (17)

54.5° C. 71.10 C. 87.90 C.
800 -235 -238 .. ... ....

1500 +470 +442 +e830 591 + 915 + 970
8000 +90 t94 +1216 1200 +1670 +1790

I 2 3 4
REDUCED PRESSURE

Figure 4. Pressure Correction to Entropy of Liquids



402 INDUSTRIAL AND ENGINEERING CHEMISTRY Val. 3S, No. 4

Table IX. Values of (C, - Cv)r

P'W1

Tr P, 0.4 Pr 0.8 Pr - 1,2 Pr - 1.5 P, = 2 Pr - 3 Pr - 5

0.7 -9 -a + 3 + 7 + 14 + 23 + 38
0.8 -28 - 9 + 6 + 16 + 80 + 52 + so
0.9 .. -42 + 30 + 62 + 98 +142 +192
0.94 .. - 75 + 70 +143 +216 +303 +392
0.96 .. -190 -146 +272 +400 +518 +662
0.97 .. ... +208 +387 +550 +695
0.98 .. ... +385 +608 +778 ... ...

by Cox (5) which permits ready determination of dp,/dT
from the corresponding values for the reference substance.
However, this method is rather tedious, and the added labor
is frequently not warranted by the improved accuracy ob-
tained.

If the application of Equation 14 is restricted to the normal
boiling point, a reasonably good approximation is obtained
with the following modified form of the Clausius-Clapeyron
equation in which the factor 0.95 represents the average de-
viation of the vapor from the ideal gas laws at these condi-
tions, together with the effect of the liquid volume:

9J

(LdPI =_____\dT) B 0.95RT.2 (15)

A simple relation between temperature and vapor pressure
was developed by Calingaert and Davis (8) as a result of a
study of the Cox method of vapor-pressure plotting:

REDUCED PRESSURE

0 2 3 4 5

Figure 5. Pressure Correction to Heat Capacity at
Constant Pressure of Liquids

ner's method, with the advantage of not involving any
graphical relations and consequently being adaptable to
mathematical manipulation for the derivation of other ther-
modynamic functions. It is perhaps somewhat more depend-
able than Meissner's method at low reduced temperatures.

It has been found that the general curve, referred to above
(2B) and expressing the relation between heat of vaporization
and reduced temperature, is represented by the following em-
pirical equation:

(I - T,)O.3' (13)

This equation is more convenient to use than the original
curve and gives considerably more reproducible results, par-
ticularly at temperatures near the critical. It is in good
agreement with the available data with the exception of water
at low temperatures, below the normal boiling point. As
previously mentioned, water is unusual in many of its char-
acteristics in this region.

Heats of vaporization may be accurately calculated at any
temperature from the rigorously correct Clapeyron equation:

dp, X (14)
dT 2'(v' - vI)

The molal volume of the vapor, v,, may be calculated from the
generalized gas compressibility factors while the volume of
the liquid, vi, is obtained from Equation 3 and Figure 1.
Where complete vapor pressure data are not available, excel-
lent approximations can be obtained from only the boiling
point and the critical temperature and pressure by use of a
reference substance method of plot ting such as that introduced

In p, = A- B
T - 43 (16)

where T is expressed in degrees Kelvin. This equation is not
particularly reliable for many materials and is not recom-
mended as a general method of predicting vapor pressures
where considerable accuracy is required. However, it can be
used satisfactorily for evaluating dp/dT for generalized
thermodynamic relations where a high order of accuracy is
not required or inherent in the other relations. Thus, dif-
ferentiating Equation 16,

dp, p.B
dT (T - 43)2

(17)

The constant B may be determined from any two vapor pres-
sure values, such as the boiling point and critical point:

In P'
B = pB

1.Ts --43 T, -- 43
(18)

Combining Equations 12 and 14,

Xn = 0.95RB Ta 4
(TB -- 43), (19)

Table X. Pressure Correction to Heat Capacity of Water
at Constant Volume (12)

Pressue,
Lb./Sq. In.

1000
2000
2500
4000
6000

S- Cp -- Cp) T cal/gram mole/
0 

XC.--
260'C.. 315.60 C., 337.8 C.,

T, - 0.824 T, - 0.910 T, - 0.943
Calod. Exptl. Calcd. ExptL. Calcd. Exptl.

-0.88 -0.81 ........ ....
-0.46 -0.38 -1.98 -1.93 .... ...
-0.27 -0.23 -1.15 -0.99 -2.48 -2.61
+0.25 +0.27 +0.87 +0.90 +1.94 +2.02
+0.74 +0.86 +2.18 +2.32 +4.40 +4.41
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This equation gives results generally not differing from. re-
liable experimental values by so much as 5 per cent when
constant B is determined from the critical point and boiling
point. Somewhat better results are obtained if B is evaluated
from a vapor pressure value less distant from the normal
boiling point than the critical temperature, and if the actual
compressibility factor of the vapor is used instead of the
average value of 0.95.

HEAT CAPACITY DIFFERENCE BETWEEN SATURATED LIQUID
AND ITS IDEAL GAS

By combining the equations developed above with the
generalized expression for the effect of pressure on the en-
thalpy of gases, it is possible to derive a generalized thermo-
dynamic method for calculating the difference between the
heat capacity of a saturated liquid and the same material as an
ideal gas at the same temperature and zero pressure. Such a

t•t
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.6604 6 8.o0 2 3 4 6 8.01 2 3 4. 6 80.1

REDUCED PRESSURE
2 3 4 6 8 LO

Figure 6. Differential Pressure Correction to Enthalpy of Gases

Combining Equations 13 and 19, an expression is obtained
which permits calculation of the heat of vaporization of any
substance at all conditions from a knowledge merely of the
boiling point and critical temperature and pressure, since B is
also found from T. and P.:

x - O96RB ( TB )2( 1 - T,)O." (20)

Table XI compares values calculated from Equation 20
with experimental data for several compounds on which
measurements were made at elevated temperatures. The
deviations are of the same order as shown by Meissner's
method; they are greater in some cases and less in others.
Further c6mparisons indicated that the major source of error
is Equation 19 rather than Equation 13, and the over-all
accuracy is improved by using the actual compressibility
factor at the boiling point instead of the average value of
0.95.

method is of considerable value because of the scarcity and
general unreliability of heat capacity data. Recent develop-
ment of generalized statistical methods (1, 6) derived from
spectroscopic observations permits. reasonably satisfactory
prediction of the heat capacities of the more simple molecules
in the ideal gaseous state. These methods, combined with a
thermodynamic relation between gaseous and liquid heat ca-
pacities and the relations for thermodynamic properties of
liquids developed above, will permit complete prediction of
heat capacities at all conditions, both liquid and gaseous.
Conversely, for complex high-boiling liquids on which liquid
heat capacity measurements have been made, such a thermo-
dynamic relation may offer a more reliable method of estimat-
ing gaseous heat capacities than the statistical methods. The
relation will also be useful in rationalizing experimental ob-
servations of gaseous and liquid heat capacities and making
them consistent with each other.

There are several methods by which a saturated liquid at
temperature TP may be converted into a saturated vapor at a
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higher temperature T2 . One is to heat the liquid (maintaining
saturation) to T2 and vaporize it. Another is to vaporize the
liquid at T1, isothermally expand the vapor to zero pressure,
heat the ideal vapor to 2T2, and isothermally compress to satu-
ration conditions. Since the initial and final states are the
same in both cases, the enthalpy changes of the two opera-
tions must be equal:

X1 + (H* - H.o,) + C,% (T2 - T,) - (H* - H.,,) =
X2 + Ca(T, - TO) (21)

Rearranging and applying to an infinitesimal temperature
change, dT,

(Cz - C;0) dT = - dx - d(H* - H.,)

Ca-C C, - dX d(H* - H.,) (22)dT dT

Since the term d(H*-H,0 ) involves both a temperature and a
pressure change, it must be expressed in terms of partial dif-
ferentials:

d(H* dT- H.,) _F b(H* T H.,)]I, +

[b( l* -b H ,,) ]T LP'd (23)bp LT

All the terms on the right-hand side of Equation 24 may be
obtained from generalizations, presumably applicable to all
substances. Thus, differentiating Equation 20,.

dX -0.361RB / Ts N' 1
7T, = (T1 .- T Ta, -43,(1 -- T,)1-61

(25)

A generalized relation between (H* - H,) and reduced
temperature and pressure was introduced by Watson and
Nelson (R8) and improved by several others (8, 10, 24, 26).
Graphical differentiation of this relation with respect to re-
duced temperature at constant pressure permits evaluation of
the second term of Equation 24. The first part of the third
term similarly may be evaluated by differentiation with
respect to reduced pressure at constant temperature. The
last part of the third term is evaluated by Equation 17.

For differentiation, a pressure-enthalpy correction chart
for the gaseous state was prepared, taking into account the
improved data calculated by Edmister (8) and York and
Weber (26) and extended to the low reduced temperature
range by the Joule-Thomson data on water (11). This chart
was graphically differentiated with respect to temperature and
pressure, and the data obtained are summarized in Figures 6
and 7 and in Tables XII and XIII. Because of the uncer-
tainty of the basic enthalpy correction chart at conditions in

40 .0 0 MA

L 30 _ _

LiJ
-J 1

0 20

10

8

6~ _ _ _
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2 _ _ _ ___ _ _ _
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Figure 7. Differential Pressure Correction to Enthalpy of Gases

Substituting Equation 23 in 22 and writing in terms of re- the saturated region, particularly at low temperatures, the
duced conditions, curves of Figures 6 and 7 were adjusted by cross plotting

to obtain consistent relations which,

.- . (d) 1 [b(H* - H.)] 1 ['(H* - H.)'] 1 (24) when incorporated in Equation 24, gave
k - - T-. - T, T1. 6p, I, P. dT the best average agreement with the ex-
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Table XI. Heats of Vaporization
Tempera- ) g, oal./arain mole Tempera- c, oal./gram mole
ture, *C. 6dlod! Exptl. ture,.o C. Calod. Exptl.

WATME (15)

83 9,680 9,890 277
115 9,250 9,530 307
147.5 8,800 9,110 322
180.5 8,800 8,660 335
210.5 7,740 8,140 348.5
245 7,100 7,470 384

373.3

AMMONIA (51)

-49.9 5,870 5,770 91.8
- 9.5 5,340 5,260 100
+31.0 4,690 4,640 108.1

71.6 3,870 (3,780) 116.2
124.8

BENzeNs (11)

0 8,250 8,350 180
80 7,680 7,600 220

100 7,000 7,080 260
140 6,400 8,440 280

ETHYL ALCOHOL (11)

0 10,450 10,110 160
40 9,760 9,900 200
80 8,970 9,350 220

120 8,090 8,350 240

BUTANB (10)

24.9 5,140 5.050 110.9
67.9 4,400 4,310

PaOPANa (a)
20.8 3,680 3,460 88.154.8 2,960 2,780 98.1
73.8 2,410 2,210

SULFUx DrOxiDm (Ii)

-10 5,930 6,090 40
+20 5,490 5,400 60

6,880 6,720
5,460 5,740
5,020 5,240
4,500 4.870
8,850 3,980
2,960 5,040
1,020 1,060

3,310 (3,180)
8,045 (3,050)
2,730 (2,700)
2,340 (2,250)
1.800 (1,640)

5,700 5,790
4,780 4,850
3,420 8,420
2,160 2,140

6,950 7,150
5,650 5,280
4,280 3,960
1,990 1,760

8,380 8,170

1,785 1,490
916 810

5,180 4,950
4,810 4,500

functions plotted in Figures 6 and 7 may differ from experi-
mental values for some substances by as much as 50 per cent.
However, it is hoped that these errors will tend to compensate
one another when the two charts are used together in con-
junction with Equation 24 and Equations 16 and 18 for cal-
culating pressures.

Heat capacity data in general are so unreliable that it is
difficult to find good comparable values on both the liquid and
gaseous state with which to test Equation 24. Table XIV
compares values calculated from the equation with experi-
mental data for water, ammonia, pentane, butane, and pro-
pane. The experimental values for the hydrocarbons were
taken from the general correlation of Holcomb and Brown
(9) at temperatures below 700 F. These are actually heat
capacities at constant pressure, but at reduced temperatures
below 0.8 the difference from the heat capacity of the satu-
rated liquid becomes small. At higher temperatures the data
of Sage and co-workers from the indicated sources were
selected. These investigators made actual measurements of
the heat capacities of the saturated liquid.

The agreement in Table XIV is reasonably good except in
the case of butane at the higher temperatures.. Although
these few comparisons do not confirm the reliability of Equa-
tion 24, it is encouraging that agreement is obtained on both
nonpolar and highly polar compounds of both low and high
boiling points. Figures 6 and 7 are not recommended for re-
duced temperatures above 0.96 or below 0.55. At reduced
temperatures below 0.55 the difference between the heat
capacity of the liquid and the ideal gas appears to approach
independence of temperature, and it is believed that this as-
sumption is preferable to attempting to extend Figure 7.

In the recommended temperature range it seems probable
that the calculated heat capacity differences should not be in
error by more than 25 per cent. Although much better ac-
curacy is to be desired, such errors are not too serious, par-
ticularly when one is working with materials of high molal
heat capacities for which the difference in heat capacities is

perimental values of (C., - C0*) for water and ammonia.
In all of this work Equations 16 and 18 were used for the cal-
culation of vapor pressures, and it is recommended that this
procedure be followed in using Figures 6 and 7.

Figure 7 is not in good agreement with
(bH/lP)r data calculated by Kennedy, Sage,
and Lacey (18) from their Joule-Thomson
measurements on n-butane and n-pentane. Table
Edmister (8) pointed out that the data of
these investigators did not conform with his P-

generalized relations. Similarly, Watson and 0.001
Smith (24) found that a generalized plot of 0.0020.003
Joule-Thomson coefficients showed large differ- o oo80.01
ences from the experimental data. These dis- 0:02

crepancies indicate that differentiation of the 0.030.06
generalized enthalpy-pressure relation tends 0.10.2
to magnify its inherent errors. It is prob- 0.4
able that the absolute values of the 0.5nI

XII. Values of - To ( )TH - / In Small Calories per

Gram Mole per K.
T,-- 0.55 Tr-- 0.6 Tr- 0.7 Tr, 0.8 T,- 0.9 T,- 0.95 Tr 1.0

0.140 . . ... ... ..... .
0.275 0.181 .......
0.416 0.270 o012 ... .
0.88 0.55 0.242 0.126 .... .... ....

0.95 0.40 0.210 0.128 ... .....
0.80 0.42 0.254 0.195 0.158
1.23 0.63 0.38 0.29 0.186
2.82 1.33 0.77 0.59 0.47

2.46 1.34 1.0 0.79
7.0 5.12 2.20 1.63

.... 9.5 5.7 4.0
... . ... 18.5 8.6 5.7

.... 27 11.4

...... .... 33

Tab~XIII Vaueso• [(H*-- Hj)\
Table XIII. Values of - 6 ( P )" In Small Calories per Gram Mole per * K.

Pr r -- 0.55 T, - 0.6 T, - 0.7 T, - 0.8 Tr - 0.9 T, - 0.95 T, -0.98 T, - 1.0
0.001 25.2 14.0 7.8 4.88 8.29 2.73 2.48 2.32
0.002 82.0 15.8 7.9 4.88 3.29 2.73 2.48 2.32
0.005 48 17.5 8.0 4.88 3.29 2.73 2.48 2.32
0.01 • 20.8 8.1 4.88 3.29 2.73 2.48 2.32
0.02 • 24.0 8.2 4.88 3.29 2.73 2.48 2.32
0.03 .. .. 8.5 5.0 3.35 2.73 2.48 2.32
0.06 .. .. 10.1 5.25 3.4 2.80 2.50 2.34
0.10 .. .. 12.8 6.05 8.65 8.00 2.64 2.44
0.2 .. .. .. 7.8 4.20 8.29 2.88 2.03
0.3 .. .. .. 11.7 5.0 3.70 3.15 2.84
0.5 .. .. .. ... 9.0 5.45 4.15 3.5
0.6 .. .. .. ... .. 7.8 5.05 4.0
0.7 .. .. .. ... .. 10.9 6.6 4.8
0.8 .. .. .. ... .. ... 10.7 6.8
0.85 " - . .. ... .. ... 15.0 8.10.90 .. . .. . ... 34.0 11.2
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Table XIV. Difference between Heat Capacities of Satu-
rated Liquid and Its Ideal Gas

(C.1 - C K) Ca.l (c.1 -_ , UCal./
g. mole/_K. g. moe/ K.

T, T7 C. Calbd. Exptl. T, T" C. Calcd. Exptl.

WATER (12)

0.55 83 11.0 10.0 0.85 277 14.4 13.6
0.60 115 11.5 10.1 0.00 307 17.0 16.4
0.85 147.5 11.5 10.3 0.92 322.5 18.6 18.0
0.70 180.5 11.8 10.7 0.94 335 20.7 20.7.
0.75 210.5 11.9 11.2 0.96 348.5 28.0 25.1
0.80 245 12.3 11.6

AMM•ONIA (El)

0.55 -49.9 9.8 9.8 0.85 71.6 12.9 12.6
0.60 -29.8 9.9 1.0 0.90 91.8 15.1 14.7
0.65 - 9.5 9.8 10.2 0.92 100.0 17.1 16.2
0.70 +10.7 10.4 10.5 0.04 108.1 16.9 17.8
0.75 31.0 10.7 10.9 0.96 116.2 19.9 20.9
0.80 51.3 11.4 11.5

n-PaaTANm (9)
0.55 -14.6 9.9 10.0 0.7 55.9 11.4 11.9
0.6 + 8.9 10.1 10.4 0.5 103.9 11.6 13.6

n-BUTxANn (9, 15, BC)

0.55 -39.1 8.7 7.6 0.8 67.9 10.3 14.4
0.6 -17.1 8.8 8.7 0.9 110.9 12.9 17.6
0.7 +24.9 9.4 10.9

PROPANE (9, 15, B0)
0.55 -67.7 5.2 6.1 0.8 25.6 8.2 9.3
0.6 -49.1 5.8 6.4 0.9 63.0 13.5 13.4
0.7 -11.7 6.3 8.2

small in comparison to the heat capacity of the vapor. At
present no better general method for estimating these prop-
erties is available.

DIFFERENCE BETWEEN HEAT CAPACITY AT CONSTANT PRES-
SURE AND HEAT CAPACITY OF SATURATED LIQUID

The heat capacity of a saturated liquid C., expresses the
change in enthalpy accompanying a simultaneous increase in
both temperature and pressure:

dC (26)

In terms of reduced conditions,

( - CI)TP = -. 1) (27)

Values of I (M) may be obtained from Figure 2, and dp./

dT is calculated from Equation 17, permitting complete evalu-
ation of Equation 27.

Table XV. Difference between Heat Capacity at Constant
Pressure and Heat Capacity of Saturated Liquid

(Water, 12)
(Cp - C.), cal./g. mole/* K.

T* C. Tr Caled. EXPtl.

204.4 0.738 -0.08 -0.09
287.8 0.867 +0.33 +0.54
315.6 0.910 +0.92 +1.11
326.7 0.927 + .75 +2.16
337.8 0.943 +3.0 +3.64

Table XV compares results calculated from Equation 27
with the accepted values for water. The agreement is not
particularly good, but the quantity sought is not large except
at conditions near the critical. Furthermore, it is believed
that maximum errors are probably encountered when Figure
2 is applied to water because of the unusually low reduced
pressures corresponding to a given reduced temperature at

saturation. As a result, saturation values for water fall on the
extrapolated portion of Figure 2 at pressures below the range
of the hydrocarbon data from which it was derived. Better
accuracy should be obtained from Equation 27 when applied
to other materials of lower critical pressures.
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NOMENCLATURE

A, B = constants in Calingaert-Davls vapor pressure equation
C = heat capacity
C* - heat capacity of ideal gas
d = liquid density
H = enthalpy
H* = enthalpy of ideal gas
J = mechanical equivalent of heat
M = molecular weight
p = pressure
P - pressure
R' = gas law constant
S = entropy
T - absolute temperature
v = molal volume
V = volume of n moles
2 - compressibility factor (gaseous)
Xt - molal heat of vaporization
p = liquid density, mass per unit volume

€• -p1-- (H., - H) T
P,w, *

W = liquid expansion factor
Subscripts

B - normal boiling point
c = critical value
cp = critical pressure
g - gaseous state
I = liquid state
r = reduced value
a - saturated liquid or vapor
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PROPERTIES OF WATER IN THE RANGE 0 - 100 "C

This table summarizes the best available values of the density, specific heat capacity at costant pressure (Cp). vapor pressure. vist
conductivity, dielectric constant, and surface tension for liquid water in the range 0- 100 C. All values (except vapor pressure) reft

of 100 kPa (I bar). The temperature scale is 1PTS-68. Molar
Mehin

Aak

t Density CF Vap. pres. Vise. Ther. cond. Vola

6Cg/em, A~K kPa 1tPA s mNY(K r Diel. cost Triple
Triple
Triple 1

0 0.99984 4.2176 0.6113 1793 561.0 87.90 Critplei

10 0.99970 4.1921 1.2281 1307 580.0 83.96 Critical

20 0.99821 4.1818 2.3388 1002 598.4 80.20 Critical

30 0.99565 4.1784 4.2455 797.7 615.4 76.60 Critical

40 0.99222 4,1785 7-3814 653.2 630.5 73.17 Maxim

50 0.98803 4.1806 12.344 54710 643.5 69.88 Temp

60 0.98320 4.1843 19.932 466.5 654.3 6673
70 0.97778 4.1895 31.176 404.0 663.1 6373

80 0.97 182 4,1963 47.373 354.4 670,0 60.86

90 0.96535 4,2050 70.117 314.5 675.3 58 .12

100 0.95840 4,2159 101325 281.8 679.1 55.51 L.MHa

for H

Ref. 1-3 2 11, 3 3 4 iKesti
J. Kesti:

REFERENCES
Chem.)1

I. L. Hart. J. S. Gallagher, and G. S. Kell, NBSINRC Steam Tables. Hemisphere Publishing Corp.. 1984.

2. K. N. Marsh. Ed. Recommended Reference Materials far the Reali:ation of Physicochemical Properties. Blackwell Sciendric T

Oxford. 1987.
3. J. V. Sengers and J. T. R. Watson, Improved international formulations for the viscosity and thermal conductivity of water subs Ule gives the the

Chem,. Ref. Data. 15, 1291. 1986.
4. D. G. Archer and P. Wang. The dielectric constant of water and debye-huckel limiting law slopes. J. Phys. Chem. Ref. Data. 19ld

5. N. B. Varpfik.et aL. International tables of the surface tension of water.J. Phys. Chem.Ref Data, 12, 817. 1983.

ENTHALPY OF VAPORIZATION OF V. seger and.

WATER J. Phys- C.
-MMsaa and /

The enthalpy (heat) of vaporization of water Is tabulated as a function IsChem.RefD

of temperature on the IPTS-68 atale.

REFERENCE

Marsh, K. N., Ed., RecommendedReference Mfateriali for the Realizatlon Piklh

of Physicocherical Properties, Blackwell. Oxford, 1987. 0.6

1.2

VC kJ/mol OC kmol 42
+ 7.4

0 45.054 200 34.962 7.4

25 43.990 220 33.468 19.9

40 43.350 240 31.809 31.2

60 42.482 260 29.930 47.4

80 41.585 280 27.795 70.1
1t0 40.657 300 25.300 101.3

120 39.684 320 22.297 / 476

140 38.643 340 18.502 1555
160 37.518 360 12,966 3978
ISO 36.304 374 2.066 8593

16530

FF

r

I

F

e

!

-040



FIXED POINT PROPERTIES OF H.O AND D20

Unit H20 D 20

Molar mas g/tool 18.0 1528 20.02748
Melting point (101.325 kPa) 0C 0.00 3.82
Boiling point (101.325 kPa) OC 100.00 101.42
Triple point temperature 1C 0.01 3.82
Triple point pressure Pa 611.73 661
Triple point density (I) g/cm 3  0.99978 1.1055
Triple point density (8) mg/L 4.885 5.75
Critical temperature OC 373.99 370.74
Critical pressure MPa 22.064 21.671
Critical density glcm 3  0.322 0.356
Critical specific volume cun)/• 3.11 2.81
Maximum density (saturated liquid) g/cm 0.99995 1.1053
Temperature of maximum density 6C 4.0 11.2

REFERENCES

L Haar, J. S. Gallagher, and 0. S. Kell, NB$SNRC Steam Tables. Hemisphere Publishing Corp., 1984.
J. M. H. Levelh SengersJ. Straub, K. Watanabe, and P. G. Hill. Assessment of critical parameter values

for HO and DO, J. Phys. Chem, Ref. Data, 14. 193, 1955.
J. Kestin. et. al., Thennophysical properties of fluid DO, J, Phys. Chem. Ref. Data, 13,601, 1984.
.J. Kestin, et. al., Thenmoplysical properties of fluid 0, AJ Phys. Chem. Ref. Data, 13, 175, 1984.
P.G. Hill. R. D.C. MacMillan, and V. Lee, A fundamental equation of state for heavy water, J. Phys.
Chem. Ref, Data, 11, I, 1982.

THERMAL CONDUCTIVITY OF SATURATED H0 AND D 20

ie gives the thermal conductivity for water (HO or D30) in equilibrium with its vapor. Values for the liquid 1) and vapor
re listed, as well as the vapor pressure.

REFERENCES

. Sengers and J. T. R. Watson, Improved International formulations for the viscosity and thermal conductivity of water
Me,J. Phys. Chem, Ref. Dam. 15, 1291. 1986.

wsunasga and A. Nagasbima. Transport poperties of liquid and gaseous D1O overa wide range of temperature and pressure,
Chem. Ref. Data, 12.933. 1983.

H2O DO

PAPa M.•/(mW/K m) 1.,(mW/K m) P/kPa 1/(mW/K m) M.I(mWIK m)

0.6 561.0 16.49
1.2 580.0 17.21 1.0 575 17.0
2.3 598.4 17.95 2.0 559 17.8
4.2 615.4 18.70 3.7 600 18.5
74 630.5 19.4A 6.5 610 19.3
12.3 643.5 20.28 11.1 618 20.2
19.9 654.3 21.10 18.2 625 21.0
31.2 663.1 21.96 28.8 629 21.9
47.4 670.0 22.86 44.2 633 22.8
70.1 675.3 23.50 66.1 635 23.8
101.3 679.1 24.79 96.2 636 24.8
476 682.1 30.77 465 625 30.8
1555 663.4 39.10 1546 592 39.0
3978 621.4 51.18 3995 541 52.0
8593 547.7 71.78 8688 473 75.2
16530 447.6 134.59 16820 391 143.0

• 6-11
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1.0 SCOPE

The software COMSOL Multiphysics is a general purpose engineering analysis program.
The COMSOL software is divided into submodules that can be employed based on the
type of problem being solved. For the purposes of this test plan, the Heat Transfer
module is utilized to enable the modeling of heat transfer via conduction, convection, and
radiation.

The Software Test Plan (STP) delineated in this document will cover the software testing,
software acceptance, and software baseline of the COMSOL software.

2.0 SOFTWARE AND PRODUCT IDENTIFICATION

Project Name:
Software Product Name:
Operating Division:
Facility:

Location of Target System:
Software Lead Engineer:

Not applicable
COMSOL Multiphysics
Savannah River National Laboratory
Applied Computational Engineering and
Statistics
703-41A
Matt Kesterson
703-41A, Room 255
(803) 725-5975

3.0 REFERENCE DOCUMENTS

3.1 B-SQP-A-00057, Rev. 0, "Software Quality Assurance Plan for COMSOL
Multiphysics", January 2012.

3.2 IEEE Std. 829-1998, IEEE Standard for Software Test Documentation.

3.3 SRT-EMS-940084, "Heat Transfer Software Test Plan", February 1995,
Attachement 9.1

4.0 RESOURCES

4.1 Test Lead Engineer

COMSOL - Matt Kesterson

4.2 Special Equipment

SRNL computer Lenovo Thinkstation 6493-AL7.

4.3 System Configuration
RedHat Enterprise Linux version 5.
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5.0 TESTING ACTIVITIES 0
5.1 Software Operating Environment

COMSOL will operate under the RedHat Linux Operating Environment.

5.2 Existing Test Plans

None

5.3 Test Problems

For computer software, one acceptable method of testing is technical evaluation
by tests which demonstrate its capability to produce valid results for the test
cases. The test plan for validating the software requirements requires matching
the requirements with the test problems, making sure that the test problem is well
defined, building the model using the software, inputting required data such as,
material properties, loading conditions, boundary conditions, setting the model
for run, and finally comparing the results. One test problem can validate more
than one requirement in a test run. Fifteen problems have been selected to test
the code analysis options that are frequently used in analyses at SRS. These test
problems are described in Attachment 9.1. These problems have been used in
the past for the dedication of this type of software. For each problem, written
and graphical descriptions are provided to define the problem. The option tested 0
is identified and the expected solution is given along with the methodology used
in arriving at the solution. The expected solution is obtained from an analytical
solution, experimental results, or results from other industry standard software
codes.

Attachment 9.1 consists of a set of problems for which solutions have been
published, or for which solutions are derived using standard analytical methods,
or solution comparison with other software codes, or recommended benchmark
problems. The problems were selected with the intent of testing a wide range of
1) element types, and 2) analysis procedures. 2-D, 3-D, and axisymmetric
problems with radiation boundary conditions, Dirichlet (Temperature =constant),
and Neumann (heat flux dT/dx = constant) boundary conditions have been
solved. These test cases provide an excellent baseline for the analysis and
development work which is performed in the SRNL at the SRS.

Note regarding units: When modeling heat transfer due to radiation, an absolute
temperature system must be used. COMSOL does not currently have syntax for the
Rankine system, the degrees F is used with input temperatures increased by 459.67, and
output temperatures reduced by 459.67 (or else reported as Rankine temperatures).
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5.4 Acceptance Criteria

The accuracy of solution should be within 0.5% for typical benchmark problems,
and within 5% for non-standard problems in comparison with solutions from
"industry accepted" codes or experiments.

5.5 Test Logs/Reports

The Test Engineer will create a test logbook for recording any errors or
deficiencies encountered during testing, if necessary. The test cases and printed
input/output files from the software shall also serve as test documentation. All
result directories shall be preserved to verify the input parameters. Input/output
files for the various test cases are listed in Attachment 9.4.

5.6 Special Plant/System Configuration

The computer system is a Lenovo Thinkstation 6493-AL7 with the RedHat
Linux Enterprise Edition, version 5.

5.7 Training Requirements

The Test Engineer shall be trained in the use of the software. The Owner shall
document the training and the background experience of the Test Engineer.

5.8 Schedule

Not Applicable.

5.9 Limiting Conditions

Not Applicable

5.10 Initial Conditions
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Software shall be installed such that the program can run locally on the target
machine. Material databases shall be installed along with the source file
installation.

5.11 Error/Deficiencies Handling

If errors or deficiencies during testing are found, the Test Engineer shall take the
following steps:

- immediately stop the testing
- contact the software Owner for error/deficiency resolution
- software Owner shall review the requirements, test method, or Test

Engineer's steps to determine the source of error
- The software Owner may revise the requirement, revise the test method or

revise the Test Engineer's steps to resolve the error/deficiency.

5.12 Regression Testing

If a requirement or test case is rewritten, all previously testing requirements shall
be retested to ensure no adverse effects.

5.13 Recovery Plan

Not applicable.

6.0 ACCEPTANCE

ý.Jk*.* A AAAUU.A*J

Independent Reviewer (IR-2)

Owner Acceptance of Software:

6.J. tiensei, uwner 1jaie
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7.0 BASELINE ESTABLISHED

Test Lead Engineer:

M.R. Kesterson

Design Agency:

Date

Design Authority:

8.0 SUMMARY AND CONCLUSIONS

The COMSOL software is classified, tested, and maintained in accordance with
the requirements set forth in QAP 20-1 of Manual 1Q. The test problems
modeled and run on this software give results that meet the stated acceptance
criteria. It is concluded that the COMSOL software will perform its intended
safety function.

9.0 ATTACHMENTS

9.1 SRT-EMS-940084, Heat Transfer Software Test Plan, February 1995.
9.2 Test Results and Tester Comments.
9.3 Computer Files
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ATTACHMENT 9.1
Heat Transfer Software Test Plan

0
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Infinitely Long Hollow Cylinder with Applied Heat Flux

OPTION(S) TEMPE:

Conduction. with heat flux (Steady-state, British units)

A heat flux (q") is applied at the right wall (r2) and temperature (To) is held
constant at the left wall (ri). Steady-state temperatures are calculated assm.ng
an axisymmetric geometry.

£
- I
L I

I

I
I r1
I

-2--
k

00 0
I --a

r2
Parameters:

q" - 20 Btu/hr-ft 2

rli =2 ft.

r2= 3 ft
k = 1 Btu/hr-ft-'F
L =.length (infinite)

EXPECTED SOLUTION:

The temperatum at the right boundary (r2) can be found from the expression:

27dkCr1 - TO)
q= ln(r21r1 )

Rearranging,

TI=To+ln(r2fr1)q
2ckl,
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By dei don the .heat rate (q) in Btu/hr ca. be written as

q= 2r 2%W.

Substitut.ng into the Previous equation yields

ln.r.. )2snr 2 W. .

2,rkL

Simplifying and substituting values gives

ln(r~fr1)r2q"
TI=T 0 +.

lO(3A2X3)20)

T1.= 100+ 1

T= 100 + 24.328

Ti = 124.328

The temperature at the right wall (r2) is found analytically to be 124.3280F.

xOW h* Back illam R&A Hea Trnsfe. Harper & Row,,
New YoX,. 1980, pg55..

0
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Infinitely Long Cylinder with Internal Heat Generation and Convection
OPITON(S) TESTED:

Internal heat generation and convection (Steady-state, British units)

DCB•IEMQ ::

Heat is generated internally (q") throughout the solid and is conducted to the right
wall at temperature Ts where it is transported by convection to the environment at
temperature T... The convective heat transfer coefficient is constant. Steady-
state temperatures at the centerline (T(O) )are calculated assuming an
axisymmetric geometry,

S ro--P- Ts

CL .-.-IP-T*

I h

Parameters:

q'"= 50 Btu/hr-ft3  ro= I ft.
h = I Btnr-ft-'rF k I Btu/hr-ft-'F
T..= 100 F

E~xPECr SOLUTMON: .

The temperature at the outside surface (rd can be found from Newton's law of cooling

q= hA(T,- T.)

where A is. the surface area of the outside of the cylinder:.

A- 2xrL.

ite heat rate (q) in Btu/hr is found from the cylinder volume and volumetric heat
generation (q"):

q =-qý"'&r, 2L)



COMSOL Multiphysics Version 4.3
Software Test Documentation

B-STP-A-00027
Revision 0

Page 15 of 58

Roarranging NOWton law of. aol ngad substituing the volumxtr heat sUouc give

50(1)
T.=100+ + (1)

T ý=-125

The centetine Mopeat b 'T0)Clan be found fro:

T(r) .T..o. . .T

4 ..k

Substitting at r =0

• ~ V) SOW.". 
.

. q;r( +125

T(O) 12.5 + 125

• ...137.3

The tmeaueat the centerkie t(0)) is found analytically to be 137.5 OF.

K:eth, Frank, and Black. William 7. Harpe & ow,
New York, 1980,pg 7,2.

0
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ID Slab with Internal Heat Generation

:OTIRN(S) TESTED•:

Temperature dependent conductivity (Steady-state, British units)

Heat is generated internally (q'.) in a slab with thickness 2L. The heat is
conducted through the solid slab to a fixed wall temperature of To. The
conductivity is linearly.dependent on temperature. Steady-state temperatures at
the centerline (x-0) -are calculate assuming a slab geometry.

I

q12

2L

T
@00

|

Parameters:

EXPET.SOLUTON:

TO.= 100" F
q" = 500 Btu/hr-ft3

k0 = 1Btu/br-ft-*F

L=1ft
k=k0(l +bT)
b-=0.1 F-1

The thermal conductivity is expressed as k = k0(l + blD.

The temperature at x=0 can be found from the expression:

(Tx)-T0 )+-t 0C)x~2 -

Substituting for x = 0 yields

.- (x/L)2

2
q'"L 1k

=1
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2

T(0) - 100 + 0.05T2 (O) - 500 = 250

-1 , 1 + 4(0.05X85o) -1 ±4T
0.1 0.1 120.767,-140.770

Since -140.770 is a physically meaningless toot for this problem, T(0) = 120.767.

Te tmpeatMMre at the centerline (x=O) is found analytically to be 120.767 OF.

Apaci, Vedat S. Conduction HMa Transfer, Addison-Wesley PublishingCompany, Reading, MA., 1966, pg 131.

S
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Transient Conduction in a Semi-infinite Solid

Thnasent solution (rransient, British units)

DESCBAWQ=

A heat flux ")is conducted into a semi-infinite solid having an initial
temp amre (TO of 1000F. The temperature at the surface x=0 is calculated in
0.5 hrintervals from 0 to 2 hours.

00

4

q,,

S
[-X~

Parameters:
k = 1 Btu/ft-hr-F
cp = 1 Btu/Ibm--F
p = I Ibm/ft3

To- 100= F
q" -10 Btu/hr-ft2

JON ý: 1:4 MI

The transient temperature at the left boundary can be found from the expression:

2qH(Q)

k

Substituting values gives

T -T o + 2047x

Note: In the diagram, the heat flux is on the edge of the slab. The arrow pointing to the center was an
error in the original document and marked out by hand on the originaL
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The temperatures at the surface in 0.5 hour intervals are found analytically:

Memprature F at x=0
0 100.000

.0.5 107.979
1.0 --- -11.284
1.5 113.820
2.0 115.958

- ml

Incropera, Frank P., and DeWitt, David.P. Fundamentals of Heat Transfer. John
W'fley & Sons, New York, 1981. pg 205.
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Concentric Cylinders Modeled as 2-D Plates with Radiation

RadiaS o TESrTe:

Radiation (Transient, British units),.

DRS I

Radiative-heat transfer occurs between concentric regions 2 and 4 (region 3 is
void). All surface emmittances and absorptivites are 1. Region 2 radiates to
region 4 and region 4 radiates to the ambient. Region 1 is a heat source of 3702.6
Btu/br-ft. 3. The temperatures at locations T3, TS, and T4 are calculated for times
of 0. 30. and 90 minutes. j

REGION
1
2

3
4

(inches)

15.25

21.25
21.5

Mater Condu-ctivity Spec Het Dnst,Bt/b-ft-*l) (1tulbma)3

O 4,---2.--- -r3

• " Table : Material Propeties

Note: In the diagram, the radius of region I was incorrect in the original print of the test case and was
corrected by hand before the original document submission
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Time Lminutes) Ambient Tem ture
a e e em,130°r7 "

0-30 10O

Table 2: Ambent Temperature

EXPECTED SOLUION:

The temperatures at locations T3.. T8, and T4 are shown below for times of 0,
30, and 90 minutes.

go 1272.2 708.8155
-0 'v

REE~EMNEL

Glass, Robert E., Sample Problem Manual For Renchmarking of Cask Analysis
Codes (SAND88-0190 TTC-0780 UC-71), Sandia National Laboratories,
Albuquerue, NM 87185, February 1988.
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Freezing of a Square Solid - The Two Dimensional Stefan Problem

QOlQNL•I TESTED:

Phase change (rransient, SI units)

DESCREi HON:

This problem is the two-dimensional Stefan problem: a square block of material is
initially liquid, just above the freezing temperature. The temperature of its
outside perimeter is reduced suddenly by -45e, so that the block starts to freeze
from the outside towards the core. The latent heat of freezing (7026 3/kg) occurs
between the solidus and liquidus temperatursof -0.25*, C and -0.15" C,
respectively. The initial temperature of the material is 0" C.

The block is a square with a side length of 8 meters. Symnmetry allows the mesh
to be generated on only one quarter of the model. A graphical ABAQUS solution
is presented for the first 5 seconds of the transient at the points 'A' and'B' which

:,are shown in the figure below. The ABAQUS element used is type DC2D4 (four-
node, bilinear quadrilateral).

14d -
I - 8

8 x 8 mesh
of linear
biquadrilaterals TI y

1-40.X
T = 45 Cfor time> 0

Parameters: k = 1.08 W/m-.C
p = 1.0 kgin3

c = 1.0 Ykg

~QLUflQ~:
Plots of the temperatures computed by CONSOL Nultiphysics should be similar to those
computed by ABAQUS.
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Temperature vs. Time at Node A

-10

.•.j20.

-30'

-40
0 1 2 3 4 5

Time (seconds)

Temperature vs. Time at Node B

I
0 2 3 4 5

Time (seconds)
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Insulated Slab with Radiation
OPTION(S) TESTED:

Conduction and radiation (Steady-state, SI units)

A B

k-"0.1 M

Parameters: Ta = 1000 K eb = 0.98
Tambient =300 K k = 55.6 W/m-" C

This problem is found in ABAQUS V5.2 Verification Manual, page 6.2.2. The
ABAQUS element type tested is DC2D8 (8 noded quadrilateral elements). The
model used a uniform mesh with 10 elements along the length.

Geometry consists of a rectangular region with zero heat flux along the top and
bottom boundary, and fixed temperature (Ta) at the left end. Heat is conducted
through the solid to the right end at temperature (Tb) which radiates to an
environment at 300 K. The right end has an emissivity (eb). There is no internal
heat generation.

This is a test recommended by the National Agency for Finite Element Methods
and Standards (U.K.): Test T2 from NAFEMS publication TNSB, Rev. 3, "The
Standard NAFEMS Benchmarks," October 1990. The temperature results are
compared for point B.

EXEThE SOLUrTON:
The temperature at point B is computed by ABAQUS to be 653.80 "C.
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Insulated Slab with Variable Temperature Boundary Condition

OPTION(S) TESTED:
Transient analysis using a variable temperature boundary condition (Transient,

SI units)

DESCRIPTION:

A B

1--O.lm-0 m

Parameters:

Ta=0 0 C
Tb = 100sin("lt/40)* C where t is in seconds
p = 7200 kg/m3
k 35.0 W/m-0C
Cp = 440.5 J/kgOC

This problem is found in ABAQUS V5.2 Verification Manual, pg 6.2.3. The
ABAQUS element type tested is DClD3 (1-D with 3 nodes per bar element).

Geometry consists of a rectangular region with zero heat flux along the top and
bottom boundary, and fixed temperature (Ta) at the left end and with a varying
tempetature (Tb) at the right end. There is no internal heat generation.

This is a test recommended by the National Agency for Finite Element Methods
and Standards (U.K.): Test T3 from NAFEMS publication TNSB, Rev. 3, 'The
Standard NAFEMS Benchmarks," October 1990. The temperature results are
compared for.

EXPECTED SOLUTION:

The target solution is 36.60" C at x = 0.08 m and 32 secs.
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PBLEM 9..:

2-D Slab with Convection
OP~TION(S) "mS'ro

2-D with convection (Steady-state, SI units)

DESCRIMON:

0
Parameters: h = 750 W/m2 ' , To f= 100° Q k = 52 W/mr C, Too = 0" C

This problem is found in ABAQUS V5.2 Verification Manual, page 6.2.4. The
ABAQUS element type tested is DC3D8 (3-D with 8 nodes per hexagonal
element). The mesh is uniform and the width (Ax) and height (Ay) for each
element is 0.1 m. There are four elements through the thickness (Az) for the
ABAQUS model.

Geometry consists of a rectangular region with zero heat flux along the left
boundary, and convection to the ambient at Too along right and top boundaries.
The bottom is held at a constant temperature (To). There is no internal hedt
generation.

This is a test recommended by the National Agency for Finite Element Methods
and Standards (U.K.): Test T4 from NAFEMS publication TNSB, Rev. 3, 'The
Standard NAFEMS Benchmarks," October 1990.

• CTED SLUTIN:

The temperature at point E as computed by ABAQUS is 18.26 C.
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IM X IM Square Aluminum Plate

OPTION(S) TESTED.

Nodal point heat source (Steady-state, SI units)

DESCRIPTION:

A square aluminum plate has a left boundary fixed at 100.0 K and a right
boundary with a constant heat flux of 1000.0 W/m2. At the bottom heat is lost to
the environment at 300K through convection with a coefficient of 13.4 W/m2 -K.
The top boundary is insulated. At the center of the plate (0.5, 0.5) is a nodal point
heat source of 1000W. The plate is uniformly meshed (4x4) with sixteen 4-noded
quadrilaterals. P3/THERMAL results are compared to ABAQUS results at the
specified coordinates.

100.0 K
(fixed)-

Nodal Point
Heat Souce
1000W

(0.5.0.5)

- 1000 W/n2
Con•tant Heat
Flux

h - 13A W/(m2 -K)
0%%Tconvection = 300K

Parameters: kaluminum = 293.076 W/mK

EXPECTED SOLUTION:

The temperatures computed by ABAQUS at three coordinates are shown below:

Coordinates Temperature (K)

(1, 1) 108.0906

(0.5,0.5) 107.1976

(1, 0) 112.1438
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PROBLEM 1:

"Sti" Thermal Problem with the Direct Solver

OPTION(S) TESTED:

Numerical convergence (Steady-state, SI units)

DESCREnoN:
This problem has been designed to illustrate the thermally "stiff' problem. A
material with a lower thermal conductivity and width of 0.5 m is sandwiched
between two materials with a higher conductivity and width of I m. Temperature
and heat flux boundary conditions are imposed on the surfaces as illustrated.
QTRAN has Iterative (SOL = 0) and Direct (SOL=.2) solution options. For "stiff'
thermal problems iterative solvers tend to converge very slowly while direct
solvers work very efficiently. This problem is solved using the direct solver.
Temperature results are compared to ABAQUS V5.2 temperature results at the
coordinates x = 1.0 and y = 9.0.

300*,F'V-

High k material (1.0 W/m-K)

20m

I Heat flux = 1 W/m2

Low k material (0.01 W/m-K)

PEYPE -SOLLMON:

The temperature at coordinates (1.0,9.0) is computed by ABAQUS to be
409.690502 K.
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.lQBLEM.12:

Infinitely Long Hollow Cylinder with Multiple Materials

Conduction through multiple materials (Steady-state, British units)

DESCRIPTION:

An infinitely long hollow cylinder is composed of 9 concentric cylinders of
various materials, some of which have temperature dependent thermal
conductivities. There are constant temperature boundary conditions at the inner
cylinder wall of 3390 F and between the stainless steel/fiberglass interface of 1900
F. The objective is find-the temperature at the fiberfrax/stainless steel interface.

- -- 125*

3390F ' 4Boundary Conditionf

Temperature result -

Inside

0 ý 7-0,

I ý-.Zzm

00

Alumina
Zircar

Inconel
K-3

Fiberfrax

Stainless steel190B F
Boundary CodtojOutside Air

Parameters: Ti = 3390 F
ro = 14.275
L = length (infinite)

To= 190" F
ri = 4.125

?i outer .ius inner radius Conductivity (k)
...... (inches (q) ches •Btu/hr-ft-

Alumina__ 4.45 4.25 131- 39

Inconel 5.5 5.195 8.1 @ 71*
•5K-3 11.25 52.85 F

Fiberf rax 12.0 11.25 0.0 25F
Stainless-steel 13. 120*.4r-37

Air 1 13.9 13 13.
Stainless steel "-75 1 -1. 1_9.23_ 92_ _

The rate of heat transfer by conduction across the materials (q) can be determined
from

2Wk(Ti - TO) (Ti - TO)
q-7 in(rr) = Rt
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The rate of heat transfer by conduction across the materials (q) can be determined
from

2xkL(T1 -TO

q=- 1n(r~frj)
(Ti -TO)

The total thermal resistance (Rt) is found by the summation of individual
resistances:

ln(r./r)j

Substituting values between the 339" F boundary condition (Ti) and 190" F
boundary condition (TO) yields Rt = 1.0064. When Ti = 3390 F and To = 190" F, q
= 148.0451 Btu/hr. -

The total thermal resistance (Rt) between the 190" F boundary condition and the
stainless steel/fiberglass interface is calculated to be 0.3192. Substituting Rt =
0.3192, q - 148.0451, and To = 190* F into the equation for heat transfer by
conduction gives Ti - 237.25" F.

EXPETD SOLUTION:

The temperature at the stainless steel/fiberfirax interface is analytically found to be
237" F.

REFERENCE: Kreith, Frank, and Black, William Z. Basic Heat Transfer, Harper & Row,
New York, 1980, pp 55, 56.
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2-D Plate with Two Isothermal Boundaries
QEFEO(S) TESTED:

Spatially dependent temperature boundary condition (Steady-state, SI units)

DESCRscrN

A 2-D plate has a constant temperature of 0 K at the left and right boundaries. A
spatially dependent temperature boundary condition is imposed at the top and
bottom of the plate as shown below:

T(x, y) =-x
T(x, y) = 2 - x

0<x5l1<x S2.

Temperatures are calculated. analytically at three randomly selected nodal
locations: (1.45, 1.1), (0.85, 1.5), and (0.15,0.7).

X, 0:9x -<
2-x, -1 < X:52

.-I

OK- -OK

X, O5 X5
.2-x, I< x:52

Parameters:
a = 2 m (plate length) b = 2 r(plate width)

tomcrED sQLUIM!

The temperature at any (xy) coordinate within the domain can be found from

' -s .. . •)sinh( n )y+s in (b - y)].8 " sin at,/2) ..a V.T(Xy. a-.., .._ . .. (n,, sin(-•
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IThe solution is fbtmd from the following FORTRAN program and output after
substituting values for the plate.length and width and summing the first 35 terms.
Tcmpamtus ate C lcuated at the duve arbitrarily selected points within the
domain: (1.45, 1.1), (0.85,1.5), and (0.15,0.7).

program sum
C

mad (*,*) x
print*, 'Enter y :'
read(**)y

C
tsum=o0.o .
pi = 3.14159265
do 10 n 1, 35
at npi/2.0.
gin - (s.nh(at*y) + sinh(at*(2-y)))/sinh(n*pi)

.sum = sIn(at)/n**2 * gin * sin(at*x)
tsum = tsum + sum

10 continue
C

• / write (*, *) 'sum = ', 8.0"tsmfpi*'2

stop....
end

f77 sumf
% Lout
Enter x:
1.45
Enter y:1.1
sum = 0.2477080
% Lout
Enter x:

0.8-5
Entery y:
1.5
sum= 0.4228634

L Lout
Enter x:

0.15
Enter y:
0.7
sumt 8.1770860E-02
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The temperatures calculated at the three points are shown below :

Node Coordinates Temperature (K)

472 (1.45,1.1). 0.2477080
1479 (0.85, 1.5 0.422863

1145 (0.15,0.7) 0.081771

Powers, David L Bound= Value Problems. ClarksonCollege of Technology,
Academic Press, Inc., 1979. pp 182, 183.
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RROBLEM 14:

Radiation Exchange between Two Infinitely Long Cylinders and Space

OPTIO a vSf TESTEDc
Radiation view factor calculations (Steatdy-state, SI units)

DEBSCRIPTQION Ir

To test performance of P3/TfERMAL's integrated viewfactor/radiation resistor
generation program, a benchmark analysis was chosen that has an exact solution.
This thermal radiation benchmark consists of two parallel cylinders, each 1-meter
in radius, with the centerlines separated by 2.25 meters. A uniform heat flux of
1000 W/m2 is applied on the outer surfaces. The cylinder material is assumed to
be a near perfect conductor (thermal conductivity of 7920 W/m-K) to make the
radial temerate gradient small so that the analytical solution can be easily
shown. surface emissivity is 1.0. The space temperature (To.) is taken as
absolute zero. The relatively close proximity of the cylinders makes this
benchmark a significant challenge to a radiation view factor code. This
benchmark demonstrates P3/THERMAL's view factor progrm accuracy for a
complicated view factor problem as well as the capability of the solver to model
the radiation network.

Parameters: D=0.25m
q" f 1000 W/m2

R=lm
cr= 5.7(10)-8 W/m2-K4

EXPECTED SOLLMON.-

The net heat flux between surface 1 and the environment is

q"I-3 = oFI-3(T 4
-T34)

The viewfactors (F) for this arrangement can be expressed as

F .2÷+ F =-3 1.0
U~ith
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with

D
whereX=I+Y-

Evaluating, FI-2 = 0.30895 and E1.3 = 0.69105.

Substituting these values into the expression for the net heat flux q"1-3 yields Ti =399.700 K.

The temperature of the cylinder surface is analytically found to be 399.700 KL

Siegel, Robert and Howell, John. Thermal Radiation Heat Transfer, 2nd. ed.,Hemisphere Publishing Co., 1981. pg 205.
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3-D Brick with Heat Flux, Convection, and Temperature Boundary Conditions
OPTION(S) TEST E:

3-D conduction (Steady-state, SI units)

A brick has a width of 1.0 m (Az), length of 2.0 m (Ax), and height of 1.0 m (Ay).
A heat flux (q"f) of 245 W/m2 is applied at the plane .= 1. Convection (q"c)
with a convective heat transfer coefficient of 180 W/AiX occurs to an environment
at 250 K at the plane x - 2. The boundary at y = 0 is held at a constant
temperature of 300 KL The remaining boundaries are insulated. The thermal
conductivity of the brick is 40 WlmIK.

The brick is uniformly meshed with 250 8-noded hexahedrons, each having an
element edge length of 0.2 m. Temperatures computed by ABAQUS are shown at
three arbitrarily selected nodal locations within the brick.

qf - 245.0

(2,1,1)

- - (0,1,0)

of - (0,0,0)

300 K

I go=18 W/M2K

Z -

.(2,0,1)

1:*XPý 04 SQL1~UQNi

The temperatures at three-nodes are found by ABAQUS as shown below:

Node Coordinates (x,y,z) Temperature (K)

305 (1.4,0.6.0.8) 287.566078

227 (1.2, 0.4,0.6) 293.430702

82 (0.8.0.2,0.2) 298.230642



COMSOL Multiphysics Version 4.3
Software Test Documentation

B-STP-A-00027
Revision 0

Page 37 of 58

ATTACHMENT 9.2 - TEST RESULTS
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The following results compare the COMSOL solutions to the theoretical or other
solutions at the specified critical points. The test cases (Problem #s) identified in
Attachment 9.1 were run on Redhat Linux Enterprise Edition version 5 and therefore
satisfy the RSS #1 [B-SQP-A-00057, Attachment A]. Computer input and output files
are listed in Attachment 9.4.

Test Problem 1: Infinitely Long Hollow Cylinder with Applied Heat Flux

Results: The temperature at the right boundary (r2)

COMSOL 4.3 (OF) Analytical (OF) Error (%)
124.33 124.328 <0.01 I1

The temperature contours are shown in Figure 1.

Tester's Comments: This problem satisfies the RSS # 3.2a, 3.2b, 3.2d, 3.3, 3.4b, 3.4e,
and 3.6. Software calculated result meets the acceptance criteria.

Test Problem 2: Infinitely Long Hollow Cylinder with Internal Heat Generation and
Convection

Results: The temperature at the centerline (ro)

COMSOL 4.3 Analytical (OF) Error (%)
(OF)
137.5 137.5 <0.01

The temperature contours are shown in Figure 2.

Tester's Comments: This problem satisfies the RSS # 3.2a, 3.2b, 3.2d, 3.3, 3.4a, 3.4b,
3.4g, and 3.6. Software calculated result meets the acceptance criteria.

Test Problem 3: 1-D Slab with Internal Heat Generation

Results: The temperature at centerline (x=O):

COMSOL 4.3 Analytical (OF) Error (%)
(OF)

120.77 120.767 <0.01

The temperature contours are shown in Figure 3.

Tester's Comments: This problem satisfies the RSS # 3.2a, 3.2b, 3.2d, 3.3, 3.4b, 3.4e,
3.4g, and 3.6. Software calculated result meets the acceptance criteria.
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Test Problem 4: Transient Conduction in a Semi-infinite solid

Results: The temperatures at x = 0, at 30 minute interval:

Time COMSOL 4.3 Analytical Error (%)
(Hours) (OF) (OF)

0 100.000 100.000 <0.01
0.5 107.978 107.977 <0.01
1.0 111.283 111.283 <0.01
1.5 113.812 113.821 <0.01
2.0 115.958 115.959 <0.01

The temperature contours are shown in Figure 4.

Tester's Comments: This problem satisfies the RSS # 3.2a, 3.2b, 3.2d, 3.2f, 3.2g, 3.3,
3.4b, 3.4e, and 3.6. Software calculated results meet the acceptance criteria.

Test Problem 5: Concentric Cylinders Modeled as 2-D Plates with Radiation

Results: The temperatures at T3, T4, and T8 are:

Time COMSOL 4.3 (°F) Reference (*F) 4.3 Error (%)
(min)

T3 T8 T4 T3 T8 T4 T3 T8 T4
0 278.4 400.0 417.8 278.6 399.2 417.5 0.07% 0.20% 0.07%

30 1273.2 710.2 505.5 1272.2 708.8 505.4 0.08% 0.20% 0.02%
90 398.7 569.5 596.2 397.4 568.4 595.4 0.33% 0.19% 0.13%

The temperature contours are shown in Figure 5.

Tester's Comments: This problem satisfies the RSS # 3.2a, 3.2b, 3.2d, 3.2e, 3.2f, 3.3,
3.4b, 3.4f, 3.4g, and 3.6. Software calculated results meet the acceptance criteria.

Problem 6: Freezing of a Square Solid - The 2-D Stefan Problem

Results: The temperatures at Points A and B are given in Figure 6:

Tester's Comments: This problem satisfies the RSS # 3.2a, 3.2b, 3.2c, 3.2d, 3.f, 3.3,
3.4b, 3.4e, 3.5, and 3.6. Temperatures calculated by COMSOL are in good agreement
with ABAQUS results. COMSOL does not have specific inputs for latent heat due to
phase change, but COSOL does give the user great flexibility by allowing the user to
input equations describing the systems phase change. Based on these observations, the
results obtained using COMSOL are in good agreement with the ABAQUS results.
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Problem 7: Insulated Slab with radiation

Results: The temperature at point B is:

COMSOL 4.3 ABAQUS (OC) Error (%)
(oC)

653.85 653.80 <0.01

The temperature contours are shown in Figure 7.

Tester's Comments: This problem satisfies the RSS # 3.2a, 3.2b, 3.2d, 3.2e, 3.2f, 3.3,
3.4b, 3.4f, and 3.6. Software calculated result meets the acceptance criteria.

Problem 8: Insulated Slab with Variable Temperature Boundary Condition.

Results: The temperature at point B (x = 0.08 m and 32 secs) is:

COMSOL 4.3 (°C) ABAQUS (°C) Error (%)
36.60 36.60 <0.01

The temperature contours are shown in Figure 8.

Tester's Comments: This problem satisfies the RSS # 3.2a, 3.2b, 3.2d, 3.2f, 3.3, 3.4b,
3.4c, 3.4e, and 3.6. Software calculated result meets the acceptance criteria.

Problem 9: 2-D Slab with Convection

Results: The temperature at point E is:

COMSOL 4.3 ABAQUS (°C) Error (%)
(°C)
18.25 18.26 <0.05

The temperature contours are shown in Figure 9.

Tester's Comments: This problem satisfies the RSS # 3.2a, 3.2b, 3.2d, 3.2f, 3.3, 3.4a,
3.4b, 3.4e, and 3.6. Software calculated result meets the acceptance criteria.

Problem 10: 1M X IM Square Aluminum Plate

Results: The temperatures at three nodes are:
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Node Coordinates COMSOL 4.3 ABAQUS Error (%)
(°K) (K)

5 (1, 1) 108.1249 108.0906 0.032
3 (0.5, 0.5) 107.83248 107.1976 0.529
4 (1,0) 112.14712 112.1438 <0.01

The temperature contours are shown in Figure 10.

Tester's Comments: This problem satisfies the RSS # 3.2a, 3.2b, 3.2d, 3.2f, 3.3, 3.4a,
3.4b, 3.4e, 3.4g, and 3.6. Software calculated results meet the acceptance criteria.

Problem 11: "Stiff' Thermal Problem with Direct Solver

Results: The temperature at coordinate (1.0, 9.0) is:

COMSOL 4.3 ABAQUS (-K) Error (%)
(OK)

409.69505 409.690502 <0.01

The temperature contours are shown in Figure 11.

Tester's Comments: This problem satisfies the RSS # 3.2a, 3.2b, 3.2d,
3.4e, and3.6. Software calculated result meets the acceptance criteria.

Problem 12: Infinitely Long Hollow Cylinder with Multiple Materials

Results: The temperature at the Fiberfrax/stainless steel interface is:

3.2f, 3.3, 3.4b,

COMSOL 4.3 Analytical (°F) Error (%)
(OF)

237.25 237.25 <0.01

The temperature contours are shown in Figure 12.

Tester's Comments: This problem satisfies the RSS # 3.2a, 3.2b, 3.2d,
3.4e, and 3.6. Software calculated result meets the acceptance criteria.

Problem 13: 2-D Plate with Two Isotherm Boundaries

Results: The temperatures at the selected nodal points are:

3.2f, 3.3, 3.4b,

Node Coordinates COMSOL 4.3 Analytical Error
(_K) (K) (%)

932 (1.45, 1.1) 0.24815 0.2477080 0.18
1248 (0.85, 1.5) 0.42375 0.422863 0.21
578 (0.15, 0.7) 0.08189 0.081973 0.10
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The temperature contours are shown in Figure 13.

Tester's Comments: This problem satisfies the RSS # 3.2a, 3.2b, 3.2d, 3.2f, 3.3, 3.4b,
3.4d, 3.4e, and 3.6. Software calculated results meet the acceptance criteria.

Problem 14: Radiation Exchange between Two Infinitely Long Cylinders and Space
Results: The temperature at the cylindrical surface is:

COMSOL 4.3 Analytical ('K) 4.3 Error (%)
(°K)

399.65 399.700 0.01

The temperature contours are shown in Figure 14.

Tester's Comments: This problem satisfies the RSS # 3.2a, 3.2b, 3.2d, 3.2e, 3.2f, 3.3,
3.4b, 3.4e, 3.4f, and 3.6. Software calculated result meets the acceptance criteria.

Problem 15: 3-D Brick with Heat Flux, Convection, and Temperature Boundary
Conditions

Results: The temperature at the cylindrical surface is:

Node Coordinates COMSOL 4.3 ABAQUS 4.3 Error
(°K) (°K) (%)

623 (1.4, 0.6, 0.8) 287.34454 287.566078 0.08
1061 (1.2, 0.4, 0.6) 293.24771 293.430702 0.06
1939 (0.8, 0.2, 0.2) 298.17468 298.230642 0.02

The temperature contours are shown in Figure 15.

Tester's Comments: This problem satisfies the RSS # 3.2a, 3.2b, 3.2d, 3.2e, 3.2f, 3.3,
3.4a, 3.4b, 3.4e, and 3.6. Software calculated results meet the acceptance criteria.
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Figure 1 - Temperature Contours for Test Problem No. 1
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Figure 2 - Temperature Contours for Test Problem No. 2
7 T 125
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Surface: Temperatrle (deqF)
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Figure 3 - Temperature Contours for Test Problem No. 3
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Figure 4 - Temperature Contours for Test Problem No. 4
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Figure 5 - Temperature Contours for Test Problem No. 5
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Figure 6 - Temperature Plots for Test Problem No. 6
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Figure 7- Temperature Contours for Test Problem No. 7
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Figure 8- Temperature Contours for Test Problem No. 8
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Figure 9- Temperature Contours for Test Problem No. 9
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Figure 10- Temperature Contours for Test Problem No. 10
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Figure 11- Temperature Contours for Test Problem No. 11
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Figure 12- Temperature Contours for Test Problem No. 12
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Figure 13- Temperature Contours for Test Problem No. 13
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Figure 14- Temperature Contours for Test Problem No. 14
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Figure 15- Temperature Contours for Test Problem No. 15
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Attachment 9.3 - Computer Files
All folders are located in:

/hpc/archive/ems/qa/comsol/Comsol43

Test Model Date/Time SubFolder
Case File Stamp

1 Testcasel.mph 10/42012 TestCasel
11:49AM

2 Testcase2.mph 10/4/2012 TestCase2
11:52 AM

3 Testcase3.mph 10/4/2012 TestCase3
11:53 AM

4 Testcase4.mph 10/4/2012 TestCase4
12:01 PM

5 Testcase5.mph 10/4/2012 TestCase5
1:09 PM

6 Testcase6.mph 10/15/2012 TestCase6
6:52 AM

7 Testcase7.mph 10/15/2012 TestCase7
7:11 AM

8 Testcase8.mph 10/15/2012 TestCase8
7:15 AM

9 Testcase9.mph 10/15/2012 TestCase9
7:29 AM

10 Testcase 1 0.mph 10/15/2012 TestCasel0
8:09 AM

11 Testcase 11.mph 10/15/2012 TestCasel 1
8:13 AM

12 Testcase 1 2.mph 10/25/2012 TestCase12
2:49 PM

13 Testcase 13.mph 10/25/2012 TestCase 13
2:25 PM

14 Testcase 14.mph 10/25/2012 TestCase 14
2:36 PM

15 Testcase 1 5.mph 10/25/2012 TestCase 15
1 2:42 PM
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Project/Task Calculation Number Project/Task Number
NA M-CLC-A-00448 NA

Tdle Functional Classification
NCT and HAC Thermal Analysis for the MC5PV SC

Discipline

Mechanical
Calculation Type Type I Calculation Status

0 Type 1 0 Type 2 0 Preliminary Ci) Confirmed

Computer Program Number
COMSOL Multiohysics

VersionlRelease Number
El NIA

Purpose and Objective
This calculation evaluates the thermal performance of the Bulk Tritium Shippii
Package (BTSP) for the Normal Conditions of Transport (NCT) and
Hypothetical Accident conditions (HAC) containin an Mound Configuration 5
Process Vessel package (MC5PV). Maximum temperatures of various
components are calculated and compared against their design limits.

Summary of Conclusion

1. The NCT and HAC analyses show that the maximum component temperatures are below their design limits.

2. The analyses show that the BTSP Mound Configuration 5 Process Vessel package meets the thermal design requirements
given in 10 CFR Part 71.
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Nomenclature and Units
h = Convection Heat Transfer Coefficient (Btu/hr-fte-°F)
k = Thermal Conductivity (Btu/hr-ft-°F)
p = Density (lb/ft3)

Cp = Specific Heat (Btu/lb-°F)
L = Characteristic Length (ft)
T = Temperature (°F)

Acronyms and Abbreviations

0

CCSS
CCV
CoC
CV
DOT
BTSP
HAC
HAC/Solar

HSV
HTV

MC5PV
NCT

NCT/Solar

NCT/Shade
PV
SARP

SRNL

SS

Configuration Control Support Structure
Contamination Control Vessel
Certificate of Compliance
Containment Vessel
Department of Transportation
Bulk Tritium Shipping Package

Hypothetical Accident Conditions

Hypothetical Accident Conditions (Steady State) with Insolation

Hydride Storage Vessel

Hydride Transport Vessel

Mound Configuration 5 Process Vessel

Normal Conditions of Transport

Normal Conditions of Transport with Insolation

Normal Conditions of Transport without Insolation

Product Vessel

Safety Analysis Report for Packaging

Savannah River National Laboratory

Stainless Steel
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1.0 INTRODUCTION

This document describes the thermal performance of the Bulk Tritium Shipping Package (BTSP)
for the Normal Conditions of Transport (NCT) and the Hypothetical Accident Conditions (HAC)
containing the Mound Configuration 5 Process Vessel (MC5PV) package. The BTSP has been
previously evaluated for multiple product vessel (PV) configurations Ell. Figure 1 shows a
schematic of the BTSP package with a generic PV content. This calculation evaluates the
MC5PV within the BTSP. The MC5PV was previously authorized for shipment in the AL-Mi
Nuclear Packaging (DOE CoC No. USA/9507/BLF)E21. The general configuration of the MC5PV
in a BTSP is shown in Figure 1 and a photo of the MC5PV are shown in Figure 2.

24 ½"

50 ½"

Figure 1 Schematic and dimensions of the BTSP package containing the CV.
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1.-n

Figure 2 Sketch and Photo of the MC5PV Product Vessel

Technical specifications for the BTSP packaging components are provided on the BTSP
engineering drawings 3 ]. Package design specifications relevant to the thermal analysis are
summarized below.

2.0 INPUTS AND ASSUMPTIONS

2.1 Package Construction

Drum and Lid Assembly
The BTSP drum assembly consists of a 16 gauge Type 304L stainless steel (SS) drum shell with
top and bottom bands welded to SS top and bottom plates and a 16 gage SS liner. A CV support
shelf is welded to the bottom of the liner assembly. The drum top plate is fitted for a
bolted-flange closure and is closed by a lid assembly. The closure lid incorporates a cylinder of
Thermal Ceramics Vermiculite TR- 1 9TM Block insulation. The drum assembly bottom is welded
closed with a SS plate after the volume is fitted with a cylinder of the TR-19TM block insulation.
The assembly construction details are defined on Drawings R-R4-G-00040, R-R3-G-00049 and
R-R3-G-00051 .[3]
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Compressed Fiberfrax®, Last-A-Foam® and Vermiculite TR-19
Three layers of Fiberfrax® insulation blanket with density 7-10 lb/ft3 are wrapped around outside

of the drum liner. The drum fabrication process has liquid General Plastics Manufacturing
Company Last-A-Foam® FR-371 0[4 polyurethane foam being poured into the annular region
between the insulation blanket and the drum wall. The Last-A-Foam® expands and becomes
rigid as it cures, with a bulk density of 10 lb/ft3. The expanding foam compresses the 1.5 inch
layer of Fiberfrax® to approximately 3/4 inch. Because the thickness of the Fiberfrax® is
approximately halved, its density is assumed to double. This assumption is based on the
compression of Fiberfrax® in the 9977 package that has similar construction [5]. Details are
shown in Drawiný R-R2-G-0005 1[31 The Vermiculite TR-19 is block insulation with a bulk
density of 23 lb/ft . The TR- 19 blocks are located both above and below the CV and in contact
with the drum lid and base.

Containment Vessel (CV)
The BTSP CV is a SS pressure vessel designed, analyzed and fabricated in accordance with
Section III, Subsection NB of the ASME Code, with design conditions of 500 psig at 400'F.
The CV is fabricated from Type 304L SS seamless pipe having a minimum 0.250 inch wall
thickness terminated by a machined base welded at one end (R-R3-G-00013) with a flange
welded to the other.

The CV body is closed by a 304/304L SS lid secured by bolts. The CV leaktight containment
__ seal, per ANSI N14.5, is made by an inner Inconel Alloy 718 C-ring while an outer elastomeric

O-ring provides the capability of post-load verification of the seal.r6, The CV Lid has a 1-inch
valve assembly protected by a valve cap attached with cap screws. Valve assembly and the C-
rings[61 that fit into these grooves complete the leaktight closure assembly. The construction
details are given in Drawings R-Rl-G-00024, R-R3-G-00013, R-R4-G-00037, and R-R4-G-
00038.[33

Honeycomb Cylinder
The honeycomb cylinder is fabricated using 5052 aluminum and is covered both inside and
outside with a layer of resin impregnated fiberglass cloth to give it a smooth and abrasion
resistance surface. The construction details are given in drawing R-R2-G-00054.[ 31 Figure 3
shows the end view of the honeycomb cylinder and the CV assembly with the insulating pad
placed on the honeycomb cylinder.

Aluminum Foam Spacers

Two aluminum foam spacers, placed inside the top and bottom the CV, provide impact
protection. The construction details are given in drawing R-R4-G-00039.[ 31

Silicone Pad
A silicone rubber pad, reinforced with fiberglass, is placed at the bottom of the drum liner as a
flexible wear surface for the CV. The details are given in the drawing R-R2-G-00070.j 31

Insulating Pad
* An insulating pad placed on the CV closure lid (see Figure 3) provides added thermal protection
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to the CV
Ceramics.
properties

seals. The pad is made of KAO-Tex Superwool insulation made by Thermal
The design details are given in the drawing R-R2-G-00069. 31 The pads thermal

are assumed to be the same as the Fiberfrax® insulation blanket due to their similarity
0

in materials and construction.

Pad~

,ergiass toateu tloneycomo t.ynnaer Honeycomb Cylinder and CV Assembly

Figure 3 Aluminum Honeycomb Cylinder and CV Assembly

2.2 Thermal Properties

Insulation Materials
The thermal conductivity k of the polyurethane foam is an important property for the NCT
analyses. The foam vendor gives the thermal conductivity values at room temperature only. The
values at higher temperatures were calculated previously[I] and are reported in Table 1. The
density and specific heat values of the foam are modeled as constant values. The modified
Sandia equation was validated for the 9977 package model [5]

The thermal conductivity of the compressed Fiberfrax® insulation blanket surrounding the liner
is based on testing at SRNL.[81 Thermal properties of the compressed blanket are listed in Table
1. Vermiculite TR-19 Block insulation thermal properties are listed in Table 1.

Honeycomb Cylinder & Aluminum Foam Spacers
The honeycomb cylinder is procured based on a minimum strength and the foil thickness and cell
size may vary to meet that requirement. The thermal properties of the aluminum honeycomb
used in the analyses are based on testing and calculations. The radial plane k values are based on
thermal conductivity tests[81 on aluminum 5052 honeycomb samples having appropriate cell size
and foil thickness and a density of 12 lb/ft3. The aluminum foam spacers are small compared to
the honeycomb cylinder and are assumed to have the same thermal properties. The properties
are modeled as constants and are listed in Table 2.

0
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* Other Materials
The properties of stainless steel and aluminum are listed in Table 2. Thermal properties of the
silicone pad are approximated with grey silicone rubber [93. The values are listed in Table 2.

Contents
The MC5PV contains a sorbent material with adsorbed tritiated water. The sorbent material can
be a 4A, 5A, or 13X molecular sieve. The heat capacity of the various molecular sieves is
constant and the density varies by 2% for the beaded material. The 5A molecular sieve density is
an average of the other types of sieves. Therefore, for the purpose of this calculation, the thermal
properties 5A molecular sieve usedt' 0 3. The heat generation of the contents is assumed to be the
content maximum of 3.3 Watts [23. A sensitivity analysis for the thermal properties of the
contents is described in section 4.4.2.

In addition to the molecular sieve material, the contents can contain up to 2kg of water [2l. Water
has a higher thermal conductivity than the molecular sieve materials and will therefore yield
lower content temperatures for the steady state evaluations. The addition of water content will
also add additional heat capacity to the content region, thereby also lowering the maximum
temperatures attained in the transient case.

Gases
Tritium gas is assumed to fill the empty spaces inside the MC5PV. The space between the CV
and the MC5PV is evacuated and filled with helium during the CV loading. The helium gas
pressure is 1 to 5 psi E 11 above the atmospheric pressure to ensure inert environment in the CV
during transport. Air is assumed to fill any gaps between the CV and the silicon pad or
honeycomb cylinder. Thermal properties of the tritium, helium and the air are given in Table 2.

Table 1 Thermal Properties of Insulating Materials
Material Thermal Conductivity Density Specific Heat

k, (Btu/hr-ft-0 F) p ), (lh/ft Cp, (Btu/Ib-0 F)
Fiberfrax (compressed) Insulation 2.14E-02 @ 70.0°F
Blanket (Values are based on 2.25E-02 @ 122.0-F 0.27
tests at SRNL) [8] 2.43E-02 @ 185.0°F 20
(Same for Insulating Pad)
Vermiculite TR-19 Block 6.33E-02 @ 400.0-F
InsulationE12 ] 6.67E-02 @ 600.0-F

7.00E-02 @ 800.0-F 0.20
7.33E-02 @ 1000.0°F
7.75E-02 @ 1200.0°F
8.17E-02 @ 1400.0°F

Polyurethane Foam Insulation 2.325E-02 @ 68.0°F
FR-3710 2.690E-02 @ 140.7F 0.353
(During NCT and pre-fire)[7' 3.285E-02 @ 248.4°F 10

3.906E-02 @ 348.6°F
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Table 2 Thermal Properties of Other Materials

Material Thermal Conductivity Density Specific Heat
k, (Btu/hr-ft-F) p, (lb/ft3) Cp, (Btu/lb-0 F)

Honeycomb Cylinder (Radial 0.196 15.22 a 0.22
plane) (Aluminum 5052)181

Honeycomb Cylinder (Axial 0.0982 15.22 a 0.22
plane) (Aluminum 5052)1'1
Aluminum Foam Spacers
(Radial) - Assumed same as 0.196 16.9 a 0.22
honeycomb cylinder
Aluminum Foam Spacers
(Axial) - Assumed same as 0.0982 16.9 a 0.22
honeycomb cylinder
Aluminum 169.3 0.216
(Type 6061 T-6)1131  90.0
304L Stainless Steel'141  7.74108 @ 32.0-F 494.429 1.200E-01 @ 32.0°F

9.43444 @ 212.0-F 1.350E-01 @ 752.0-F
12.5793 @ 932.0°F

14.9983 @ 1292.0°F
Tritium Gas 0.105@80-F 5.11E-03@800 F 3.419@80°F
(Hydrogen property values 0. 119@ 170°F 4.38E-03@170°F 3.448@170°F
are used) 191  0.132@260°F 3.83E-03@260°F 3.461 @260°F

0.145@350°F 3.41E-03@350°F 3.463@350°F
0.169@530°F 2.79E-03@530°F 3.471@530°F

Helium1141 8.177E-02 @ 32-F
8.685E-02 @ 77-F

9.096E-02 @ 120°F
9.846E-02 @ 212°F 0.01105 0.124
1.226E-01 @ 392°F
1.684E-01 @ 932-F

2.552E-01 @ 2192-F
Air 1141 1.516E-02@80°F 0.240@800 F

1.735E-02@170°F 0.237@212°F
1.944E-02@260°F 0.0735 0.265@ 1070°F
2.142E-02@350°F 0.277@1520-F
4.178E-02@ 15200 F

Molecular Sieve 5A 0.48 44 0.19
(Contents)1 °0 1

Silicone Pad'9' 0.18 91.73 0.35

Aluminum shells'15' 0.185 28 0.22
Note: The numbers in brackets are the references at the end of the calculation.
a Based on bulk assembly

Surface Emissivities
Experience with the analyses for drum type packages (9975, 9977 and 9978) has shown that
changes in the internal surface emissivities result in a relatively small change (< 5°F) in the
predicted temperatures. The emissivity values for the various surfaces are listed in Table 3.
These were used previously in certified drum type packagesP'1 and have shown acceptable
agreement with test results. The emissivity values for honeycomb cylinder, silicone pad and
insulating pad are obtained from the sources cited.
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Table 3 Surface Emissivities

Surface
Emissivity

Component Material

CV 304L Stainless Steel 0.30
Drum Liner 304L Stainless Steel 0.30
Bottom of Lid 304L Stainless Steel 0.30
CCSS Aluminum 0.20
Honeycomb Cylinder' Aluminum/Fiberglass 0.75
Exterior of Drum 304L Stainless Steel 0.21
(NCT & pre-fire)
Exterior of Drumdutnri AC o sf-firm304L Stainless Steel 0.80(during HAC post-fire)

Silicone Pad (grey soft
rubber)2  Silicone Rubber Pad 0.86

Insulating Pad (Kao-
Tex with cover)2  Fiberglass Cloth Cover 0.77

I www.intracd-thermography.com/material- 1 .htm

2 www.ib.cnea.gov.ar/-experim2/Cosas/omegalemisivity.htm

The surface emissivity values in Table 3 are for the gray and diffuse surfaces. The CV is a
machined stainless steel component with clean surfaces. These surfaces are not polished. The
drum surface is assumed as received (medium finish). For the NCT analyses, the drum surface
thermal emissivity value (0.21) and solar absorptivity (0.498 orz 0.50) are based on the detailed
analysis for different types of drum surfaces.-2 2 1 The drum surface emissivity value during HAC
post-fire phase is the minimum value (0.8) specified in the 10CFR 71.73. The corresponding
solar absorptivity of the drum surface which is oxidized and is of dark gray color is assumed to
be 0.9. A lower drum surface emissivity value results in higher component temperatures during
post-fire cooling.
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23 Geometry Modeling Assumptions

2.3.1 Drum and Lid Assembly
The dimensional details of the various components are given in drawings in Reference 3. The
dimensions used in making the models are the nominal values and no attempt is made to
incorporate tolerances in the dimensions. Nuts, bolts and welds are not included in the model
because their impact on the temperature distribution is negligible. Since the gaps between
components are small, it is assumed that the various components inside the drum remain
concentric. A minor shifting of the components has only secondary effects on the package
temperature field. The resulting thermal models are axisymmetric and are depicted in various
figures only as half model.

2.3.2 Other Components
The gas valve assembly is located off-center in the CV Lid design but is modeled in the center.
Valving and tubing connected on to the MC5PV are not amenable to accurately model in an
axisymmetric model. Therefore, the MC5PV geometry is modified to include a ring at the top of
the vessel representing the mass of the valving and tubing.

3.0 ANALYTICAL METHODS AND COMPUTATIONS

The mathematical equations describing the thermal models are solved by numerical methods.
The general purpose conduction-radiation computer code COMSOL Multiphysics® was used to
perform the computations.r161 This computer code meets site nuclear safety QA requirements.) 71

Work was performed in accordance with the WSRC E7 manual.~F81

3.1 NCT Thermal Models
The NCT models for the NCT/Shade and NCT/Solar were developed using the COMSOL
Multiphysics software. Boundary conditions, described in section 3.2, meet the intent of those
specified for NCT in 1OCFR71.71.E'91 In the thermal analysis, the limiting components are the
containment vessel, its C-ring seals, and the polyurethane foam insulation. Temperature limits
for components of the BTSP for the NCT are tabulated, along with predicted maximum
temperatures, for the MC5PV model in Tables 4 and 5. The BTSP model for NCT analyses
includes interior metal surfaces, namely the drum shell and its liner, CV surfaces, and the metal
surfaces between the drum lid, drum liner and the upper part of the CV lid.

Three modes of heat transfer - namely conduction, convection, and radiation - are considered in
the analysis. Natural convection is evaluated on the outer drum surface but is ignored inside the
CV cavity and in small gaps. This simplification is conservative since it yields higher local
temperatures. Radiation is considered in all gas filled areas of the model. The pressures of gases
in internal cavities are assumed to be one atmosphere.

The modeled MC5PV package contains maximum of 5.6 kg of molecular sieve material [21 with
adsorbed tritiated water. The thermal properties of a loaded molecular sieve are not directly
known. Therefore, a sensitivity analysis was performed, section 4.4.2, to determine the effect on
the package temperature of a dry mixture and a mixture that is principally all water. For these
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calculations the thermal properties of a 5A molecular sieve[1 O] were used. The maximum heat
generation of the contents is assumed to be 3.3 Watts. Figure 4 shows the color representation of

the materials with the MC5PV as the source model. The fill height of the molecular sieve was
determined by the mass, density of the molecular sieve and the internal dimensions of the AL-
Ml container. Having a lower mass or higher density molecular sieve will yield lower sieve
volumes and if the decay heat remains constant, slightly higher (by 6°F) content temperatures
will be seen. Section 4.4.2 discusses the effect of the molecular sieve density on the thermal
analysis.

TR-19 Insulation Block

Insulating Pad

Helium

Molecular Sieve

Aluminum Foam Spacer k

Fiberfrax

FR-3710 Foam

-"'• Liner

Honeycomb Cylinder

CV Body

7"• Air

I, J

Silicone Pad ]1

TR-19 Block Insulation K
0.1 0.2 0.3 04 0.~ 0.5 0.1 0.5 0.1 1

-0.1 0.b ý-'. -0.4 -0.1 ' Z -. 1 0 011 02 0.3 0.4 0.5 0.6 07 0.8 0.9 1

Figure 4 - Material Representation for BTSP with MC5PV.

3.2 Boundary Conditions
The boundary conditions used in the analytical models include the ambient temperature, solar
heating, and convection and radiation heat exchange from the drum surfaces. Solar heating used
in the NCT/Solar analyses is applied as heat flux to the drum's outer surface. 1OCFR 71.71
prescribes a total insolation energy of 800 cal/cm2 over a period of 12 hours on a horizontal

* surface and 400 cal/cm 2 over a period of 12 hours on the vertical surface, alternating 12 hours on
and 12 hours off. The corresponding time averaged heat fluxes are 245.77 Btu/ft2-hr on the top
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of the package and 122.88 Btu/ft2 -hr on the side of the package. The applied solar fluxes using
absorptivity of 0.50 are 122.88 Btu/ft2-hr on the top of the package and 61.44 Btu/ft2-hr on the
side of the package. As listed in Table 3, the emissivity value for the outer surface of the drum is
0.21 for the pre-fire condition and 0.8 for the post-fire condition. Other specific parameters and
related assumptions are summarized in the description of the NCT/Solar model below.

Description of the NCT/Solar Model
All NCT/Solar calculations were performed under the following conditions:

1. The drum is in an upright position and the contents are assumed to remain concentric
during transport.

2. The drum bottom surface is adiabatic.
3. There is radiative heat transfer from the sides and top of the drum to the ambient.
4. There is natural convection heat transfer from the sides and top of the drum to the

ambient.
5. The ambient temperature is 100IF.
6. Insolation is applied as solar heat flux. The applied solar fluxes are 122.88 Btu/ft2-hr on

the top of the package and 61.44 Btu/ft2-hr on the side of the package. These heat fluxes
are applied continuously rather than as a step function with a period of 12 hours.

7. The polyurethane foam thermal conductivity is the calculated value obtained from
Reference [5]. The thermal conductivity values are validated by the environmental
thermal test described in Reference [1].

8. The thermal properties for 50% compressed Fiberfrax® are used for the insulating blanket
surrounding the drum liner.

9. The Content decay heat is 3.3 Watts.

The model for the NCT/Shade was the same as that for the NCT/Solar except that the insolation
heat flux was omitted.

Description of the NCT/Shade Model
1. The drum is in an upright position.
2. The drum bottom surface is adiabatic.
3. There is radiation heat transfer from the sides and top of the drum to the ambient.
4. There is natural convection heat transfer from the drum sides and top to the ambient.
5. The ambient temperature is 1 00°F in shade
6. The polyurethane foam thermal conductivity is the calculated value obtained from

Reference [5].Unburned foam properties are applied to the foam in the drum.
7. The Content decay heat is 3.3 Watts.

3.3 HA C Thermal Models
The HAC/solar analysis refers to the steady state analysis with a 100 'F ambient temperature and
insolation during the post-fire phase where the drum surface optical properties reflect the dark
gray surface appearance of the fire affected drum surface. For the HAC/solar analysis, the solar
absorptivity is assumed 0.9 and the emissivity as 0.8. Lower emissivity gives higher steady state
temperatures for this analysis. The analysis results are given in Section 4.0.
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Description of the HA C/Solar Fire Model

1. The drum is in an upright position with contents.
2. The drum bottom surface is adiabatic.
3. There is radiation heat transfer from the sides and top of the drum to the ambient.
4. There is natural convection heat transfer from the drum sides and top to the ambient.
5. The ambient temperature is 1475°F.
6. Insolation is applied as solar heat flux assuming solar absorptivity of 0.9 for the drum

surface during post-fire cooling. The applied solar fluxes are 221.18 Btu/ft2-hr on the top
of the package and 110.59 Btu/ft2 -hr on the side of the package. These heat fluxes are
applied continuously rather than as a step function with a period of 12 hours.

7. Thermal properties for air are used in place of the polyurethane foam. This is due to
charring of the foam during the fire phase.

8. The Content decay heat is 3.3 Watts.

Description of the HA C/Solar Model

1. The drum is in an upright position with contents.
2. The drum bottom surface is adiabatic.
3. There is radiation heat transfer from the sides and top of the drum to the ambient.
4. There is natural convection heat transfer from the drum sides and top to the ambient.
5. The ambient temperature is 100IF.
6. Insolation is applied as solar heat flux assuming solar absorptivity of 0.9 for the drum

surface during post-fire cooling. The applied solar fluxes are 221.18 Btu!ft2-hr on the top
of the package and 110.59 Btu/ft2-hr on the side of the package. These heat fluxes are
applied continuously rather than as a step function with a period of 12 hours.

7. Pristine foam (10 lb/ft3) thermal properties are applied to the char cavity in the drum.
This is a highly conservative assumption for the transient post-fire model, due to the
pristine foam having a higher density and heat capacity compared to air. The package
will retain heat for a longer period of time and yield higher maximum temperature for the
transient case.

8. The Content decay heat is 3.3 Watts.
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4.0 RESULTS

4.1 NCT/Shade Model Results

The MC5PV NCT/Shade model examined a temperature profile for a 3.3 Watt heat source. The
maximum predicted temperatures of the limiting components are listed in Table 4. Figure 5 is
the package temperature contour.

Table 4 NCT/Shade Maximum Component Temperatures (OF)

BSTP/MC5PV Temperature
Component Model Limit

(OF) (OF)
CV Wall 112 400

CV C-ring 105 1200

Cap C-Ring 106 1200

Bellows Valve 106 400

Honeycomb Cylinder 111 350

MC5PV Contents 154 NA

Drum Surface 101 NA

Last-A-Foam® FR-3710 107 300

Gas in CV (Volume Average) 111 NA

Gas in MC5PV (Volume Average) 117 NA
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4.2 NCT/Solar Model Results
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Prefire Temperature Proffiles for NCT/Shade

The MC5PV NCT/Solar model determined a temperature profile for a 3.3 Watt heat source. The
maximum predicted temperatures of the limiting components are listed in Table 5. The package
temperature contour is Figure 6.

Table 5- NCT/Solar Maximum Component Temperatures (*F)

Component BTSP/MC5PV Model Temperature Limit
Component_(OF) (OF)

CV Wall 158 400

CV C-ring 157 1200

Cap C-ring 158 1200

Bellows Valve 158 400

Honeycomb Cylinder 157 350

Contents 185 NA

Drum Surface 164 NA

Last-A-Foam® FR-3710 159 300

Gas in CV (Volume Average) 159 NA

Gas in MC5PV (Volume Average) 163 NA
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4.2.1 Volume Average Gas Temperature

Volume average gas temperature is required for calculating the maximum normal operating
pressure (MNOP) inside the CV. Average gas temperature was calculated by volume averaging
of nodal temperatures in the CV cavity. The average gas temperature for the MC5PV NCT/Solar
configuration is 163'F.

4.2.2 Volume Average Foam Temperature
The volume average foam temperature for the MC5PV configuration is 147'F. The volume
average foam temperature data is required in assessing the structural performance of the BTSP
during NCT.
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Figure 6 MC5PV Model Temperature Profiles for NCT/Solar

4.3 Results for the HAC/Solar Model

The HAC/Solar Fire model is used to calculate component temperatures during the fire event and
refers to the thermal model with insolation effect during post-fire phase. Table 6 lists the
maximum component temperatures of the MC5PV model during the fire phase while Table 7
lists the maximum component temperatures during the cooldown phase.
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Table 6- HAC/Solar Maximum Component Temperatures During Fire

BTSP/MC5PV Temperature
Component Model Limit

(OF) (OF)
CV Wall 161 500

CV C-ring 161 1200

Cap C-ring 158 1200

Bellows Valve 158 400

Honeycomb Cylinder 180 NA

Contents 185 NA

Drum Surface 1474 NA

Last-A-Foam® FR-3710 1471 NA

Gas in CV (Volume Average) 159 NA

Gas in MC5PV (Volume Average) 163 NA

Table 7- HAC/Solar Maximum Component Post-Fire Temperatures

BTSP/MC5PV Temperature

Component Model Limit
(OF) (OF)

CV Wall 238 500

CV C-ring 236 1200

Cap C-ring 236 1200

Bellows Valve 236 400

Honeycomb Cylinder 273 NA

Contents 284 NA

Drum Surface 1474 NA

Last-A-Foam® FR-3710 1471 NA

Gas in CV (Volume Average) 236 NA

Gas in MC5PV (Volume Average) 218 NA

The post-fire temperatures are calculated using the HAC/Solar model. The only difference in
this thermal model is the replacement of foam/char with air in the foam cavity. The steady state
temperatures are given in Table 8.
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Table 8 HAC/Solar Steady State Component Post Fire Temperatures

Component BTSP/MC5PV Model Temperature Limit
Component_(OF) (OF)

CV Wall 161 500

CV C-ring 160 1200

Cap C-ring 161 1200

Bellows Valve 161 400

Honeycomb Cylinder 160 NA

Contents 187 NA

Drum Surface 171 NA

Last-A-Foam® FR-3710 (replaced as 164 NA
Air post fire)

Gas in CV (Volume Average) 161 NA

Gas in MC5PV (Volume Average) 166 NA

As shown in Table 7, the component temperatures are well below their design limits. Figure 7 is
the temperature profiles for the MC5PVconfiguration during the HAC/Solar event.
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Figure 7 - HAC/Solar Temperature Profiles (peak temperatures are 30 minutes into fire). 1
hr post fire is at 1.5 hr simulation time.

Note: Temperature scale was set to a maximum of 6000F for comparison of plots. Any dark red color represents a value of
600*F or higher.
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4.4 Uncertainty/Sensitivity Analyses

Uncertainties in thermal properties and other important parameters are minimized by making
sure that their threshold values are used to yield conservative results. Uncertainties are
addressed by performing simple sensitivity analyses. Sensitivity analyses were performed for
finite element mesh size and thermal properties.

4.4.1 Mesh Size Sensitivity

A mesh sensitivity analysis was performed to ensure that the various thermal models had
sufficient number of elements to give stable results. The number of elements was increased from
192,880 to 516,528 elements in the NCT/Solar. The maximum contents temperature with the
increased number of elements was found to be less than 0.1% lower compared to the smaller
number of elements. The model with the lower number of elements was used in the analyses.

4.4.2 Thermal Properties

FR-3710 foam free rise density of 10 lb/ft3 and the corresponding thermal conductivity (k) values
are used in the thermal analyses. However, the actual packed density of the FR-3710 foam in the
prototype packages was found to be approximately 12.4 lb/ft3 [21]. Since k of the foam increases
with the density, the actual k would be higher.[41 For the NCT steady state analysis, higher k
results in lower CV temperatures and therefore actual foam k does not impact the NCT analysis
results. For the HAC analyses, higher density foam has lower thermal diffusivity than the lower
density foam[41 and hence lower CV temperatures during HAC fire event.

The model was evaluated replacing the thermal properties of the 5A molecular sieve with water.
Water having a higher thermal conductivity yielded steady state temperatures for the contents
that were 20'F lower than when evaluated with the 5A molecular sieve material. For the
transient case, water also has a higher heat capacity and therefore yields contents temperatures
80'F lower during the HAC fire.

The density of the molecular sieve material was varied to determine the effect on the steady state
temperature of the package. A lower density was not simulated since a lower density will yield a
larger molecular sieve volume. Using the same decay heat of 3.3 Watts over a larger volume will
distribute the heat load and result in a lower maximum content temperature. A density that is
50% higher (66 lb/ft3) yields a steady state maximum temperature 6°F higher for the contents.

5.0 CONCLUSIONS

1. The NCT and HAC analyses show that the maximum component temperatures are below
their design limits.

2. The analyses show that the BTSP Mound Configuration 5 Process Vessel package meets
the thermal design requirements given in 10 CFR Part 71.
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where the Rayleigh number,

0
7 31

is based on the characteristic length L of the geometry. Typically, n and g for laminar
and turbulent flows, respectively. For turbulent flow it then follows that hL is independent
of L. Note that all properties are evaluated at the film temperature, T, M (T, + Tý)/2.

9.6.1 The Vertical Plate

Expressions of the form given by Equation 9.24 have been developed for the vertical plate
[5-7]. For laminar flow (104 < Raf <- 109), C = 0.59 and n = 1/4, and for turbulent flow
(109 ýS RaL S 10"), C = 0.10 and n = 1/3. A correlation that may be applied over the
entire range of RaL has been recommended by Churchill and Chu [8] and is of the form

Although Equation 9.26 is suitable for most engineering calculations, slightly better accu-
racy may be obtained for laminar flow by using [8]

1,14 kO740 2. - -.

When the Rayleigh number is moderately large, the second term on the right-hand side of
Equations 9.26 and 9.27 dominates, and the correlations are the same form as Equation
9.24, except that the constant, C, is replaced by a function of Pr. Equation 9.27 is then in
excellent quantitative agreement with the analytical solution given by Equations 9.21 and
9.20. In contrast, when the Rayleigh number is small, the first term on the right-hand side
of Equations 9.26 and 9.27 dominates, and the equations yield the same behavior since
0.8252 - 0.68. The presence of leading constants in Equations 9.26 and 9.27 accounts for
the fact that, for small Rayleigh number, the boundary layer assumptions become invalid
and conduction parallel to the plate is important.

It is important to recognize that the foregoing results have been obtained for an isother-
mal plate (constant Ts). If the surface condition is, instead, one of uniform heat flux (constant
q•'), the temperature difference (T, - T..) will vary with x, increasing from the leading edge.
An approximate procedure for determining this variation may be based on results [8, 9]
showing that NuL correlations obtained for the isothermal plate may still be used to an excel-
lent approximation, if NuL and RaL are defined in terms of the temperature difference at the
midpoint of the plate, ATL, 2 = T,(L/2) - T,. Hence, with h q,"/ATLI2, a correlation such as
Equation 9.27 could be used to determine ATLn (for example, using a trial-and-error tech-
nique), and hence the midpoint surface temperature T,(L/2). If it is assumed that Nu, oc Ra. 4

over the entire plate, it follows that

q,!x oc AT 1 /4x3 /4

kAT
or

AT c x1/
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FIGURE 9.7 Buoyancy-driven flows on
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surface of hot plate. (d) Bottom surface of
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where A, and P are the plate surface area (one side) and perimeter, respectively. Using this
characteristic length, the recommended correlations for the average Nusselt number are

Upper Surface of Hot Plate or Lower Surface of Cold Plate [19]:

Lower Surface of Hot Plate or Upper Surface of Cold Plate [20]:

Additional correlations can be found in [21].

U

EXAMPLE 9.3

Airflow through a long rectangular heating duct that is 0.75 m wide and 0.3 m high main-
tains the outer duct surface at 45°C. If the duct is uninsulated and exposed to air at 15'C in
the crawlspace beneath a home, what is the heat loss from the duct per meter of length?

SOLUTION

Known: Surface temperature of a long rectangular duct.

Find: Heat loss from duct per meter of length.



WVMP SAR Reference 3-30

"Correlating Equations for Laminar and Turbulent Free
Convection from a Vertical Plate," Churchill, S.W. and H.H.

S. Chu, Int. J. Heat Mass Transport, 18(11), 1323-1329,
1975.



Int. J. Heat Mass Transfer. Vol. 18. pp. 1323-1329. Pergamon Press 1975. Printed in Great Britain

CORRELATING EQUATIONS FOR
LAMINAR AND TURBULENT FREE CONVECTION

FROM A VERTICAL PLATE
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Abstract-A simple expression is developed for the space-mean Nu (or Sh) for all Ra and Pr (or Sc)
in terms of the model of Churchill and Usagi. The development utilizes experimental values for Ra
approaching zero and infinity, and the theoretical solutions obtained from laminar boundary-layer
theory. The expression is applicable to uniform heating as well as to uniform wall temperature and for
mass transfer and simultaneous heat and mass transfer. The correlation provides a basis for estimating
transfer rates for non-Newtonian fluids and for inclined plates. Even simpler expressions are developed
for restricted ranges of conditions. The general and restricted expressions are compared with representative
experimental data. The structure of the correlating equation shows why the common power-law-type

equations cannot be successful over an extended range of Ra and Pr.

NOMENCLATURE

a, arbitrary exponent;
A, dimensionless coefficient;
b, arbitrary exponent;
c, dimensionless coefficient;
-9, diffusivity [m2/s];
f{Pr}, dimensionless function of Pr in

equation (2);
F{m}, dimensionless function of power-law

coefficient in equation (16);
g, acceleration due to gravity [m/s2];
h, local heat-transfer coefficient [J/m2 . s. .K];

hi, mean heat-transfer coefficient over O-z
[J/m2. s. OK];

k, thermal conductivity [J/m. s. *K];
k', local mass-transfer coefficient [s-'];

mean mass-transfer coefficient over O-z
Is-1];

K, coefficient defined by equation (15)
[kg/m-s 2"m ];

m, exponent defined by equation (15);
n, exponent in equation (1);
Nu, hz/k, local Nusselt number at z;
N--, hz/k, mean Nusselt number over 0-z;
Pr, v/a, Prandtl number;
q, heat flux density [J/m 2-s];
Ra, gfi(T,- Tb)z 3 Ivo, Rayleigh number;
Ra', gy(Co 3-(ob)z 3/v., Rayleigh number for mass

transfer;
Ra*, gpqz'/kva, modified Rayleigh number based

on heat flux density;
Sc, v/2, Schmidt number;
Sh, k'z/l, local Sherwood number;
Sh, O'z/9, mean Sherwood number over O-z;
T, temperature [OK];
x, independent variable [m];
y, dependent variable [im];
z, distance up plate [im].

Greek symbols

a, thermal diffusivity [m2/s];
P, thermal coefficient of expansion [K- '];
Y, dimensionless coefficient for expansion due

to change in composition;
co, mass fraction;
v, kinematic viscosity [m2/s];

q,{Pr), dimensionless function of Pr in
equation (8);

0, angle of inclination of the plate from the
vertical;

T, shear stress [kg/m-s2 ].

Subscripts

b, bulk;
s, surface;
0, limiting behavior for small z;
00, limiting behavior for large z.

INTRODUCTION

A VARIETY of theoretical expressions, graphical cor-
relations and empirical equations have been developed
to represent the coefficients for heat and mass transfer
by free convection from vertical plates. However, the
discrepancies between the expressions proposed for
correlation and the various sets of experimental data
have still not been completely resolved or explained.
The experimental anomalies are apparently due in part
to physical property variations and undefined differ-
ences in the environment. The theoretical results are
mostly limited to the intermediate range of Rayleigh
number for which the postulates of laminar boundary-
layer theory are applicable; a completely satisfactory
theory has not been developed for either the diffusive
regime (low Rayleigh numbers) or the turbulent regime
(high Rayleigh numbers). The primary shortcoming of
the empirical correlations is their failure to take into
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proper account the varying dependence on the Rayleigh
and Prandtl (or Schmidt) numbers.

This paper presents simple but very general cor-
relations for the space-mean value of the transfer rate
for free convection. The correlations are developed
wholly in terms of the model of Churchill and
Usagi [1]:

indicates that n = 1 is a reasonable choice, yielding

W- = -68 + 0-670Ra"; 1:

P8 +[1 (0- 49 2 1Pr)9116] 4j9 (5)

y"(Z) = AN}+ y". IZ1 (1)

Equation (5) is seen in Fig. I to provide a good
representation for all Ra < 109 while equation (3) is
seen to be increasingly in error for Ra < l0'.

LAMINAR PLUS TURBULENT REGIME

An asymptotic solution is not available for Ra -+ co,
but Churchill [14] has asserted on the basis of dimen-
sional analysis that

and thus require appropriate expressions for the limit-
ing behavior for both large and small values of the
independent variable z.

Ede [2] provides a thorough review of the literature
for heat transfer through 1964. In the interest of brevity,
correlations, theoretical solutions and experimental
data since that date will not be reviewed or analyzed
except insofar as they are directly relevant to the
derivations herein. The correlation is first developed
in terms of heat transfer from an isothermal plate.
Uniform heating, mass transfer, simultaneous heat and
mass transfer, non-Newtonian fluids and inclined plates
are subsequently considered.

LAMINAR REGIME

Boundary-layer theory has been utilized to derive
relationships of the form:

Nu = Ra"/4f{Pr} (2)

where ffPr} represents a tabulation of values such as
those summarized by Ede [2] for a number of values
of Pr. Churchill and Usagi [1] derived an empirical
expression in the form of equation (1) to provide a
continuous approximation for these tabulated values
off {Pr}. This expression can be rewritten as follows
in terms of Nu:

V- 0.670Ra'14/[1 + (0492/Pr)911 6]4 j9. (3)

Equation (3) represents the various computed values
within 1 per cent from Pr = 0 to Pr = oo and is in
general agreement for 10' < Ra < 10i with the widely
scattered experimental values compiled by Ede [2].

Equation (2) and hence equation (3) would be
expected to become invalid for Ra > 10" owing to the
onset of turbulence and as Ra -+ 0 owing to thickening
of the boundary layer relative to the distance from the
starting edge of the plate. A generally accepted solution
has not been derived for this latter regime. For pure
conduction (Ra = 0) from an infinite strip 7Gu = 0, but
for a plate of finite dimensions Nu has a finite value.
The experimental data of Saunders [5] indicate a limit-
ing value of approximately 0'68, probably due to edge
effects.

Utilizing 0.68 for Yo {z} and the right side ofequation
(3) for y. {z} in equation (1) yields the following test
expression for the entire laminar regime:

-- [_ 067ORa'14  .,,
NO == &68"+ 1 + (0.492/Pr)g116419) " (4)

A test plot of representative experimental data [2-13]
in the form proposed by Churchill and Usagi [1]

Nu -* ARa1 '3Cp[Pr} (6)

where A is an empirical constant and (p{Pr} is a
function which approaches unity for Pr-- oo and is
proportional to Pr'13 for Pr -* 0. Equations (5) and (6)
could be combined in the form of equation (1) to obtain
a test expression for all Ra and Pr. However the
limiting value of 0°68 proves to combine with equation
(6) to produce a simpler and equally successful cor-
relation. The resulting test expression is

Yu"= 0-68" + [ARa' 3
(p{fPr}]¶. (7)

Equation (7) provides a dependence of Nu on Ra for
any positive n which increases continuously from the
zeroth power to the 1/3-power as Ra increases. If
equation (7) is to provide the same interrelationship
between Ra and Pr in the laminar boundary-layer
regime as equation (5) it is necessary that:

(p{Pr} = ([1 + (ff492/Pr)9" 6]- 1 9)4 1 3

= [1+(0.492/Pr)91" ]'6] 2 7  (8)

The expression resulting from insertion of equation (8)
in (7) also conforms to the asserted dependence for
Pr -*0 and oo as Ra -+ oo.

Bosworth [15] proposed an equation of the form of
equation (7) with rp{Pr) = 1"0 and n = 1/2 for Vu- for
free convection from horizontal cylinders in air. Trial
plots indicate that n = 1/2 is a reasonable choice for
the vertical plate as well. The straight line with a slope
of 1/6 drawn in Fig. 2 through the same representative
data as in Fig. 1 yields a value of A = 0-150 and hence
the final correlation:

00387Ra'16
V-- 112 = 0-825 +-I-7R ', (9)

2 [I + (0"492/Pr)9 116] B27"

This value of A is in reasonable accord with the value
of Aqf{Pr} = 0.10, hence A = 0 12, derived by Bayley
[16] for air and also with the value of 01t3 proposed
by Kutateladze [17] for a correlation in the form of
equation (6) for turbulent free convection from vertical
plates, cylinders and spheres to a number of fluids.

Equations (3) and (5) are plotted also in Fig. 2 for
comparison and to indicate their limits of applicability.
The undoubted superiority of equation (9) for Ra > 199
is somewhat obscured by the lack of data for truly high
Ra, the scatter of the available data and the very con-
densed scale of the ordinate.
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INTERPRETATION

Computed values of f{Pr} and T{Pr} for rep-
resentative fluids are given in Table 1. The significant
deviations for air and water from the limiting depen-
dence for Pr -+ o indicate why the customary em-
pirical equations of the form of equation (2) with
f{Pr} = 1-0 and equation (6) with g,{Pr} = 1.0 have
not proven satisfactory for a variety of fluids with a
wide range of Pr. Table 1 also indicates that some-
what lesser but still significant discrepancies are to be
expected with the simplified correlations for liquid
metals based on the limiting form for Pr -1 0. A
further variation in the dependence on Pr and Ra arises
from the additive constant in equations (5) and (9).
Thus empirical correlations of the form:

laLIUVtU! IJ- 1A•,•;,;L.i %U Uto UtoOOIUIhýl. UVVy 411 %;A~lIIUUU

range of Ra or Pr. Instead, the deviations from the
correlations in the literature must be due in part to
the choice of tl- form rather than wholly to experi-
mental error. Such correlations appear to have outlived
their usefulness.

Equation (9) provides a smooth transition from the
laminar to the turbulent regime whereas the actual
transition is known to be essentially discrete. The
representation provided by equation (9) for this region
is thus an oversimplification of reality and is numeri-
cally successful only because the effect of the transition
is dampened by the integration which leads from the
local to the mean Nusselt number. A correlation for
the local Nusselt number extending through the tran-
sition from laminar to turbulent motion would need to
be more complicated in structure than equation (9).Nu = CRaaPrb
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Table 1. Correction factor for various fluids from asymptotic behavior

Pr Fluid I Pr, p Pr' (0"492/Pr)1'f{ Pr: (0"492!Pr)1 3 4{Pr:

1.000 1000
100 oil 0"978 0.971 0"259 0-165

7"0 water 0914 0.887 0"471 0-366
0.70 air 0-766 0-701 0.702 0.623
0.024 mercury, 0.436 0.331 0.928 0.905

50'F
0-004 sodium, 0-292 0-194 0-912 0-962

1200°F
0 1.000 1-000

For large temperature differences such that the
physical properties vary significantly, Ede [2] recom-
mends that the physical properties be evaluated at the
mean of the surface and the bulk temperature. Wylie
[18] provides more detailed theoretical guidance for
the laminar boundary-layer regime.

UNIFORM HEAT FLUX

The definition of the mean Nusselt number for
uniform heating is somewhat arbitrary. However,
Sparrow and Gregg [19] have shown that for a laminar
boundary layer the use of the temperature difference
at the midpoint of the plate yields values in better
agreement with those for uniform wall temperature
than the use of either the integrated mean temperature
difference or the integrated mean heat-transfer co-
efficient. With this definition the following expression
can be derived from the empirical representation of
Churchill and Ozoe [20] for the local heat-transfer
coefficient for uniform heating in a laminar boundary
layer.

Nu- = 0.670Ra"' 4/[1+ (0"437/Pr)9/ 1 6]4 /9 . (11)

It may be noted that for Pr -+ oo the coefficient of the
Rayleigh number is indeed the same as that of equation
(3) and that these expressions differ only by
((0-492/0-437)1/4- I)100 = 3 per cent even for Pr -+0.
[Equation (11) can be converted to one for the inte-
grated mean temperature difference by multiplying the
coefficient 0.670 by. (6/5)14 /2"14 giving 0-708 and to the
one for the integrated mean heat-transfer coefficient by
multiplying by (5/4)s/4/2'/4 giving 0-745.]

Neither experimental data nor theoretical results
appear to provide a limiting value of Nu for Ra - 0.
Hence the same value as for uniform wall temperature
will arbitrarily be used. The exponent in equation (1)
has generally been found to be the same for similar
processes as illustrated by comparison of equations (3)
and (11). Hence in the absence of experimental data
the following expression is proposed for the entire
laminar regime with uniform heating:

0-670Ra'/4

[ I + (0.437/Pr)9116] 1 9 . (12)

An equation of the form of equation (6) would be
expected to hold for uniform heating as well as uniform
wall temperature. Combining equation (6) with

Nu0 = 0-68, forcing the same relationship between Ra
and Pr as in equation (11) and assuming that 1/2 is
again a satisfactory choice for n results in:

V-1 /2 = 0-825 + [1 +l / 1 ]812
7 (13)

[I1 + (0"437/Pr)9,1]s27

A plot of a random selection from the limited sets of
experimental data for uniform heating [21-24], in
Fig. 3 in the form suggested by equation (13) again
yields a value of A = 0-15, producing the following
correlation for uniform heating for all Ra and Pr:

0.387Ra
116

=•-• 82 5 + 0- [ +.(0.437/Pr)911618'/25* (14)

Churchill [14] has asserted that Nu for fully
developed turbulent motion (Ra -+ oo) should be the
same for uniform heating as for wall temperature if a
value independent of z, corresponding to a pro-
portionality of Nu to Ra 1 3 is attained. This assertion
is tested by plotting equation (9) for Pr = 0'70 in Fig. 3.
Good agreement with the data may be noted as would
be expected since equations (9) and (14) differ only
slightly in one coefficient.

Free convection with uniform heating is often cor-
related in terms of Ra* in order to avoid explicit
inclusion of the surface temperature. Equations (11),
(12) and (14) can be rewritten in terms of Ra* simply
by replacing 7T- with q/h, hence Ra with Ra*/-N-.
However, this re-expression disguises the important
result that the dependence of Nhu on Ra is essentially
the same as for uniform wall temperature.

INCLINED SURFACES

Vliet [25] has reviewed prior results for inclined
surfaces and presented additional results for uniform
heating. He concludes that for the laminar regime the
solutions and correlations for a vertical plate may be
used for a plate inclined up to at least 60* from the
vertical if the component of gravity parallel to the
surface is used in the Rayleigh number. However, the
Rayleigh number for transition from laminar to tur-
bulent motion is decreased drastically as the angle of
inclination from the vertical is increased and his local
results for the turbulent regime were better correlated
in terms of g than in terms of g sin qp.

0



Laminar and turbulent free convection from a vertical plate 1327

102

101

_____ - -- /Z'r Z2 082 130+0 CIWb.387/P 611+( o69t/

0387ol (ROA+(O4

Chang9 a Akins 1n~'eC.,Y)
Julian 8 Akmn do., ,.,r,

0

Itt

too

Io-

10 " l0o 10 1 10 2 0 0 3 0 4 10 0 106 0" l0o O o 101 1i

Flu. 3. Comparison of correlating equations with experimental data for uniformly heated, vertical plates.

MASS TRANSFER

Equations (5) and (9) with SST substituted for "h
Sc for Pr, and Ra' for Ra are expected to hold for
mass transfer as long as the net rate of mass transfer
is not so high as to affect the velocity field significantly.
Representative mass-transfer data [26] are included in
Fig. 2 and reasonable agreement with equations (5) and
(9) is apparent.

SIMULTANEOUS HEAT AND MASS TRANSFER

On the basis of the results of Saville and Churchill
[27] and Lightfoot [28] for mass transfer due to a
temperature gradient only (a(o0,-0of)/fi(T.-Tb)--,0
and PriSc-,0) S-h can be substituted for Wu- and
Ra(Sc/Pr)"/3 for Ra in equation (9).

Also, on the basis of the results of Saville and
Churchill [27] for simultaneous heat and mass transfer,
Vu and Sh can be calculated from equation (9) for the
special case of Sc = Pr merely by substituting Ra + Ra'
for Ra. For Sc 0 Pr, the asymptotic solutions are not
explicit and simple substitution in equation (9) is not
possible [29].

NON-NEWTONIAN FLUIDS

For a power-law fluid such that:

-K du Fi du (15)

1 dy (*5= dK y "

Acrivos [30] has derived for Pr - oo the following
generalized form of equation (2):

Nu = F•m)(+(TT Z)/(3+ (16)

where F {m} is a weak function of m and F{ 1-0} = 0-670.
Equation (16) has been confirmed as a good rep-
resentation for a number of fluids with 0-6 _< m < 1.0
by Agarwal et al. [30] for uniform wall temperature,
and the analogue of equation (16) for uniform heating
with 0-4 < m < 1.0 by Chen and Wollersheim [32]. It
follows that equation (5) with f{Pr) = 1 and equation

(9) with (p{Pr} = 1 should be applicable for such fluids
if (pfp(7- Tb)z 2' I /Ki)")413 ". is susbsituted for Ra.

Fujii et al. [33] have obtained numerical solutions
for a Sutterby fluid at finite Pr, and experimental results
for aqueous solutions of polyethylene oxide. Their
results indicate that Acrivos' solution may be a reason-
able approximation for real fluids if the coefficients K
and m are evaluated at the shear stress at the midheight
of the heated plate.

CONCLUSIONS

1. Equation (9) based on the model of Churchill and
Usagi provides a good representation for the mean
heat transfer for free convection from an isothermal
vertical plate over a complete range of Ra and Pr from
0 to cn even though it fails to indicate a discrete
transition from laminar to turbulent flow.

2. Equation (14) provides an equivalent represen-
tation for heat transfer by free convection from a
uniformly heated vertical plate. However, equation (9)
is also an adequate representation for this boundary
condition.

3. Equation (9) is applicable to mass transfer with
A-, Ra' and Sc substituted for Nu-, Ra and Pr and can
be applied for simultaneous heat and mass transfer for
the special case of Pr = Sc if Ra+Ra' is substituted
for Ra. Other such extensions are also possible.

4. More accurate representations for the laminar
regime are provided by equations (5) and (12) and these
simpler expressions should be used rather than equa-
tions (9) and (14) for Ra < 10'. The expressions for the
laminar regime are also applicable to mass transfer
and simultaneous heat and mass transfer with the
indicated substitutions.

5. Equations (5) and (12) are proposed as tentative
representations for laminar convection from plates
inclined up to at least 60' from the vertical if g sin qp
is substituted for g. Based on the results of Vliet [25],
equations (9) and (14) may be applicable for the tur-
bulent regime without this modification. Fortunately
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these equations are quite insensitive to the point of
transition from laminar to turbulent motion.

6. Equations (9) with Pr -+ o is applicable to non-
Newtonian fluids whose behavior can be represented
by a power-law if (pg#(T,-Tb)z

2m+tIKoam') 4! 3
m+I is

used for Ra.
7. The principal uncertainty in the correlations pro-

posed herein arises from the uncertainty in the limiting
solutions and experimental data for Ra -+ 0 and oc.

8. General correlations of the simple power-law type
such as equation (10) are seen to be fundamentally
unsound for any extended range of the variables and
their use is no longer justified.
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LOIS DE CORRELATION EN CONVECTION NATURELLE LAMINAIRE
ET TURBULENTE SUR UNE PLAQUE VERTICALE

Resum--Une expression simple pour le nombre de Nusselt (ou de Sherwood) moyen est obtenue A I'aide
du mod/le de Churchill et Usagi pour tout nombre de Rayleigh et de Prandtl (ou de Schmidt). Au cours
des d6veloppements il est fait usage de valeurs exp~rimentales du nombre de Rayleigh tendant vers z6ro
ou vers l'infini et de solutions thtoriques obtenues en th6orie de la couche limite laminaire. L'expression
est applicable au transfert thermique A flux constant aussi bien qu'A temp6rature constante ainsi qu'au
transfert de masse et au transfert simultan6 de chaleur et de masse. La loi de correlation fournit une
base de calcul des taux de transfert pour des fluides non newtoniens et pour des plaques inclin6es. Des
expressions tout aussi simples sont d6velopp6es pour des domaines limit~s correspondant A des conditions
particuli~res. Les expressions d'application g6n6rale et d'application restreinte sont compar6es aux
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donn6es expirimentales repr6sentatives. La structure de l'Mquation de corrilation fait apparaitre la
raison pour laquelle les lois habituelles de type puissance ne peuvent s'appliquer sur un domaine 6tendu

de nombres de Rayleigh et de Prandtl.

KORRELATIONEN FOR LAMINARE UND TURBULENTE FREIE KONVEKTION
AN EINER SENKRECHTEN PLATTE

Zusammenfassung-Nach einem Modell von Churchill und Usagi wurde eine einfache Beziehung fuir
mittlere Nu-Zahlen (oder Sh) fuir alle Ra und Pr (oder Sc) entwickelt. Es sind dazu experimentelle Werte
fiir Ra die gegen Null und unendlich gehen herangezogen und theoretische LUsungen, wie sie aus der
Grenzschichttheorieerhalten werden. Die Beziehung ist anwendbar fUr gleichfdrmige Heizung, einheitliche
Wandtemperatur, ffir Stoffiibergang und gleichzeitigen WArme- und Stoffiibergang. Die Korrelation
vermittelt eine Grundlage zur Bestimmung des Obergangs bei nichtnewtonischen Fliissigkeiten und fiir
geneigte Platten. Ffir bestimmte Anwendungsbereiche werden einfachere Beziehungen angegeben. Die
allgemeine Gleichung und die spezielle Beziehung werden vergliechen mit reprdsentativen experimentellen
Daten. Die Struktur der Korrelationsbeziehung gibt AufschluB Ober das Versagen der allgemeinen

Exponential-Gleichungen ffir einen ausgedehnten Bereich von Ra und Pr.

KOPPEJ'LI$I4OHHbIE YPABHEHH5I J[JAR OII4CAHI4S JIAMKHAPHOIR H
TYPBYJIEHTHOfl CBOBO,/HOI~f KOHBEKUI4H4 OKOJIO BEPTHKA.T11HOIRI

nrIAC`T14HbI

AHMoTaSug - C nOMOlubio MOaenIH qep'nJnq H Y3arf nOnyeHO IpOCTOC BI]pa)IeHHe AnIa ocpeC-
HeHHoro no npOCTPaHCTBY 3HamIeHHR 'IHcJna NU (HnjH Sh) rtpH nO6bIX 3Ha'4eHHRX Isscen Ra H Pr (NnH
Sc). -pH BbiBOae HCnoJIb3oBaJiHCh 3KcaepHMeHTaaJ•i6HLe AaHBHme AJIR ImcJa Ra, cTpeMjisueroc5x K
HynmO H 6ec•oHenuHOCTH, H aHaJIHTH'IeCKHe pemLeHHA, nOnyJeCHHne Ha OCHOBe TeOpHH naMmHapHoro
norpaHHMHoro CJIos. BbipaiesHme flpHMeHHMO K Cnly'aRM nOCTOSIHHOrO TenJ1OBOrO rIOTOKa, nOCTOqH-
moR TeMnepaTypbl CTCHKH, a TaoKe ARK onHcaHHR nipoIeCCOB Maccoo6Mema H OAHOBpeHeMHOrO
Tenno- H Maccoo6MeHa. KoppcsrUHlu AaCeT BO3MOXHOCTb pacc4HTaTb CKOpOCTH nepeHoca B HeHbhOTO-
HOCKHX )KHflKOCTSIX H B cnyqae HaKJIOHHIIX nJIaCTHH. AHanorMHble, HO 6onee npOc6Tie Bblpa)KeHHH

noJIylIeHbi 2tJIR orpaHH'ICHHb]X jHalna3OHOB yCJIOBHk. 06ntee H 'acTHie Bn16pa)TCeHN cpauHHBaiOTCs
Ha JIOCTOBePHbEX 3KCIlePHMCHT•nITbHbiX AaHHbIX. CTpyirypa iKoppeJ1RUHOHHOrO ypaBHeHHx nO-
3BOJIReT 06-WICHUTh TOT 4)aKT, no,4eMy o6briHbie ypaBHenHH THna CTeneHHbiX 3aBHcmmoc:Tel He

MOIyT ycieoIH0 IpHMCeHgTbCq npH 0oRIbImHX JHana3oHax HameH&g Ra H Pr.
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Natural Convection Adjacent to
Honzontal Surface of Various Planforms
Natural convection adjacent to horizontal surfaces of circular. square. rectangular, and
right triangular planforms has been studied experimentally. Electrochemical techniques
were employed involving a fluid with a Schmidt number of abnut 2200. The results en.
compass a wide range of Rayleigh numbers thus providing information on both the lami-
nor and the turbulent regimes. The data for all planforms are reduced to a single corre-
lation in the laminar and turbulent regimes using the characteristic length, as r.cum.
mended by Goldstein. Sparrow. and Jones. Ll - Alp. where A is the surface area and p
is the surface perimeter. The laminar data for all planforms are correlated by the expres.
Stan

Sh = 0.54Ra"' (2.2 x 10' : Ra 8 X 10')

and the data for the turbulent regime are correlated by the expressior I

Sh . 0.l15 Rai(8 xlO( 1.6 x Iol)

Transition is found to occur at about Ha = 8 x ClO. The present work thus significantly
extends the Rayleigh number range of validity far the use of L# through the Y power
laminar regime into the turbulent Y power regime. It also demonstrates the validity of
the use of L* to correlate natural convection transfer coefficients for highly unsymmetri.
col planforms..iduhich heretofore had hnt been demonstrated. Comparisons to analytical
solutions and other experimental heat and mass transfer data are presented.

Introduction for high Prandtl number fluids is the fact that the property varia.
,ions for the mass transfer experiments are essentially zero.

This paper presents an experimental investigation of natural whereas the corresponding heat transfer experiments exhibit large
convection adjacent to horizontal surfaces or various planrormsý variation in properties. The present results apply to either the
The results encompass a widerange of Rayleigh numbers. includ- heated upward facing heat transfer surface or the cooled: down-
ing the laminar and turbulent flow regimes, for circular, square, ward facing heat transfer surface.
rectangular, and right triangular planforms. An electrochemical A review of the literature reveals both analytical and experi-

;technique was employed to obtain the natural convection mass mental investigations of horizontal surfaces of various planforms.
transfei measurements. This technique has been used by many Analyses of the natural convection 12. 3. 4. 51 generally employ a
investigators in recent years to study mass transfer, as evidenced boundary: layer model applied to the two-dimensional problem of
by the recently published review by Mizushina 111.2 The electro- long thin rectangles. Suriano and Yang (61 solved the problem nu.
lyte employed in the present investigation was an aqueous siolu- merically for small end moderate Grashof numbers. It should be
timn of cupric sulphate and sulphuric acid. wherein the Cu+ ' ions noted that the analyses give a 3.-ppwer dependence of the dimen-
were the transferred ions and the sulphuric acid served as the sirnlems transfer coefficients on the Rayleigh number for the lami-
supporting electrolyte. The boundary condition for these experit nar regime.
umentsi.was uniform concentration at.the Lest surface, which is the . Experimentally, both heat- and% mess transfer investigations'
counterpart. of uniform suiface temperature in the corresponding have been presented for horizontal surfaces e.g.. [7-161. The cot-:
heat transfer problem. The Schmidt numbers were on the order of relation between Nusselt number and' Rayleigh number for the

2200 so that these results apply, to the'analogous high Prandtl heat transfer problem which is the:most widely accepted is that
number heat tran.sfei problem. One of the advantaiges of using the of Fishenden and Saundems .72.. Their experiments involved
present- mass transfer technique over heat transfP: experiments square planforms situated in air. The temperature difference. in-

volved •were as high as I0007 indicating extreme property varia-
S" ' '"•(ions and radiation' corrections. Bosworth (81 provides very little

I Ptesent address: Pratt and.Whitn.y Aircraft. East Hartford, Conn. ." - information on: his experiments, and Mikheyev L9I apparently
2 Numberain brackets designate References at end ofpnper.. . used rectangular planforma. although this is not'certain. Fujii
Contributed by the Hýat Tiaasrer Division and presented at the Winter and 1. 1101 and Hastan and Mohamed |ll) cnsidered the

Annual Meeting, New York. N.'Y. Novembir 17-22, 1974. oifTHE AMERI. horimuota .upwand Hassra an M ohamed studi hea

CAN SOCIETY OF MECHANICAL ENGINEEiRS. Mantcript received by horizontal upward racing surface aspart of larger studi.es of heat
the Heat Transfer Division April 8. 1974, Paper No. 74-WAIHT-•I.. transfer to inclined surfaces.
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Mase. transfer natural convection experiments are provided by
* Fenech and Tobias 1121, Wragg 1131. WrMoo and Loomba (1.41. To-
biai and Boeffard 1151. and Goldstein. Sparrow. and Jones 1161.
References 112-151 used the same electrochemico. technique em.

. played herein. Fetiech and Tobias 1121 used electrodes embedded
in the floor of the test cell. The electiodes had various widths and
the length of each electrode stretched: from one wall of the test
cell to the other. Due to experimental difficulties only their wider
test. strips wiere t ued i iiheir correlation and thus their results
were. only Ifor the turbulent regime. Wragg [131 and Wragg and
Loontba 1141 used circular disks, but again embedded them flush
in a surrour.ding collar. Tobias and Boeffard 1151 studied both

•circular and rectangular horizontal electrodes surrounded by side
walls. The side walls were both vertical and co'.*lanar in nature.
The object of this study was to determine..the effect of the side
walls and to determine the effect of electrode size on the mass
transfer.
I The work by Goldstein, Sparrow, and Jones 1161 deserve special
attention. They performed their expe:;mpits using naphthalene"
vapor sublimation. They- investigated unshrouded circles.
squares. and equilateral triangles, and proposed a characteristic
length so that the results from these planform.acould be correlat-
ed by a common expression.. Heretofore this had not been possi-
ble. :Unfortuntely., their results did not span, the full Rayleigh
number range of the laminar flow regime, and did not contain

* any irregular or 6n.nsymmetrical planfnrms.
The present results, to the best of the authors' knowledge, pro-

. vide the only electrochemical mass transfer data for any free.
standing. unshrouded planform. The results of the investigation
are also the first for any mode of transfer involving the nonsym-
metrical right triangle planforms. The Rayleigh numbers based
on Goldstein, Sparrow. and Jones characteristic length range
from 2,6 x 10 to 1.55 x 10'. thus providing laminar, transition.
and turbulent mass transfer information. By analogy, the results
also apply to the corresponding isothermal horizontal surface heat
transfer problem.

Data Analysis
In the present electrochemical mass transfer experiments, the

total mess transfer rate of copper ions to the test surface was a
result of three basic transfer mechanisms 1211: migration, convec-
tion, and diffusion

The three fluxes can be defined by the following relations which
are all evaluated at the test surface

ining their magnitudes under limiting current conditions. As ex.
plained in reference Ill, under certain operating conditions.
termed limiting current conditions, the concentration. of the
transferred species is essentially zero at the test surface.

Considering first the migration term, it is seen that I.m cfw..
tains the transferred species conentration. Since this concentra-

•tion is essentially zero at the surface, the entire term is. while in th/
presence of the supporting electrolyte Where O/I'flv is small. negli-
gibly small.

Next, consider the convection and diffusion terms together.
Modeling the electrolyte solution as a binary mixture of copper
ions as one component and the rest as the other component, refer-
ence 1301 shows that v = /Dil - c/p) ci)/:y.'Realizing that the
concentration of the transferred species is approximately zero. the
following is obtained

+N C/p.. + c 1) - Dec,

:Thus

The total rate of ion transfer is giveh in'reference 1211 as

iF

(5)

(6)

(7)

It is thus clear that the surface mass transfer is diffusive in na-
ture which establishes the analogy between'the present mass
transfer experiments and the corresponding heat transfer prob-
lem.

It is possible now to define the~mass transfer coefficient k in the
same manner as is done in the analogous heat transfer problem

k = I V .
IF7C.. -_C c ) 1 (a)

The dimensionless mass transfer number fanalogous to the Nus-
selt number for the corresponding heat transfer problem) is given
by the Sherwood number

Sh -= D (9)

Here D is the diffusion coefficient of the transferred species and
L* is the characteristic length. The characteristic length defined
by Goldstein, Sparrow. and Jones 1161 is

= AP (10)

SaC

(2)

(3)

(4)

where A is the transfer area of the test surface and P is the per-
imeter. The Rayleigh number is

Ra IL .sILS3 (11)

The relative importance of each mechanism is revealed by exam- where Sc is the Schmidt number (analogous to the Prandtl num.

'- mNomnenelattfle

A = surface area of transfersurface
c , transferred species concentration

D = diffusion coefficient of transferred
species

F - Faraday number -

g -gravitational acceleration
i ' currnt density

Smass transfer coefficient:,
Le, characteristic length L, = A/p
n'- 'valence oftransferred species

444/ 0 NOVEMBER 1974`

" = rate of mass transfer
p = perimeteroftransfer'aurface

Pr = Prandtl number
Ra - Rayleigh number
Sc .i Schmidt number
Sh Sherwood number

t transference number
U - ion mobility
L, - convection velocity normal to test

surface.
y = distance normal to test surface

A viscosity "
r:- density::
0 , . electric field potential

Subscripts

c duetoconvection
d = duetudiffusion

=n due to migration
w - surface conditions
- .bulk conditions

-. Transactions of~theiASME.
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F19.11 Schorratlic of osparlrnental apparatus

Table 1 Characteristic dimensions of various
planforms
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mensions.,Each cathode was constructed of 0.635 cm thick coop.
per. To the back side or each of the sirfaces was attached a lead
wire which connected to the main electrical circuit. The back and
sides of the test pieces were carefully insulated with epoxy and
GCyptal (an insulating paint). The test surface was held in posi.

ionn by a, plexiglasfs holder. The lead ,wire was connected to a 12"
automotive storage battery to provide the electric power, The po-
tential of the cathode was measured reWative. to .a-reference-eler:-
trade which consisted of a bare copper wire inserted into a glass
tube. The glass tubehad a mallwtle in thebottoni to provide
electrical contact between the reference electrode and the electro-
lyte solution. The potential was controlled with a series of preci.
sion variable resistors. The current flowing in the circuit, which is
directly proportional to the mas transfer rate, was obtained by
measuring the potential drop across a calibrated precision resis-
tor, called a current shunt, with a Leeds and Northrup 8646 po-
tentiometer. The anode was a large thin copper sheet 50 cm x 50
cm Ilength by width). It was purposely largerthan the cathode so
that the reaction would be totally controlled by conditions at the
cathode,

To obtain a datum point the following procedure was followed.
Prior to each test run the anode and cathode were carefully resur-
faced and cleaned, essentially as described in reference 1171. and
then placed in the tank, The cathode was carefully leveled to pro-
vide a horizontal surface located about J.,1 cm off the bottom of
the tank, and time was allowed for the system to come to com-
plete equilibrium. Limiting currents, where the concentration of
the transferred species is zero at the test surface (211. were deter.
mined in each run by noting the characteristic plateau in the cur-
rent-potential curves in the voltage range between 0.40v and 0.50"
as will be discussed further in a later section. The copper ion and
sulphuric acid concentrations of the bulk solution were deter.
mined for each run by standard spectrometric and titration
methods (18, 191.. Vertical bulk concentration gradients at the
time of data acquisition were determined for each run to insure
that all data would not be influenced by stratification. Finally, it
should be noted that the length of each run was critical since it
was necessary to operate long enough to insure steady operating
conditions, but not so long as to generate any recirculation effects
on the transfer at the surface. All data were taken so as to insure
steady operating conditions without recirculation effects.

Results and Discussion

Before discusing the results of the experiments. a short discus-
sion of the characteristic length Is presented. The characteristic
length employed in this invetigation is that proposed by Gold.
stein. Sparrow, and Jones 1161.:It was their "expectation" that:
this particular characteristic length would enable all horizontal
planforms to exhibit a common correlation. Unfortunately, týhey.
investigated a more. limited, number. of, planforms and smaller
Rayleigh numbers than in the present investigation. The present
investigation should serve to prove or dispinve their expectations.

As discussed earlier, limiting current-voltage curves as shown
in Fig. 2 were generated in each run. Plotted in the figure on rec.
tangular coordinates is the current density at the cathode versus
the cathode voltage. As indicated in the figure, the plateau, sig.
nifying limiting current conditions, was reached in several steps.
&A. each step. the system was allowed to reach steady conditions..
All data were taken at cathode voltages of 0.40" to 0.50" to insure:
that limiting ionditions had been reached. Current shunt signals
for: the laminar flow regime were very steady and could be read
directly. In the turbulent., regime the shunt signals'fluctuated
making it necessary to tirme average the data aver A period of ap-
proximately two minutes. which was determined in the present
investigation to be sufficient to obtain accurate time averages
without encountering stratification effecta. This time averaging
was accomplished by: recording the data digitally on the tape unit
of a Hewlett Packard 2019A Data Acquisition System and then
statistically averaging them on a computer. .

Fit. 3 presents the data for the laminar flow regime. The Sher-.
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1B.2 X 20.3 X 25.4

bed I/CD; ,a. f. and D are viscosity, density, and diffusion coeffi-
cient,,respectively, at the average concentrations; and f_ and ',w
are the fluid densities in the bulk and at the test surface, respec.
tively.The properties were evaluated using the data of references
[22-281. as described in reference 1171. As noted previously, prop-.
erty variations were practically nonexistent being 3 percent maxi.
mum. This is where this electrochemical technique has its major
advantage over high Prandtl number heat transfer experiments.

Experimental Apparatus and Measurement Technique
A schematic of the experimental apparatus is presented in Fig.

1. A 30 gal polyethelene tank 61 cm X 45.6 cm x 41i.6 em (length
x width x depth) served as the test chamber. The tank con.
tained theelectrolyte which was made up using reagent grade
chemicals'. The electrolyte solution was approximately 0.035' M
CuSO4 as the transfered species and 1.5 M H2SO, se'tha sup.
porting electrolyte. " .

The test surface was the cathode in the circuit. Table 1 pro.
vides a listing of the planforins tested and their characteristic di..
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wood number is platted as a function of the Rayleigh number on
logarithmic coordinates. The shape of theskv=Iols raeflkct-the
planforms of the various surfaces as indicated in the upper left.:
corner of the figure. it is immediately obvious that within the
scatter of the data. approximately * 5 percent, the data from all
planforms are correlated through the use of L's including the
nonsymmetric'right.triangle planform. Tk'is confirms the expec-
tations of Goldstein, Sparrow. and Jones, A, least squares fit
througlh the data yields the relation

Ah . 0. 50

Forcing a slope of ., as h"s been reported in the literature for the
heat transfer experiments. one finds the relation

Sh = 0.54Rt

i<.:'

for the data in the Rayleigh number range frOm 26 X. 10' to 8 x'

Since L" appears ". 'torehlate all the horizontal, planfoi ms.
"'other'published experimental resilts canwbe appropriately modi.

id'and. ompaed, to the preent work. The data of ..Wrgg and'.
LoombaR (14['fand: Wragg 1131 can be compared direcly-to-'the
present'work -since, the same electrochemical techrtiq'it .was em-
ployed. Wrsgg and Loombi, it should be noted, is a.reision.-of
Wrag-'-They concerned themselvea with -circular. surfaces which
had a flush fitting:6ollar surrounding their free.standing"aest sut.
race. The- revised data of, Wragg aund-Loomba"fall.10. percent.
below the present. results. . This: difference couId be a result, at
least in pat,. from the presence of the surrounding collar..,
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The prediction of Goldstein. Sparrow. and Jones also involved
.mass transfer but at a much lower Schmidt number, approxi-
mately 2.5. Although-their data only extended up to a Rayleigh
number of 7 x 103. it is interesting'that extension of their predic-
tion into the Rayleigh number range covered. in the present inves-
tLigation falls very close to the present result. This would indicate
thai the Rayleigh number may be sufficient to account for
Schmidt or Prandtl number variations.

Fig. 4 presents data for the turbulent: flow regime. The Sher-
wood number is plotted a's a function of the Rayleigh number on
logarithmic coordinates. As in Fig. 3 the symbols reflect the plan-
forms of the"various surfaces. There do"s not appear, to be "any
difference in the data for the various" planformns. A least 'squiires
fit through the data for Rayleigh numbers greater than 8 X tO0
provide the following correlation;

Sh= 0.16911a ".

If a Y slope is enforced the best fit expression becomes

Sit 0,5Rl1

With the exception of two data points, the data scatter =7 per;
cent about this correlation. '

The results of other-investigators are also presented. The heat
trasiarer correlation. of-Fishinden and Saunders 171 And McAdaims

•(291 are "een to fall 4 to 12 percent. lower than the prtesent investi-
gation. The date of Fujii and Imura (101 using water as .the work-.
lag fluid' aie perhaps: ther'nost inIteresting heat transfer .data 'for
comparison to the present work. They'p~eni tw Nussielt num-

Tonsacdkns otth. ASME

4i
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bet expressions. for the turbulent regime. Both have the form Nu
C Ralý", but the value for C is 0.13 for Ra less than 5 x 10"

and 0.16 for Ra greater than 2 x 10". The difference, they state, is
due to edge effects on the surface. These experimentea results
using water as the surrounding medium have.=within experimen-
tal scatter, essentially the same correlation as the present work
when their edge effects are minimal. This would indicateagain
that the use of the Rayleigh number may be sufficient to account
for Prandtl or Schmidt number effects.

The data of Fenech and Tobias (121. Wragg 113]. and Wrogg
and Loomba 1141 employed the same electrochemical techniques
but with the previously discussed differenc-es in the experimental
setup. The data of Fenech and Tobias fall about 12 percent high-
er than the present data. This difference is in all prohahilily due
to the differences in the experimental setup as have been dis-
cosned earlier. The data of Wraog and Loomba are about 8 per-
cent higher-ihan the present woIi.AIt is important to note. how.
ever, that the correlation of Wragg and Loomba is a revised ver-
siou: of Wrapg, dut to the use of different physical properties, and
that thbkcorrilation of Wragg, which uses almost the same values
for prcpertieR as the present work, falls within the scauler of the
present data. In this regimei ihe effect of the surrounding collar.
appears to be negligible. based on comparisons of Wrag'g's data-tn
the present investigation.

Finally. the work of Tobias and Boeffard (151 deserves special.
mention. They considered the effect of both vertical and coplanar
surrounding walls on the mass transfer to horizontal surface.
using the same experimental techniques. They found that the
surrounding walls had no effect on the mass tr9hilfer correlation if
the surfaces were large enough. For smaller electrodes their corre-
lation underpredicts and it. must be multiplied by a factor d.. a
number which Lr larger-than one. When one considers their data
in the light of the present investigation it appears that their size
effect is related to the transition noted in the present work from
the turbulent range to thelaminar range. Indeed, if one takes
Schmidt and Grashof numbers characteristic of the present data
and use their expression to predict the Sherwood number for the
turbulent regime, it is found that their prediction falls within the
scatter of the present turbulent data. If one consit .-rs the small
electrodes found in the laminar regime of the present work and
applies the da correction discussed in their work, their Sherwood
number prediction fails approximately within the scatter of the
present work. Thus, it appears to be possible that their size ef-
fects, even with the surrounding walls, may be related to the dif-
ference between the laminar and turbulent flow regimes discussed
in the present work.

Concluding Remarks
The present data are the first electrochemical mass trinsfer in-

vestigations of truly free-standing unshrouded horizontal surfaces.
They also- present the only data available for any mode of transfer
involving right triangular planforms. The characteristic length as
proposed by Goldstein. Sparrow. and.Jones appears to bring all
the data into a common correlation, even the nonsymmetrical
surfaces such as the right triangles, for all Rayleigh numbers in-
vestigated. Special note should he made that the experimentally
determined laminar correlation involves the Y%'power of the Ray..
leigh number whereas the laminar boundary layer analyses indi--
cate a % power dependence. This is probably the result of using a
boundary layer approach in the analyses.

It is highly encouraging to see data from circular. square, rec.
tangular, and-righttriangular planforms exhibit a common corre-
lation through. the use ol, the characteristic lent t h proposed by
Goldstein. Sparrow. and Jones. There ame indications that Ihi use
of the Rayleigh number in the mass or heatvransfer relations. is
sufficient to account for Schmidt or Prandtt number variations.
These observations, based on the experimental data, will enable
calculation of transfar rates :involving-any shaped upward facing
horizontal surface provided the transfer surface area and perimeter
are.known. . , ... . "
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utility than other expressions for the heat-

•ips more familiar) form of dimensionless
alythe Nusselt number hD/k, the Prandtl

Ry olds number DG/ . The LID and vis-
(for Reynolds number <10,000) also

on are usually expansions of the dimen-
'u fi the terms are in more convenient units
Wa1 factors are grouped together into a single
raeinstances, the combined physical prop-

,asa inear function of temperature, and the
]solves into an equation containing only one

curs when a solid surface is in contact with a
,erture from the surface. Density differences
s required to move the fluid. Theoretical anal-
-i6rr require the simultaneous solution of the

otlon and energy. Details of theoretical stud-
.al general references (Brown and Marco,

'ramfer, 3d ed., McGraw-Hill, New York,
rasfer, Wiley, New York, vol. 1, 1949; vol.

ffally been applied successfully to the simple
Solution of the motion and energy equations

Velocity fields from which heat-transfer coef-
Io The'general type of equation obtained is the
'tion:

,L a (Lmp'sg1 At CA (10-32a)

q a(Nc.Np,)" (10-32b)

or Yarious Geometries Natural-convection
Lb~dics may be predicted from Eq. (10-32).
1 values of a and m have been determined
re given in Table 10-1. Fluid properties are

j- 1t92. For vertical plates and cylinders and
,Nishiwaki, and Hirata [int. J. Heat Mass
68)] recommend the relations

S.0.138N,(NW, - 0.55) (10-33a)

3N4 2AVI[N,,/(0.861 + N,)]"as (10-33b)

sional Equations Equation (10-32) is a
iand any consistent set of units may be used.

Simplified dimensional equations have been derived for air, water,
and organic liquids by rearranging Eq. (10-32) into the following
form by collecting the fluid properties into a single factor:

h 0 b(At)"'L 5"- (10-34)

Values of b in SI and U.S. customary units are given in Table 10-1
for air, water, and organic liquids.

Simultaneous Loss by Radiation The heat transferred by radia-
tion is often of significant magnitude in the loss of heat from surfaces
to the surroundings because of the diathermanous nature of atmo-
spheric gases (air). It is convenient to represent radiant-heat transfer,
for this case, as a radiation film coefficient which is added to the
film coefficient for convection, giving the combined coefficient for
convection and radiation (hk + h,). In Fig. 10-7 values of the film
coefficient for radiation k are plotted against the two surface tem-
peratures for emissivity 0- 1.0.

Table 10-2 shows values of (h, + k,) from single horizontal oxi-
dized pipe surfaces.

FRG. 10-7 Radiation coefficients of heat transfer hr- To convert British ther-
mal units per hour-square foot-degrees Fahrenheit to joules per square meter-
second-kelvins, multiply by 5.6783; °C - (oF - 32)/1.8.

Ci• Values of a, m, and b for Eqs. (10-32) and (10-34)
b, organic

b, air at b, water at liquid at

Configuration Y - NcrNh a m 210C 70°F 21°C 70*F 21
0

C 70'F

Wuraces <10' 1.386
Al dimension <3 ft ice < Y < l0o 0.59 X 1.37 0.28 127 26 59 12

0>io 0.13 % 1.24 0.18
!&I cylinder <10-5 0.49 0
nsetý <8 in 10-3 < Y < 10-3 0.71 Y.

10-5 < Y < 1 1.09 X4.
1 < Y < 10 1.09 %

1o0 < y < lop 0.53 % 1.32 0.27
> 0.13 X S 1.24 0.18

tal flat surface 10s < Y < 2 X 10
7(FU) 0.54 X 1.86 0.38

2•,10
7
<Y<3X 10'°(FU) 0.14 X

3 X 105 < Y < 3 X 10'
0
(FD) 0(27 X 0.88 0.18

V - facing upward; FD - facing downward. b in SI units is given in *C column; b in U.S. customary units, in OF column.
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1.0 Introduction

SRNL has been asked to provide a safety evaluation to the U. S. Nuclear Regulatory
Commission (NRC) for the shipment of the West Valley Melter Package (WVMP). This report
provides a thermal analysis for the shipment as part of this safety evaluation. DOE plans to ship
the WVMP to the Waste Control Specialists (WCS) facility in Texas for disposal. The West
Valley Melter operated from 1996 to 2002 to vitrify radioactive wastes from the West Valley
Demonstration Project located south of Buffalo, New York.

Thermal analyses are provided for Normal Conditions of Transport (NCT) and Hypothetical
Accident Conditions (HAC). The conditions for NCT and HAC are stipulated in
10 CFR Part 71. NCT covers conditions for outdoor storage of the waste package, including heat
transfer to ambient air and sun exposure (insolation). The HAC assume exposure to a 1475 'F
fire. The thermal analysis does not account for the presence of the Impact Limiter (IL) added to
the exterior of the WVMP. For the thermal analysis, the omission of the IL is conservatively
bounding in that it does not include the insulation that it provides. The WVMP without the IL
component is referred to as the Grouted Melter Package (GMP) component.

The analysis of temperatures for NCT follows the guidelines of 10 CFR 71.71 [ 1 ]. The required
temperatures are:

1. The maximum temperatures for exposure to 100 'F air at steady state.
2. The maximum temperatures for exposure to 100 'F still air with insolation of 800

cal/cm 2 on the top surface and 200 cal/cm 2 on the side surfaces for a period of 12
hours. The package bottom is assumed to be an insulated (adiabatic) surface.

3. The minimum (surface) temperature for exposure to a cold environment of -20 'F,
with no insolation.

4. The minimum (surface) temperature for exposure to a maximum cold environment of
-40 'F, with no insolation.

The WVMP accessible surface temperature in still air at 100 'F, with no insolation, must not
exceed the exclusive use shipment limit of 185 'F, as specified in 10 CFR 71.43(g) [2]. In
addition, there must be no loss of the radioactive contents, no significant increase in external
surface radiation level, and no significant decrease in package effectiveness, as stated in
10 CFR 71.43(f) [2]and 71.51 (a)(1) [3]. To address this requirement, the maximum pressure that
can develop inside the WVMP during NCT is calculated for use in a structural analysis.

The analysis of temperatures for HAC follows the guidelines of 10 CFR 71.73 [4]. These
guidelines specify that the package is exposed to an engulfing 1475 'F (800 'C) fire for a
duration of 30 minutes, followed by a cool down to ambient conditions. The fire emissivity is
specified as 0.9 and the surface emissivity for the surface of the package is set at 0.8. The
guidelines also specify the use of a convective heat transfer coefficient appropriate for the fire.

The HAC analysis must demonstrate that the activity release during the HAC will not exceed the
limits established by 10 CFR 71.51 (a)(2) [3]. To demonstrate that no release of activity will
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occur, the maximum pressure that can develop inside the WVMP during the HAC is calculated
for use in a structural analysis.

2.0 Inputs and Assumptions

1. The WVMP consists of a container that encloses a 12-ft, 4.75-in. long by I1-ft, 4-in. wide
by 11-ft, 4-in. high volume [5]. The melter is grouted in place inside this container by
Low Density Cellular Concrete (LDCC). The LDCC fills the container to within 10 in.
of the inside top surface [6]. The top and bottom container thickness is 4 in.; the sides of
the container are 6 in. thick [5]. The container also includes steel rails, gaskets, and
sacrificial shock absorbers at each of the eight comers [5]; these components are not
modeled in the heat transfer analysis. Exclusion of these components yields
conservatively bounding values for the calculated temperatures, since they provide added
insulation for the interior of the WVMP when it is heated by either insolation or by the
fire.

2. The mass of the melter is 107,500 Ibm (48,761 kg) [6]. The LDCC mass is 70,738 Ibm
(32,086 kg) [6]. The mass of the melter glass is 467.2 kg (1030 Ibm) [7].

3. Evaluation of thermal conductivities, densities, and heat capacities is required for the
thermal analysis. The LDCC contains waters of hydration that may dehydrate to form
water vapor when the GMP is exposed to the sun under NCT or, more particularly, to fire
under HAC. The dehydration reaction is endothermic, so the dehydration process will act
as a heat sink in the thermal analysis. The water vapor from dehydration will pressurize
the GMP. Therefore, the fractional dehydration as a function of temperature and the
heats of hydration and vaporization are needed inputs. Finally, the radionuclide contents
of the melter glass and the decay heats for each of the isotopes in the glass are needed to
compute the rate of radiolytic heating of the glass.

4. The volumes occupied by each type of material can be calculated by dividing the
estimated mass of material by its density. The volume of the refractory material is
estimated indirectly from the equation

Vref = Vi - Vair1 mLDCC mglass (2-1)
PLDCC Pglass
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where
Vref = refractory volume, m3

Vi = total interior volume of the WVMP, m3

Vair,1 = volume air pocket above LDCC inside the WVMP, m 3

mLDCC = mass of LDCC, kg

PLDCC = LDCC density, kg/mi3

mglass = mass of glass in melter, kg

Pglass = glass density, kg/mi3

The melter structure is comprised of Inconel®, Type 304 stainless steel, and Type 304L stainless
steel [5]. As an approximation, the properties of the melter steel are set equal to the properties of
Type 304L stainless steel. The refractory material is a combination of Monofrax" K-3 and
ZirmulTm [7]. Accordingly, the volume of the structural metal inside the melter is given by

Vss = Mm - PMonoVMono - PZirmVZirm (2-2)
Pss

where
Vss= volume of metal inside melter, m3

mm = total melter mass, kg

P Mono = density of Monofrax TM , kg/mi3

Vmono = volume of MonofraxTm refractory inside melter, in 3

pzirm = density of Zirmul TM , kg/mi3

Vzirm = volume of Zirmulm refractory inside melter, in 3

Pss = density of Type 304L stainless steel, kg/mi3

Any portion of the melter volume that is not metal or refractory is assumed to be an air pocket.
The melter air pocket volume is calculated by subtracting the metal and refractory volumes from
the total refractory volume given by equation (2-1):

Vair,2 = Vref - Vss - VMono - Vzirm (2-3)

where
Vair,2 = volume of air pocket inside melter, m3

5. The density of the glass is 2600 kg/mi3 [7].

® Inconel is a registered trademark of Special Metals Corporation of New Hartford, New York.
* Monofrax is a trademark of RHI Monofrax Ltd. of Falconer, New York.

Zirmul is a trademark of North American Refractories Co. of Pittsburgh, Pennsylvania. Zirmul is a contraction of
the minerals names zirconia and mullite.
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6. The average LDCC density is assumed to be equal to the density of the concrete batch
with the lowest measured compressive strength, which was 71.2 ibm/ft3 (1140 kg/m3) [6].

7. The total refractory volume is 92.7 ft3, of which 61.88 ft3 is MonofraxTM K-3 and 30.82 ft3

is ZirmulTM [7]. The thermal analysis uses the crystalline densities of these materials,
3900 kg/mi3 for MonofraxTM K-3 and 3140 kg/m 3 for ZirmulTM, and the corresponding
thermal conductivities at 100 'C, 4.19 W/m/K for MonofraxTM K-3 and 0.20 W/m/K for
ZirmulTM [8]. The heat capacities are calculated from the compositions of MonofraxTM K-3
and ZirmulTM [8] and the estimated heat capacities of the crystalline phases of the oxide
constituents [9,10]. The compositions and density calculations are summarized in
Table 1; the resulting heat capacities are 774 J/kg/K for Monofrax" K-3 and 709 J/kg/K
for ZirmulTM. The MonofraxTM and ZirmulTM heat capacities are computed using the
weighted averages of only those consituents listed in Table 1, despite the fact that their
weigtht fractions do not sum to one.

Table 1. Compositions and Heat Capacities for Monofrax'm K-3 and Zirmulm

Oxide Mol. Wt. Heat Capacity MonofraxTM K-3 ZirmulTM
(g/mole) (J/mol/K) (wt %) (J/g/K) (wt %) (J/g/K)

A120 3  101.96 79 44 0.341 70 0.542
CaO 56.08 42 0.18 0.001 0 0
Cr 20 3  151.99 118.7 19 0.148 0 0
Fe 20 3  159.69 103.9 5.85 0.038 0 0
Na20 62 69.1 0.2 0.002 0 0
MnO2 86.94 54.1 0.06 0.000 0 0
MgO 40.3 37.2 3.71 0.034 0 0
SiO 2  60.08 44.4 0.6 0.004 10.2 0.075
TiO 2  79.88 55 0.16 0.001 0 0
ZrO2  123.22 56.2 0 0 19.5 0.089
Total 0.774 0.709

8. As stated previously, the melter metal is assigned the properties of Type 304L stainless
steel. The container walls are fabricated from Type SA516 carbon steel [5]. The density
of Type 516 carbon steel is 483.8 lbm/ft3 (7749.7 kg/m3), and the density of Type 304L
stainless steel is 499.4 lbm/ft3 (7999.6 kg/m3) [11]. The heat capacities and thermal
conductivities are correlated as functions of temperature as shown in Figures 1 and 2
[11].
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Figure 1. Correlation of Heat Capacities for Types 516 and 304L Steels 1111.
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Figure 2. Correlation of Thermal Conducitivities for Types 516 and 304L Steels 1111.

9. From equations (2-1), (2-2), and (2-3), and the densities listed, the volumes occupied by
the different components of the GMP can be calculated. The volumes are listed in
Table 2. The melter volumes are modeled as cubes inside the container. This modeling
arrangement minimizes the heat transfer area, maximizes the amount of insulation, and
therefore conservatively maximizes the temperatures inside the melter structure.



M-CLC-A-00498, Rev. 0 Page 9 of 38

Table 2. West Valley Melter Shipping Package Content Volumes

Component Volume (m3)
Melter (total) 13.64

Glass 0.18
Steel 4.84
Refractory 2.62
Melter Air Pocket 5.99

LDCC 28.13
Air Pocket 3.32
Total Interior Volume 45.09

10. The glass heat capacity is fit to typical values for borosilicate glass [12], using the
empirical correlation

= min" 0.1 9 2 4 2 + 0.00108lTgl ,0.2 (2-4)Cp~gI= min 1 + 0.0025IT1T ,.(24

where
cp,gj = thermal conductivity of the melter glass, cal/g/K

TgI = glass temperature, 'C

11. The heat capacity of the LDCC is set equal to a typical value for a cement mix with a
water content close to that estimated for LDCC. LDCC contains on average 510 lbm/yd3

cement, with added water amounting to 20% of the cement by weight, and enough sand
to increase the density to the specified value. The result for the given density of 71.2
lbm/ft3 is 18.89 lbm/ft3 cement, 48.53 lbm/ft3 sand (SiO 2), and 3.78 lbm/ft3 water
[13, 14]. The water content is 5.3 wt %. The closest value for which a cement heat
capacity is reported is a mix with 3 wt % water, for which the heat capacity was
measured to be 765 J/kg/K [15].

12. The thermal conductivity for the glass is set at its minimum value for borosilicate glass of
0.42 W/m/K [12]. The LDCC thermal conductivity is set at its minimum value for its
density, which is approximately 0.26 W/m/K [ 16].

13. The heat generation rate in the glass is calculated from a RADCALC® analysis of the
activity in the glass [7, 17, 18, 19] and tabulations of the energy emissions for each
radionuclide from the International Committee on Radiological Protection (ICRP) tables
[20]. The full list of radionuclides from the RADCALC® output is included in the
tabulation. The radiolytic heat generation calculations are summarized in Appendix A.

14. The Arrhenius correlation of the fractional dehydration is based on data for crystalline
calcium silicates, which are by far the major constituents of typical cement. It is assumed

RADCALC is a registered tradename of LifeLine Software, Inc., of Austin, Texas.
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that the LDCC is fully cured so that there is no free water in the cement pores and so that,
consequently, all dehydration involves the breaking of crystalline bonds, followed by
evaporation of liquid water. For tricalcium silicate hydrate (3CaO:SiO 2:2H 20), the
fractional dehydration is correlated as an Arrhenius function of the form [21]

(X = Arex (2-6)RgT

where
(x = cumulative fraction of calcium silicate oxides that have undergone

dehydration
Ar = pre-exponential Arrhenius constant for cement dehydration, dimensionless

Ea = activation energy for cement dehydration, J/mole

R g = gas constant, J/mole/K

The Arrhenius equation was fit to the dehydration data as shown by Figure 3.
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= 546e 3Y
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Figure 3. Correlation of Measurements for Dehydration of 3CaO:SiO 2:2H20
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As indicated by the figure, the Arrhenius constants, for temperatures below 500 'C, are

Ar = 15.426, Ea = 3397 K (2-7)
Rg

15. The heat of hydration for tricalcium silicate is 65.59 kJ/mole H20 [22], and the heat of
hydration for calcium oxide is 63.92 kJ/mole H20 [23]. The tricalcium silicate heat of
hydration is used in the thermal analysis, since it is more representative of the LDCC
composition.

16. The heat of vaporization for water is added to the heat of reaction for dehydration. The
heat of vaporization is correlated as a function of temperature by [24]

0.38

k = .b 3 T 8 (2-8)(1 -Tr,b

where
= heat of vaporization, J/mole

kb = heat of vaporization at the normal boiling point (373.15 K), J/mole

Tr = relative temperature
Trb = relative temperature at the normal boiling point

The relative temperature is normalized with respect to the critical temperature for water,
which is 373.99 'C or 647.14 K [25]. The heat of vaporization of water at the normal
boiling point is 40657 J/mole [25].

3.0 Analysis Method

The thermal analysis is performed using Version 4.3a of the finite element modeling code
COMSOL® Multiphysics. COMSOL® Multiphysics is approved for use in heat transfer
modeling at the Savannah River National Laboratory and has been used to calculate NCT and
HAC temperatures for other waste transfer packages [26, 27]. The COMSOL® model uses the
actual outer dimensions for the container and approximates the contents of the WVMP as a
nested series of cubes, with the innermost cube comprised of the radioactive glass in the melter
heel, the spout, and any glass dispersed into the refractory of the melter. In the model, this inner
core is surrounded by a layer comprised of the melter refractory and structural steel, a layer of
the LDCC used to grout the melter in the package, and the steel container walls. There also is a
10-in. thick air space between the top surface of the LDCC and the top container wall. This air
pocket is present because the WVMP was not completely filled with LDCC.

® COMSOL is a registered tradename of COMSOL, Inc., of Burlingame, Massachusetts.
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To simplify the heat transfer analysis, it is assumed that the glass, steel, refractory, and LDCC
layers form concentric, symmetrical cubes within the container walls and upper air pocket. The
symmetry provides a conservative, lower bound to the actual overall rate of heat transfer in that
it averages out any variations in the thicknesses of the insulation provided by the LDCC and the
refractory. Any asymmetrical variations would increase the local, and the average, rate of heat
transfer. A lower bound to the heat transfer rate is desired because it maximizes the surface
temperature for insolation and fire exposure and maximizes increases in the glass temperature
due to radiolytic heating for the case of no insolation. (The maximum glass temperature is used
to estimate the bounding surface temperature without insolation, to account for asymmetries in
the thickness of the LDCC around the melter.)

The COMSOLO model utilizes bilateral symmetry along the length and width of the WVMP to
reduce the volume analyzed to a one-quarter comer of the WVMP that extends from the top
surface to the bottom surface. Figure 4 depicts the simplified COMSOL model, with the various
materials shown. Figure 5 shows the discretization mesh for the finite element calculations. The
total number of calculation nodes is 125,148. Trial calculations were performed to ensure that
the discretization was sufficiently fine to calculate the WVMP temperature profile with a high
degree of precision.

Key:
Dark Blue Container
Medium Blue Air Space
Light Violet LDCC
Tan Melter Structural Steel and Refractory
Pink Glass w

Figure 4. Schematic of COMSOL® Multiphysics Model of WVMP

a COMSOL is a registered tradename of COMSOL, Inc., of Burlingame, Massachusetts.
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Figure 5. Meshing for COMSOL® Multiphysics Model of WVMP

3.1 Thermal Analysis

The COMSOL heat transfer equation for the glass takes the form

acT -V _kVT- Q (3-1)
P apV• Vglass

where
p = density of the material, kg/m3

cp = heat capacity of the material, J/kg/K

V = dispersion operator, 1/m
t - time, s
k = thermal conductivity of material, W/m/K
T = temperature, K
Q - internal heat generation rate for radiolytic heating of the glass, W

Vgiass = glass volume, m3
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The radiolytic heat generation rate is expressed as the sum of the products of the specific activity
of the isotopes that are present in the glass and the decay energy for each isotope:

Q= Zajej (3-2)

where
aj= activity of the jth isotope, Ci

ej = decay energy of the jth isotope, W/Ci

The total radiolytic heat generation rate is the sum of the individual heat generation rates for the
glass in the melter heel, the glass in the melter spout, and the glass embedded in the melter
refractory. In the model it is assumed that radiolytic heating occurs at a uniform rate throughout
the glass. In itself, this is not necessarily a conservative assumption. However, because the
melter glass has a relative high thermal conductivity compared to the LDCC, when it is modeled
as a monolith, the melter glass should be at a relatively uniform temperature regardless of the
distribution of the radiolytic heating. The assumption that the glass is concentrated in one central
volume should yield a conservatively high estimate for the maximum temperature in the glass.

The heat transfer equation for the melter steel and refractory and the LDCC is

-pc - V * kVT = 0 (3-3)

The equivalent thermal conductivity of the melter steel and refractory is computed by taking the
volume average of the individual thermal conductivities of the steel and refractory:

keq = Vrefkref + Vsskss (3-4)
Vref + Vss + Vair,2

where
k eq = equivalent thermal conductivity for mixture of melter refractory and steel, W/m/K

k= thermal conductivity of melter steel, W/m/K

Vfb= volume of refractory, m3

This linear averaging method is consistent with an arrangement where structural steel beams
radiate outward from the melter glass to the inner edge of the LDCC and provide a continuous
path for heat transfer through the steel. The averaging accounts for the fraction of the total cross-
sectional heat transfer area occupied by the refractory. Linear averaging provides a more
realistic model for heat transfer in the melter than reciprocal averaging, which would follow
from an assumption that the refractory and structural steel were randomly mixed. Melter glass
temperatures calculated using a reciprocal averaging method for the combined thermal
conductivity of the refractory and steel would yield calculated glass temperatures that would be
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unrealistically high. The same linear volume averaging is used to compute the equivalent
density and heat capacity for the melter steel and refractory.

Heat losses and heat transfer associated with dehydration of cement hydrates in the LDCC are
included in the COMSOL model by incorporating the heat of dehydration into the effective heat
capacity for the LDCC. The contribution of the combined heats of dehydration and evaporation
equals the product of the heats of dehydration and evaporation, the mass fraction of hydrate in
the LDCC, and the derivative of the fractional dehydration with respect to temperature.

Differentiation of the Arrhenius expression for the fraction dehydration (equation (2-6)) and
substitution in the expression for the effective LDCC heat capacity yields the following equation.

(AHr + )mTHOArEa ( Ea (
mLDCCMH2ORgT 2  RgT

where
c p's = ordinary heat capacity for cement solids exclusive of reaction or phase change,

J/kg/K
AHr = heat of reaction for breaking hydrate bond, J/mole H20

MH2O = molecular mass of water, 0.018 kg/mole

mHO = mass of water in LDCC hydrate, kg

mLDCC = total mass of LDCC, kg

During NCT, the heat transfer equation for the steel frame is

Pc aT _V.kVT = q"i Ai -hiAi(Ts'i -Ta) (3-6)

where
q"i = surface heat flux due to insolation over the ith surface (applies only to surface

nodes), W/m 2

Ai = surface area for the ith surface, m2

hi = surface heat transfer coefficient for the ith surface (applies only to surface nodes),
W/m 2/K

Ts,= temperature of the ith surface, K

Ta = ambient temperature (or fire temperature for the HAC), K

For the fire exposure portion of the HAC transient, the heat transfer equation for the frame is

PCT V * kVT = 8iaAi (Tfire4 - Ts,j 4 )+ hiAi (Tfire - Ts,) (3-7)pp at
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where wr i = emissivity for ith surface, dimensionless

a = Stefan-Boltzmann constant, W/m2/K4

Tfire = fire temperature, K

During the cool down portion of the HAC transient, the heat transfer equation for the frame
becomes

PC aT_ -V o kVT = q"i Ai - Ficmi (Ts,i4 _ Ta4 )-hii(Ts, - Ta) (3-8)pp at

As stipulated by 10 CFR 71.71 [1], it is assumed that the air surrounding the WVMP during
NCT is still. It is assumed that still air also surrounds the WVMP during the HAC transient.
Consequently, the heat transfer coefficients are based on natural convection from exterior
surfaces. Different correlations are applied for natural convection to the top surface of the
WVMP, to the vertical side surfaces, and to the bottom surface. All three correlations are for
turbulent natural convection; due to the large size of the WVMP, the natural convection flow is
in the turbulent range for any significant temperature differences. The COMSOL® correlation
for the side walls is given by Churchill and Chu [28, 29]

-2

kair0.825+ 0.387Ra 8/27 (3-9)
h L=• + (0.492 )9/16

I~YPr)

where
hv= heat transfer coefficient for natural convection to the sides of the WVMP, W/m 2/K

kair = thermal conductivity of air, W/m/K

Lv= GMP height, m

Ra = Rayleigh number
Pr = Prandtl number

For natural convection from the top of the WVMP, COMSOL® uses a natural convection
correlation recommended by Lloyd and Moran [28, 30]:

hu = kaarjj0.15Ra1/3 (3-10)
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where
hu = heat transfer coefficient for natural convection to the top of the WVMP, W/m 2/K

Lu = GMP width at the top of the GMP, m

Finally, for convection from the bottom surface of the GMP, COMSOL® utilizes the following
generalized correlation [31 ]

hd = (kair )o.27Ra 1/4 (3-11)

tLd)

where
hd = heat transfer coefficient for natural convection to the bottom of the WVMP,

W/m 2/K
Ld = GMP width at the bottom of the GMP, m

The heat transfer coefficient given by equation (3-11) is used only for the HAC analysis.

The Rayleigh number in the preceding correlations is defined by

Ra - PairAPaircpairgL3
Itairkair

where

Pair = air density, kg/mi3

APair = difference between the density of air at ambient temperature and the average

density at the WVMP surface, kg/mi3

Cp,air = air heat capacity, J/kg/K

g = gravitational acceleration, m/s2

L = GMP height or equivalent width, m

Jtair = air viscosity, kg/m/s

The Prandtl number is given by

Pr - Cpairftair (3-13)
kair

All gas properties except the density difference are evaluated at a temperature midway between
the ambient temperature and the average temperature at the WVMP surface.
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3.2 Approach to Transient Modeling

Bounding temperatures for NCT with insolation are evaluated using a transient calculation in
which 12-hour periods of insolation at the specified rates are followed by 12 hours of no
insolation. This approach is consistent with the intent of 10 CFR 71.71 [1], which implies that
the limiting condition is continual outdoor exposure of the WVMP, with insolation during
daylight hours and no insolation at night. The heat losses to the ambient air are assumed to
continue day and night. The ambient air temperature is conservatively set equal to 100 'F for
nighttime exposure as well as daytime exposure. The COMSOL® calculations were extended to
30 days to assure an approach to a limiting diurnal temperature cycle. The limiting NCT
conditions are evaluated at the end of the 12-hour period of insolation on the 3 0th day.

The HAC is modeled using a transient calculation in which the WVMP is fully engulfed by the
1475 'F fire. The initial temperature distribution is set equal to the limiting NCT temperature
distribution. The fire is applied for 30 minutes, after which time it is assumed that the WVMP
loses heat to 100 'F ambient air and receives insolation at the same rate as during NCT. The
transient calculation is continued 720 minutes into the cool-down period to ensure that maximum
local temperatures are reached and that the maximum amount of dehydration has occurred. (It is
assumed that the dehydration reaction is reversible in the sense that the cement will rehydrate as
it cools.)

The orientation of the WVMP during HAC is not specified by 10CRF71.73 [4]. To maximize
the temperature of the air pocket inside the WVMP and hence the pressurization due to heating,
it was assumed that the WVMP is upside down, so that natural convection heat losses from the
wall adjacent to the air pocket were minimized during the cool-down period, when the interior
temperatures reached their maximum values. (The natural convection heat transfer coefficient
for heated surfaces facing down is less than the corresponding heat transfer coefficients for
heated surfaces facing up or for vertical surfaces.)

3.3 Calculation of Maximum Pressures

The maximum pressure is calculated by assuming that all of the hydrated water content that is
released as vapor due to heating of the LDCC accumulates in the upper air pocket. It is assumed
that any pressure that might develop internally in the concrete pores is contained within the
LDCC layer. The gas volume inside the LDCC pores is conservatively neglected in the pressure
calculation. The air pocket pressure computation is based on the ideal gas law and is performed
separately from the COMSOL® heat transfer calculations. The equation for the maximum
pressure is

+ nHo T (3-14)

n air PTO0
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where
P = maximum pressure for NCT or HAC, atm or psia
P0 = initial pressure, assumed to be equal to atmospheric pressure, atm or psia

n no = number of moles of water vapor generated by dehydration of the LDCC

n air = number of moles of air initially in the air gap
T = average temperature in the air gap, K
To = initial temperature in the air gap, assumed to be equal to 20 'C or 293.15 K

The number of moles of air at the start of the NCT transient is calculated using the ideal gas law
relation

n air - POVair (3-15)
RgT0

where
Vair = volume of the air gap, m3

R g = gas law constant, 8.2057E-5 m3 atm/mol/K

The number of moles of water evaporated is computed by taking the difference between the
number of moles of hydrated water initially in the LDCC and the minimum number of moles that
remain hydrated at any time during the HAC fire or cool-down period:

n H2 0 = (P H2 O,LDCC,O - PH-,O,LDCC )VLDCC (3-16)

where

PH20,LDCC,0 = initial concentration of hydrated water in the LDCC, kg/m 3

PH2O,LDCC = minimum average bulk concentration of hydrated water in the LDCC,
kg/m

3

VLDCC = total LDCC volume, mi3

4.0 Calculation Method

Thermal modeling was performed using Version 4.3a of COMSOL® Multiphysics on a Linux
Red Hat operating system. The pressurization calculations and the evaluation of input items for
the thermal analysis were performed using Microsoft Excel 2010 for Windows 7.

5.0 Open Items

There are no open items associated with this calculation note.
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6.0 Uncertainty Analysis

A formal uncertainty analysis is not included. The thermal analysis uses conservative bounding
assumptions, so a formal analysis of the uncertainties is not required as would be the case for a
best estimate calculation.

7.0 Results of NCT and HAC Thermal Analyses

Table 3 summarizes the results of the NCT thermal analysis. The maximum temperature for
exposure to 100 'F air is 105.36 'F, for the melter glass. Although the COMSOL® model
predicts a surface temperature very close to the ambient air temperature, the glass temperature
must be assigned as the bounding maximum surface temperature, because of the close approach
of one arm of the melter to the door on one side of the WVMP. The maximum glass temperature
of 105.36 'F does not closely approach the limiting surface temperature of 185 'F. The
minimum temperatures for exposure to -20 'F and -40 'F ambient air are -19.89 'F and -
39.89 'F, respectively. The maximum temperature with insolation is 209.42 'F, for the
container. The maximum WVMP pressure of 12.0 psig is calculated from an assumption that the
active pressurization of the container is from the air pocket at the top of the WVMP. The
calculated pressure is based on heating of this air from an assumed initial temperature of 68 'F to
an average temperature of 184.30 'F. The pressurization also accounts for the vaporization of 62
moles of hydrated water to add to the 126 moles of air initially present in the air pocket.

Table 4 reports the results of the HAC thermal analysis. The maximum temperature of
1221.09 'F is located at the comers of the WVMP. The average temperature of the LDCC
increases to 204.00 'F, and the average temperature of the air pocket rises to 599.39 'F. The
temperatures of the melter and the melter glass are virtually unaffected by the 30-minute fire.
The maximum pressure for HAC of 73.0 psig is calculated based on the maximum average air
pocket temperature and a maximum amount of evaporation of 249 moles of water. The
maximum pressure conditions occur after the end of the fire exposure, during the cool-down
period. The exact time at which the pressure peaks is not listed because the maximum pressure
is based on a combination of the maximum air pocket temperature and the maximum amount of
hydrated water that evaporates, these maximums are reached at different times.

Figure 6 shows the variation of the average LDCC and air pocket temperatures during the HAC
fire transient. The average LDCC temperature reaches its maximum value of 204.00 'F 592 min
after the start of the fire (and 562 min after the end of the fire exposure), and the average air
pocket temperature peaks at 599.39 'F 88 min after the start of the fire. Figure 7 depicts the
variation of the average bulk hydrated water content of the LDCC during the fire transient. The
minimum hydrated water content, with the evaporation of a maximum 249 moles of water,
occurs 256 min after the start of the fire.

Figures 8, 9, and 10 illustrate the development of the NCT temperature profile at the end of the
12-h heating cycle, after one day, 10 days, and 30 days. It may be seen that the transient
temperature distribution approaches a limiting profile reasonably closely after one cycle and
quite closely after 10 days. The maximum temperature is 209.32 'F and the minimum
temperature is 133.1 'F. Temperatures in the melter and the LDCC are close to the minimum
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temperature due to the relatively low thermal conductivity of the LDCC. The temperature
increases toward the maximum only in the air pocket and the top wall of the WVMP.

Figure 11 shows the HAC temperature profile at the end of the 30-min. fire exposure, when the
WVMP wall temperature is at its maximum. It may be noted that the 1221.1 'F maximum
temperature is confined to the eight comers of the WVMP. The average container plate
temperatures remain below 800 'F. The average temperature of the hottest plate, adjacent to the
air pocket, is 782.20 'F on the outer surface oand 626.94 °F on the inside surface. The average
plate temperature is approximately equal to the average of these two temperatures, which is
711.12 'F. Except for that portion of the LDCC closest to the container and the air pocket at the
end of the WVMP, the temperatures inside the WVMP do not vary significantly from their initial
values for NCT with insolation.

Table 3. Limiting Conditions for NCT

No Insolation, 100 IF Ambient Air
Component Maximum Temperature (°F)
Overall 105.36
Glass 105.36
Melter 101.51
LDCC 100.96
Air Pocket 100.32
Container 100.22

No Insolation. -20 °F Ambient Air
Component Minimum Temperature (IF)
Overall -19.89

Maximum Pressure (psig)

Limiting Pressure (psig)

Glass
Melter
LDCC
Air Pocket
Container

-18.74
-19.21
-19.88
-19.89
-19.89

No Insolation, -40 IF Ambient Air
Component Minimum Temperature (IF)
Overall -39.89
Glass -38.73
Melter -39.20
LDCC -39.88
Air Pocket -39.89
Container -39.89

Limiting Pressure (psig)
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Table 3. Limiting Conditions for NCT (continued)

With Insolation, 100 IF Ambient Air
Component Max. Temperature (IF)
Overall 209.42
Glass 146.30
Melter 144.56
LDCC 183.49
Air Pocket 208.90
Container 209.42

S
Maximum Pressure (psig)

12.0

Table 4. Limiting Conditions for HAC

With Insolation. 100 °F Ambient Air, 1475 OF Fire Exposure for 30 min.
Component Max. Temp. Avg. Temp. Max. Pressure Time for Max. Temp.

(OF) (OF) (psig) (min)
Overall 1221.09 73.0 30
Glass 146.30c 750 +-
Melter 145.21 750+d
LDCC 692.98 204.00 68
Air Pocket 727.92 599.39 68
Container 1221.09 30
c The maximum glass temperature for HAC is the same as for NCT.
d The glass and melter temperatures had not peaked 750 min after the start of the fire (720 min

after the end of the fire exposure), but are judged to have been within 1 IF of their peak values.
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Figure 6. Variation of Average LDCC and GMP Air Pocket Temperatures during the
HAC Fire Scenario
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Figure 7. Variation of Average Bulk Hydrated Water Content in LDCC during HAC Fire
Scenario
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Figure 8. Temperature Profile for NCT with Insolation after One Day
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Figure 9. Temperature Profile for NCT with Insolation after 10 Days
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Figure 10. Temperature Profile for NCT with Insolation after 30 Days
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Figure 11. Surface Temperature Profile for HAC after 30 Minutes Fire Exposure

8.0 Conclusions

The maximum temperature for NCT with exposure to 100 'F ambient air and no insolation is
105.36 'F, well below the limit established by 10 CFR 71.51. The maximum temperature for
NCT with exposure to 100 'F and insolation of 800 cal/cm 2 on the top surface and 200 cal/cm 2

on the sides is 209.42 'F. The maximum pressure for these conditions is 12.0 psig. The
minimum temperatures for NCT with exposure to -20 'F air and -40 'F air do not drop below the
ambient temperature.

The maximum temperature for HAC with 30 min exposure to a 1475 'F fire, followed by
exposure to 100 'F air with insolation of 800 cal/cm on the top surface and 200 cal/cm 2 on the
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sides, is 1221.09 OF, at the corners of the WVMP. The temperature of the container walls except
at the very corners is below 800 OF. The maximum pressure for HAC is 73.0 psig.
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Appendix A: Summary of Radionuclide Content and Radiolytic Heating for GMP

Table A-I. Radionuclide Content and Radiolytic Heating for Glass in Melter

Isotope
C- 14
K-40
Mn-54
Co-60
Ni-63
Sr-90
Y-90
Zr-95
Nb-95
Nb-95m
Tc-99
Cs-137
Ba-137m
Eu- 154
Hg-206
TI-206
TI-207
TI-208
T1-209
T1-210
Pb-209
Pb-2 10
Pb-211
Pb-212
Pb-214
Bi-209
Bi-2 10
Bi-211
Bi-212
Bi-213
Bi-214
Bi-215
Po-2 10
Po-211
Po-212
Po-213
Po-214
Po-215
Po-216
Po-218
At-215
At-217
At-218
At-219
Rn-217
Rn-218
Rn-219
Rn-220
Rn-222

Ci
3.47E-03
1.50E-02
1.44E-06
3.16E-03
1.52E-01
3.12E+01
3.12E+01
1.30E-20
2.86E-20
1.49E-22
2.01E-03
5.42E+02
5.12E+02
8.12E-02
9.79E-16
6.88E-14
2.56E-09
2.72E-03
8.09E-08
6.54E-1 1
3.75E-06
5.16E-08
2.57E-09
7.56E-03
3.11E-07
8.1OE-25
5.14E-08
2.57E-09
7.56E-03
3.75E-06
3.11E-07
2.10E-15
4.71E-08
7.01E-12
4.84E-03
3.67E-06
3.11E-07
2.57E-09
7.56E-03
3.11E-07
1.03E-14
3.75E-06
5.92E- 1I
2.17E-15
4.50E-10
5.92E-14
2.57E-09
7.56E-03
3.11E-07

Mev/d
0.0495
0.6785
0.8402
2.6007
0.0174
0.1957
0.9331
0.8506
0.8091
0.2497
0.1013
0.1884
0.6617
1.5223
0.5426
0.5399
0.4975
3.9716
2.8302
4.0331
0.1974
0.0457
0.5187
0.3217
0.5481

0.3889
6.733
2.8247
0.6963
2.1436
0.9228
5.4075
7.5944
8.9541
8.537
7.8335
7.5263
6.9064
6.1135
8.178
7.2011
6.8053
6.1343
7.8856
7.2626
6.9456
6.4047
5.5903

W/Ci
2.93E-04
4.02E-03
4.98E-03
1.54E-02
1.03E-04
1.16E-03
5.53E-03
5.04E-03
4.80E-03
1.48E-03
6.01E-04
1.12E-03
3.92E-03
9.02E-03
3.22E-03
3.20E-03
2.95E-03
2.35E-02
1.68E-02
2.39E-02
1.1 7E-03
2.7 1E-04
3.07E-03
1.91E-03
3.25E-03

2.3 1E-03
3.99E-02
1.67E-02
4.13E-03
1.27E-02
5.47E-03
3.2 1E-02
4.50E-02
5.3 1E-02
5.06E-02
4.64E-02
4.46E-02
4.09E-02
3.62E-02
4.85E-02
4.27E-02
4.03E-02
3.64E-02
4.67E-02
4.3 1E-02
4.12E-02
3.80E-02
3.3 1E-02

w
1.02E-06
6.03E-05
7.16E-09
4.87E-05
1.57E-05
3.62E-02
1.73E-01
6.55E-23
1.37E-22
2.20E-25
1.2 1E-06
6.05E-01
2.01E+00
7.33E-04
3.15E-18
2.20E-16
7.55E-12
6.40E-05
1.36E-09
1.56E-12
4.38E-09
1.40E- 11
7.89E-12
1.44E-05
1.01 E-09

1.18E-10
1.02E-10
1.27E-04
1.55E-08
3.96E-09
1.15E-17
1.51 E-09
3.15E-13
2.57E-04
1.86E-07
1.45E-08
1.14E- 10
3.1 OE-04
1.13E-08
4.97E-16
1.60E-07
2.39E-12
7.87E-17
2.1OE-1 1
2.55E-15
1.06E-10
2.87E-04
1.03E-08

Table A-I. Radionuclide Content and Radiolytic Heating for Glass in Melter (continued)
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Isotope Ci Mev/d W/Ci W
Fr-221 3.75E-06 6.4582 3.83E-02 1.43E-07
Fr-223 3.61E- 11 0.4415 2.62E-03 9.44E-14
Ra-223 2.57E-09 5.9895 3.55E-02 9.11 E- 11
Ra-224 7.56E-03 5.7893 3.43E-02 2.60E-04
Ra-225 3.76E-06 0.1194 7.08E-04 2.66E-09
Ra-226 3.12E-07 4.8716 2.89E-02 9.OOE-09
Ra-228 5.14E-05 0.0163 9.66E-05 4.97E-09
Ac-225 3.75E-06 5.9338 3.52E-02 1.32E-07
Ac-227 2.61E-09 0.0853 5.06E-04 1.32E-12
Ac-228 5.14E-05 1.3166 7.80E-03 4.01E-07
Th-227 2.55E-09 6.1955 3.67E-02 9.36E- 11
Th-228 7.56E-03 5.5202 3.27E-02 2.47E-04
Th-229 3.78E-06 5.1772 3.07E-02 1.16E-07
Th-230 6.05E-05 4.7702 2.83E-02 1.71E-06
Th-231 6.15E-05 0.1891 1.12E-03 6.89E-08
Th-232 6.74E-05 4.0829 2.42E-02 1.63E-06
Th-234 3.74E-04 0.0728 4.32E-04 1.61 E-07
Pa-231 1.55E-08 5.158 3.06E-02 4.75E-10
Pa-233 1.05E-03 0.438 2.60E-03 2.73E-06
Pa-234 5.61E-07 1.8755 1.11E-02 6.24E-09
Pa-234m 3.74E-04 0.8334 4.94E-03 1.85E-06
U-232 7.31E-03 5.4135 3.21E-02 2.35E-04
U-233 3.35E-03 4.9085 2.91 E-02 9.75E-05
U-234 1.60E-03 4.8587 2.88E-02 4.62E-05
U-235 6.15E-05 4.6891 2.78E-02 1.71E-06
U-235m 2.61E-02 0 0.OOE+00 0.OOE+00
U-236 1.84E-04 4.5723 2.71 E-02 4,99E-06
U-237 7.37E-06 0.3433 2.04E-03 1,50E-08
U-238 3.74E-04 4.2691 2.53E-02 9.46E-06
Np-237 1.05E-03 4.9529 2.94E-02 3.09E-05
Np-239 5.97E-03 0.4469 2.65E-03 1.58E-05
Pu-238 1.04E-01 5.593 3.32E-02 3.44E-03
Pu-239 2.61E-02 5.2442 3.11E-02 8.11E-04
Pu-240 2.01E-02 5.2559 3.12E-02 6.25E-04
Pu-241 2.99E-01 0.0054 3.20E-05 9.57E-06
Am-241 4.95E-01 5.6379 3.34E-02 1.66E-02
Am-243 5.97E-03 5.4402 3.22E-02 1.93E-04
Cm-242 3.08E-10 6.2156 3.68E-02 1.14E- 11
Cm-243 2.16E-03 6.1624 3.65E-02 7.90E-05
Cm-244 4.70E-02 5.9014 3.50E-02 1.64E-03

Totals: 1.12E+03 2.85E+00
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Table A-2. Radionuclide Content and Radiolytic Heating for Glass in Spout

Isotope Ci Mev/d W/Ci W
C- 14 2.22E-03 0.0495 2.93E-04 6.51E-07
K-40 8.60E-03 0.6785 4.02E-03 3.46E-05
Mn-54 5.OOE-07 0.8402 4.98E-03 2.49E-09
Co-60 5.47E-03 2.6007 1.54E-02 8.43E-05
Ni-63 9.80E-02 0.0174 1.03E-04 L.O1E-05
Sr-90 6.33E+01 0.1957 1.16E-03 7.35E-02
Y-90 6.33E+01 0.9331 5.53E-03 3.50E-01
Zr-95 3.17E-22 0.8506 5.04E-03 1.60E-24
Nb-95 6.99E-22 0.8091 4.80E-03 3.35E-24
Nb-95m 3.63E-24 0.2497 1.48E-03 5.37E-27
Tc-99 1.57E-02 0.1013 6.01E-04 9.43E-06
Cs-137 8.57E+02 0.1884 1.12E-03 9.57E-01
Ba-137m 8.09E+02 0.6617 3.92E-03 3.17E+00
Eu-154 1.04E-01 1.5223 9.02E-03 9.41E-04
Hg-206 7.14E- 16 0.5426 3.22E-03 2.30E- 18
T1-206 5.01E-14 0.5399 3.20E-03 1.60E-16
T1-207 1.86E-09 0.4975 2.95E-03 5.49E- 12
T1-208 1.73E-03 3.9716 2.35E-02 4.08E-05
T1-209 5.58E-08 2.8302 1.68E-02 9.36E-10
T1-210 4.50E- 11 4.0331 2.39E-02 1.07E- 12
Pb-209 2.58E-06 0.1974 1. 17E-03 3.02E-09
Pb-210 3.76E-08 0.0457 2.71E-04 1.02E- 11
Pb-211 1.87E-09 0.5187 3.07E-03 5.74E- 12
Pb-212 4.82E-03 0.3217 1.91E-03 9.20E-06
Pb-214 2.14E-07 0.5481 3.25E-03 6.95E-10
B i-209 5.97E-25 ............
Bi-210 3.75E-08 0.3889 2.31E-03 8.63E- 11
Bi-211 1.87E-09 6.733 3.99E-02 7.46E- 11
Bi-212 4.82E-03 2.8247 1.67E-02 8.08E-05
Bi-213 2.58E-06 0.6963 4.13E-03 1.07E-08
Bi-214 2.14E-07 2.1436 1.27E-02 2.72E-09
Bi-215 1.53E-15 0.9228 5.47E-03 8.35E-18
Po-210 3.45E-08 5.4075 3.21E-02 1.11E-09
Po-211 5.10E-12 7.5944 4.50E-02 2.30E- 13
Po-212 3.09E-03 8.9541 5.31E-02 1.64E-04
Po-213 2.53E-06 8.537 5.06E-02 1.28E-07
Po-214 2.14E-07 7.8335 4.64E-02 9.94E-09
Po-215 1.87E-09 7.5263 4.46E-02 8.33E- 11
Po-216 4.82E-03 6.9064 4.09E-02 1.97E-04
Po-218 2.14E-07 6.1135 3.62E-02 7.76E-09
At-215 7.47E- 15 8.178 4.85E-02 3.62E-16
At-217 2.58E-06 7.2011 4.27E-02 1.1OE-07
At-218 4.07E- 11 6.8053 4.03E-02 1.64E-12
At-219 1.57E-15 6.1343 3.64E-02 5.72E- 17
Rn-217 3.10E-10 7.8856 4.67E-02 1.45E- 11
Rn-218 4.07E-14 7.2626 4.31E-02 1.75E- 15
Rn-219 1.87E-09 6.9456 4.12E-02 7.69E- 11
Rn-220 4.82E-03 6.4047 3.80E-02 1.83E-04
Rn-222 2.14E-07 5.5903 3.3 1E-02 7.1OE-09
Fr-221 2.58E-06 6.4582 3.83E-02 9.89E-08
Fr-223 2.62E- 11 0.4415 2.62E-03 6.87E-14
Ra-223 1.87E-09 5.9895 3.55E-02 6.63E-11
Ra-224 4.82E-03 5.7893 3.43E-02 1.66E-04
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Table A-2. Radionuclide Content and Radiolytic Heating for Glass in Spout (continued)

Isotope Ci Mev/d W/Ci W
Ra-225 2.59E-06 0.1194 7.08E-04 1.83E-09
Ra-226 2.14E-07 4.8716 2.89E-02 6.19E-09
Ra-228 3.41E-05 0.0163 9.66E-05 3.29E-09
Ac-225 2.58E-06 5.9338 3.52E-02 9.09E-08
Ac-227 1.90E-09 0.0853 5.06E-04 9.61E-13
Ac-228 3.41E-05 1.3166 7.80E-03 2.66E-07
Th-227 1.85E-09 6.1955 3.67E-02 6.81E-11
Th-228 4.82E-03 5.5202 3.27E-02 1.58E-04
Th-229 2.60E-06 5.1772 3.07E-02 7.99E-08
Th-230 3.89E-05 4.7702 2.83E-02 1.10E-06
Th-231 3.95E-05 0.1891 1.12E-03 4.43E-08
Th-232 4.34E-05 4.0829 2.42E-02 1.05E-06
Th-234 2.41E-04 0.0728 4.32E-04 1.04E-07
Pa-231 1.07E-08 5.158 3.06E-02 3.26E-10
Pa-233 7.09E-04 0.438 2.60E-03 1.84E-06
Pa-234 3.62E-07 1.8755 1.11E-02 4.02E-09
Pa-234m 2.41E-04 0.8334 4.94E-03 1.19E-06
U-232 4.66E-03 5.4135 3.21E-02 1.50E-04
U-233 2.16E-03 4.9085 2.91E-02 6.29E-05
U-234 1.03E-03 4.8587 2.88E-02 2.98E-05
U-235 3.95E-05 4.6891 2.78E-02 1.1OE-06
U-235m 3.01E-02 0 0.OOE+00 0.OOE+00
U-236 1.19E-04 4.5723 2.71E-02 3.23E-06
U-237 4.56E-06 0.3433 2.04E-03 9.27E-09
U-238 2.41E-04 4.2691 2.53E-02 6.1OE-06
Np-237 7.09E-04 4.9529 2.94E-02 2.08E-05
Np-239 4.55E-03 0.4469 2.65E-03 1.20E-05
Pu-238 1.14E-01 5.593 3.32E-02 3.78E-03
Pu-239 3.01E-02 5.2442 3.11E-02 9.35E-04
Pu-240 2.29E-02 5.2559 3.12E-02 7.15E-04
Pu-241 1.85E-01 0.0054 3.20E-05 5.92E-06
Am-241 3.80E-01 5.6379 3.34E-02 1.27E-02
Am-243 4.55E-03 5.4402 3.22E-02 1.47E-04
Cm-242 1.05E- 11 6.2156 3.68E-02 3.86E-13
Cm-243 1.85E-03 6.1624 3.65E-02 6.77E-05
Cm-244 4.07E-02 5.9014 3.50E-02 1.42E-03

Totals: 1.79E+03 4.57E+00



M-CLC-A-00498, Rev. 0 Page 35 of 38

Table A-3. Radionuclide Content and Radiolytic Heating for Glass in Refractory

Isotope
Co-60
Sr-90
Y-90
Tc-99
Cs-137
Ba-137m
Eu- 154
Hg-206
T1-206
TI-207
TI-208
TI-209
TI-210
Pb-209
Pb-210
Pb-2 11
Pb-212
Pb-214
Bi-209
Bi-210
Bi-211
Bi-212
Bi-213
Bi-214
Bi-215
Po-2 10
Po-21 1
Po-212
Po-213
Po-214
Po-215
Po-216
Po-218
At-215
At-217
At-218
At-219
Rn-217
Rn-218
Rn-219
Rn-220
Rn-222
Fr-221
Fr-223
Ra-223
Ra-224
Ra-225
Ra-226
Ra-228
Ac-225
Ac-227
Ac-228
Th-227

Ci
1.33E-02
1.07E+02
1.07E+02
5.22E-02
2.13E+02
2.01E+02
5.53E-0 1
2.54E-16
1.78E-14
2.96E-09
1.81E-04
1.43E-08
1.67E- 11
6.64E-07
1.34E-08
2.97E-09
5.03E-04
7.96E-08
1.46E-25
1.33E-08
2.97E-09
5.03E-04
6.64E-07
7.96E-08
2.43E-15
1.22E-08
8.1OE-12
3.22E-04
6.50E-07
7.96E-08
2.97E-09
5.03E-04
7.96E-08
1.19E-14
6.64E-07
1.5 1E-1I
2.50E-15
7.97E- 1I
1.51E-14
2.97E-09
5.03E-04
7.96E-08
6.64E-07
4.17E-1 1
2.97E-09
5.03E-04
6.66E-07
7.97E-08
3.2 1E-05
6.64E-07
3.02E-09
3.2 1E-05
2.95E-09

Mev/d
2.6007
0.1957
0.9331
0.1013
0.1884
0.6617
1.5223
0.5426
0.5399
0.4975
3.9716
2.8302
4.0331
0.1974
0.0457
0.5187
0.3217
0.5481

0.3889
6.733
2.8247
0.6963
2.1436
0.9228
5.4075
7.5944
8.9541
8.537
7.8335
7.5263
6.9064
6.1135
8.178
7.2011
6.8053
6.1343
7.8856
7.2626
6.9456
6.4047
5.5903
6.4582
0.4415
5.9895
5.7893
0.1194
4.8716
0.0163
5.9338
0.0853
1.3166
6.1955

W/Ci
1.54E-02
1.16E-03
5.53E-03
6.01E-04
1.12E-03
3.92E-03
9.02E-03
3.22E-03
3.20E-03
2.95E-03
2.35E-02
1.68E-02
2.39E-02
1.17E-03
2.7 1E-04
3.07E-03
1.91E-03
3.25E-03

2.3 1E-03
3.99E-02
1.67E-02
4.13E-03
1.27E-02
5.47E-03
3.2 1E-02
4.50E-02
5.3 1E-02
5.06E-02
4.64E-02
4.46E-02
4.09E-02
3.62E-02
4.85E-02
4.27E-02
4.03E-02
3.64E-02
4.67E-02
4.3 1E-02
4.12E-02
3.80E-02
3.3 1E-02
3.83E-02
2.62E-03
3.55E-02
3.43E-02
7.08E-04
2.89E-02
9.66E-05
3.52E-02
5.06E-04
7.80E-03
3.67E-02

w
2.05E-04
1.24E-01
5.91E-01
3.13E-05
2.38E-01
7.89E-01
4.99E-03
8.16E-19
5.70E-17
8.73E-12
4.25E-06
2.41E-10
4.OOE- 13
7.77E-10
3.62E-12
9.13E-12
9.58E-07
2.59E-10

3.07E-1 1
1.18E- 10
8.42E-06
2.74E-09
1.0 1E-09
1.33E-17
3.92E-10
3.65E-13
1.71E-05
3.29E-08
3.70E-09
1.32E-10
2.06E-05
2.89E-09
5.75E-16
2.83E-08
6.10E-13
9.10E-17
3.73E-12
6.5 1E-16
1.22E-10
1.91 E-05
2.64E-09
2.54E-08
1.09E-13
1.05E-10
1.72E-05
4.72E-10
2.30E-09
3. 1OE-09
2.34E-08
1.53E-12
2.5 1E-07
1.08E-10
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Table A-3. Radionuclide Content and Radiolytic Heating for Glass in Refractory (continued)

0-Isotope
Th-228
Th-229
Th-230
Th-231
Th-232
Th-234
Pa-231
Pa-233
Pa-234
Pa-234m
U-232
U-233
U-234
U-235
U-235m
U-236
U-237
U-238
Np-237
Np-239
Pu-238
Pu-239
Pu-240
Pu-241
Am-241
Am-243
Cm-242
Cm-243
Cm-244

Ci
5.02E-04
6.70E-07
1.52E-05
6.92E-05
4.18E-05
1.1 6E-04
1.78E-08
8.49E-04
1.74E-07
1.16E-04
4.4 1E-04
5.85E-04
2.84E-04
6.92E-05
3.72E-02
2.08E-04
5.08E-06
1.16E-04
8.49E-04
6.72E-03
1.41E-01
3.72E-02
2.85E-02
2.06E-0 1
8.45E-01
6.72E-03
4.49E- 1I
3.04E-03
6.77E-02
6.30E+02

Mev/d
5.5202
5.1772
4.7702
0.1891
4.0829
0.0728
5.158
0.438
1.8755
0.8334
5.4135
4.9085
4.8587
4.6891
0
4.5723
0.3433
4.2691
4.9529
0.4469
5.593
5.2442
5.2559
0.0054
5.6379
5.4402
6.2156
6.1624
5.9014

W/Ci
3.27E-02
3.07E-02
2.83E-02
1.12E-03
2.42E-02
4.32E-04
3.06E-02
2.60E-03
1.11 E-02
4.94E-03
3.2 1E-02
2.9 1E-02
2.88E-02
2.78E-02
0.OOE+00
2.7 1E-02
2.04E-03
2.53E-02
2.94E-02
2.65E-03
3.32E-02
3.11E-02
3.12E-02
3.20E-05
3.34E-02
3.22E-02
3.68E-02
3.65E-02
3.50E-02

w
1.64E-05
2.05E-08
4.3 1E-07
7.76E-08
1.0 1E-06
5.01E-08
5.43E-10
2.2 1E-06
1.93E-09
5.73E-07
1.4 1E-05
1.70E-05
8.18E-06
1.92E-06
0.OOE+00
5.64E-06
1.03E-08
2.94E-06
2.49E-05
1.78E-05
4.67E-03
1.16E-03
8.87E-04
6.61E-06
2.82E-02
2.17E-04
1.65E-12
1.11 E-04
2.37E-03
1.79E+00Totals:

Table A-4. Total Radiolytic Heating Rate

Glass in Melter
Glass in Spout
Glass in Refractory

2.85 W
4.57 W
1.79 W

9.21 WTotal
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Appendix B: Parameter and Variable Lists for COMSOL® Multiphysics Model

Parameter List for COMSOL® Multiphysics Model

Parameter
SidePlateTh
TopPlateTh
BottomPlateTh
GlassSide
FireBrick
SteelCase
Tamb
k_304L
rho 304L
cp_304L
FireT
Rig
CaO init
CaSiO init
CaO MW
CaSiO MW
LDCC Bulk
CementRho. Sandrho
BoundWater
Total
BH20 init
H20 MW
delHI
delH2
DelH vap Norm
Tc
AirGap
EaRg
Ar
ConcreteCP
glassrho
glassecp

Value or Formula
6[in]
4[in]
4[in]
1.851377[ft]
7.838387[ft]
7.838387[ft]
100[degF]
20[W/m/K]
7850[kg/m^3]
475[J/(kg*K)]
1475[degF]
8.314[J/mol/K]
1 / 3 * CementRho / CaO MW
2 / 3 * CementRho / CaSiO MW
56[g/mol]
84[g/mol]
71.2[lb/ft^3]
18.89[lb/ftA3]
48.53[lb/ftA3]
3.78[lb/ftA3]
BoundWater + Sand-rho + CementRho
BoundWater / H20_MW
18[g/mol]
63.92[kJ/mol]
65.59[kJ/mol]
40657[J/mol]
647.14[K]
10[in]
3397[K]
15.426
765 [J/kg/K]
2.6[g/cmA3]
810.9179[J/kg/K]



M-CLC-A-00498, Rev. 0 Page 38 of 38

Variable List for COMSOL Multiphysics Model

0Variable
FireT
alpha
delHVap
Tr
Trb
Concrete effCp

CCaO
CCaSiO
CBH20
CycleTime
SS_516_k

SS_516_Cp

SS_516_rho

Formula
(1475[degF] - Tamb) * (t[l/s] <= 1800) + Tamb
Ar * exp(-EaRg / modl.T)
gamma func(modl .T)
modl .T / Tc
100[degC] / Tc
ConcreteCP + (delH2 + delHVap) * BoundWater / Total /
H20_MW * EaRg /T^2 * exp(-EaRg / T)
CaOinit * (1 - alpha)
CaSiO_init * (1 - alpha)
BH20 init - ((CaO init - CCaO) + (CaSiO init - CCaSiO))
flc2hs(sin(pi*t[1/s] 743200), 0.01)
(-1.4131e-5 * (T[1/degF])A2 + 0.0092585 * (T[1/degF]) +
39.440)[W/m/K]
(6.49e-5 * (T[1/degF])A2 + 0.19059 * (T[1/degF]) +
447.66)[J/kg/K]
7749.7[kg/mA3]

Note: flc2hs is a continuous variable Heaviside step function in which the step change is applied
using a continuous ramp. The first argument of this function is the independent variable value at
the midpoint ofthe ramp, and the second argument is the width of the ramp from the midpoint to
either end.
Note: modl.T is the nodal temperature.
Note: The unit 1/degF in the formulas for SS_516_k and SS_516_Cp are input as a reciprocal
unit to cancel the temperature units.
Note: Some parameters and variables are entered directly into the COMSOL user interface and
thus do not appear in the preceding lists.




