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§ OF CONCRETE

The miving technique should be companble with the type
of mixture, its ingredients, the job requirements, and the
methad of placement. Miving should cficiently mix the ce
ment and water and properly blend them with the other in:
gredients including the preformed foam. Paddle. high shear,
continuous. and rotary drum mixers may all be acceptable for
specific applications depending on the quality requirements of
the final product.

Cellular concrete mixtures are typically jobsite produced
and placed. If ready-mix trucks are used for sanded mistures
(Moorfill applications). the groutis delivered to the job site and
the preformed foam is added just prior 1o placement. This
maintains the quality and freshness of the material. The rotary
drum action of a ready-mix truck s acceptable for sanded
mixtures with densities greater than 800 kg/m’ (50 Ihjft*).

For low<ensity applications (roof deck and engineered
fill) with neat.cement slurries at densities less than 800 kg/m*
(30 Ib/ft'), rotary drum mixing action is not ideal. Instead, pad-
dle type or shear mixers are common methods lor both batch
and continucus mixing procedurcs. After the cement/water
slurey s produced in these mivers, the preformed foam is
added and blended prior to or during placement with a posic
tive displacement pump. As the mixture is pumped, density is
measured at the point of placement lor quality control Mix ad-
justments can then be made 10 account for pumping distances
and other speaial application conditions.

Pumping s the most commaon method of placement but
other methods can be used. Positive displacement pumps such
as Moyno or penstaltic pumps are used for low<density miv-
tures. Although piston pumps are cfficient for grout mixtures
at densities greater than 1440 kg/m' (90 Ih/fe), they do not el
ticiently pump low-density mixtures.

Casting techniques are different for each type of cellular
concrete application. The thinner floordill mixtures wtilize a
rolling screed to provide a constant thickness, Since roof deck
applications are cast slopetodrain, string lines provide guides
for casting and darby finishing the material by experienced
tradesmen. Screed rails may also be used. Finishing opera
tions, in general. should be kept 1o a minimum: smoothing with
a darby or bulllloat is usually sufficient [20].

Geotechnical fill applicatons have the greatest vanation
in casting techniques. Generally, these fills are several melers
(feer) thick so that they are castin lifts of up to 1L.Om (33 h)
thick based on the available area 1o be cast. The sueceeding
lilts arc cast on a daily basis untl the final Gl profile »
reached

Physical Properties

Several studics investigated the physical and mechanical prap.
erties of cellular concrete cast at different densities and with or
without aggregates in the mix [1,18-21]). Because the density of
cellular conerete may be varied over a wide range. 320-1920
ke/m’ (20120 I6/I0). itis considered as an additional variable
that significantly impacts the physical properties and the mis
design of the material. The lower density cellular conerete has
lower thermal conductivity thigher insulation). accompanied
by lighter weight and reduced strength. As the density
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Density
When relerring 1o the density of cellular concrete, conlusion
may be avoided by stating the moisture condition of the mate:

rial at that specific density. Signilicant moisture conditions in-
clude as<ast densiny (wet density or plastic concrete densin,
airdry density (a1 a stoted age and curing condition), and the
oven-dry density.

The as<ast or wet density is usually determined at the point
of placement in accordance with ASTM € 796, In determining
the wet densiny, the concrete should be consolidated by tapping
the sides of the container anid not by rodding. The ratio of the
wet density to oven<dry density for the different cellular concrete
mixtures vanes duc to the different water content requirements.
The wet density of the cellular concrete is an important jobsite
quality assurance tool to control uniformity of the mixtures.

The airdry density of cellular conerete usually represents
the condition of the inplace matenial. The change in densiny
due to air drying is a function of temperature, duration of the
drving peviod, humidity, the wel density of the concrete, the
water<ement ratio. and the surfacearea ratio of the element.
Although the relationship between air-dry density end wet den-
sity seemns complicated, the air-diy density of cellular concrere
is usually about 80 kg/m* (5 [b/1tY) kess than its wet density, Cek
lular concrete cast, cured, and air dried under job condiions
in lowhumiding environments may have densing losses ap-
proaching 160 kg/m* (10 1b/ir').

Oven<dry density is commonly used to relate the physical
properties of various types of cellular coneretes, and for the de-
termination of the thermal conductivity by the guarded hot
plate method in accordance with ASTM Standard Test Method
for Steady-Stte Heat Flux Measurements and Thermal Trans.
mission Properties by Means of the Guarded-HotPlate Appara-
tus (C 1770, For the latter purpose, the oven<dry density may be
calculated with sufficient accuracy from the mixture data by
assuming that the water required for hydration ol the cement
is 20 % of the weight of the coment. The ovendry density (D) s
calculated as follows:

D=[120+ Alhg/m’or (012 C + A)27) IyRC
where

€ weight of cement kg/m® thh/yd’) of conercte: and
A = weight of aggrepate, kg/m’ (Ib/yd*) of concrete.

Workability

Cellular conerete in the low-density range (less than 800 keg/m'
(80 I/ bs a flowable material with excellent workability. As
a result, it is handled as a liquid ond poured or pumped into
plice without the need for consolidation. It should be pointed
out that the slump test which is used 1o measure the consistency
in normal weight concrete, is meaningless in the case of cellu-
lar concrete since the matenial is placed in Muid consistency.

Thermal Conductivity

The thermal conductivity (A of a material is the time rate of
transfer of heat by conduction, through a unit thickness, across
a unit arca for a unit difference of temperature. The units of &
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w density cellular concrete water content

16.3.2 Foams for cellidor concrete—Both preformed and
mixer-generated foams are used in cellular low-density
conerete. Preformed foam is generated by introducing
comtrolled quantities of air, water, and foaming agent under
pressure into a foaming nozzle. The foam is blended with a
cement or cement-aggregate slurry, elther in baiched volumes
or by continuous batching. The foam should have sufficient
stability to maintain its structure until the concrete hurdens,

Mixer-generated foams are produced by high-speed, high-
shear mixing of water, foaming agent, cement, and aggregate
(if required) with simult air p Air bubbles
are large initiully, but b o ler a8 mixing pr

Trial mixtures should be used 1o determine the quantity of
preformed foam or foaming agent required. Up 1o 80% of the
volume of the final concrele 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
conerete o provide a specified dry density, because thermal
properties are primarily a function of density. If the concrete
is to be conveyed by pumping, all kaboratory mixtures should
be trinl-pumped under ficld conditions before construction
begins. Pumping can affect waler reguirements, wet and dry
densities, and mixwre uniformity. it may be necessary 10 starn
with additional amounts of air or foam 1o make up for losses
in uir caused by mixing, pumping, and placing of insulating
concrete,

16.3.3.1 Aggregate type—Mixtures containing light-
weight aggregate often are specified in terms of cubic feet
(bulk volume) of aggregate per bag of cement. A 1.6
mixture, for example. would contain one bag of portland
cement and 6 ft* (0,17 m®) of aggregate. A better method is
1o specify the total loose bulk volume of lightweight aggregute
per cubic yard of concrete along with the weight of cement
and the slump and alr content required for the mixture.
Required cement contents fenmlly range from 330 to
630 In/yd® (195 10 375 kg/m”).

Insulating concrete made with lightweight uggregates
typically includes an alr-entraining admixture 1o act as a
welting agent, lower the specific gruvily of the paste, und
Increase relative specific gravity of the course-aggrepate
particles. This reduces the mixing water content and substan-
tially reduces the tendency of the aggregate to float. The use
of an air-enimining wimixture is particularly 1mportant in
fluid, nearly seif-leveling mixwres that are o be pumped
through small (210 4 in, [50 10 100 mm | diameter) hose lines.
It is often necessary to adjust the amount of air entruinment
to produce concrete with the required dry density.,

Water requirements of insulating concretes made with
lightweight aggregates vary greatly with the absorption of
the aggregates and the desired flwidity of the mixture.
v lite aggregote is highly absorptive, and typieally
requires 600 to 700 1b (355 w0 415 kg) of water per cubic yard
(meter) of conerete for fluid mixtures. Most perlites are less
absorptive, with water requirements of 300 10 500 lhlydl
(180 to 295 kg/m*).

16332 Ceilwlar (foam type)—Cemem contents for
cellular concrete range from 470 to 940 Ib/yd? (280 1o

5600 kghns;. No aggregate is used when the desired dry
density is less than 30 Ibit® (480 kg/m®). When densities
greater than 30 1bA (480 kg/m?) are desired, fine sand usually
is added. and the cement contents then range from 470 o 550
lhlyd" (280 10 325 kglm’). The water contents of cellular
insulating concretes without ﬂfgl\'g‘.llt are generally 300 w
500 In/ya® (180 to 295 kg/m’); with sand in the mixiure,
water contents are 200 to 375 Ibiyd® (120 10 220 kghn®),

16.3.4 Testing—Laboratory tests of trial mixtures of low-
density conerete are generally Limited to compressive
strength and plastic (freshly mixed) and dry densities.
Compressive-strength and dry-density specimens (molded
3x6in |75 x 100 mm] cylinders) should be tested in accor-
dance with ASTM C495. Plastic densities should be deter-
mined in a manner similar to that for other concretes (ASTM
CI138/CI38M), but the concrete shoukd be consolidaled by
tapping the sides of the container rther than by rodding. To
permit construction control based on plastic density, the plastic
density should be correlated with the dry density.

Onee satisfactory mixture proportions have been estublished.
other lsboratory tests may be required. Because these concretes
are used for insulution, the thermal resistivity is measured
with a guarded hot plate (ASTM C177) or a calibrated hot
conductometer (ASTM C518). Specific heat and thermal
diffusivity are someti ded for design purposes.

I ements of tensil gth, modulus of elasticity,
Poisson’s ratio, and drying shrinkoge are required, the same
techniques should be used as those for struclural conerete.
The testing equipment, however, should have sufficient
sensitivity for the low values generally encountered. Drying
shrinkage of insulating concrete bs greater tham that of struc-
tural concrete (as much as 0.5%).

Penetration resistance s sometimes used 10 define the
ahility of low-density concrete to sustain normal construction
foot traffic. For sccepiable reslstance to foot traffic, the
Proctor penetrometer reading should indicate an averuge
bearing value of 204 psi (1.4 MPa) or greater.

A measure of nailing charucteristics of low-density concrete
may also be required. For satisfactory nailing. the concrete
should be able to receive a specified type of nuil without
shattering and withstand a withdrawal force of 40 1b (0.18 kN).

Ficld control lests are typically limited to compressive
strength and plastic density, Because of vartations in the
weights of the aggrepates, cement, and water, density
measurements accurate within 1% are generally acceptuble.
Unless otherwise specified, an ordinary galvanized 10 quart
pail (approximately 1/3 fi* [9.5 L) or simikr calibrated
contaner and a scale should be used to determine density.
The pail should be calibruted before using, and the scale’s
accuracy checked at least once o week during use.

16.3.5 Baiching and mixing—To ensure uniform density
at the point of placement, all materials should be added to the
mixer at a constant rate, in their correct proportions and in
the correct sequence. The required amount of water goes into
the mixer first, followed by the cement, air-entraining
admixture or foaming agent, aggregate, preformed foam, and
other udditives. Materials should be mixed so that the design
plastic density is obtained at the point of placement. Any
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Abstract

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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Nomenclature

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.

relative mass [kg/kg] = [1] of water that would fill voids
bulk modulus [Pa]
specific heat [I/kg-K] at constant pressure

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

A
B
C
C
D  mass diffusivity [m?%s]
f volume fraction [m*/m’] = [1]
H  enthalpy [J/kg]
K  permeability [m?]
¢ length [m]

m  dimensionless constant used in the Bruggeman mixture rule (Eq. (55) -
‘ m  mass flux [kg/m?*s] | '

n index of summation

partial pressure [Pa]

p
P pressure [Pa], porosity [m*m?] = [1], or fraction of area or of length (Eq. (75))
g  heat flux [W/m?]

S

source term [kg/m®s] for creation of liquid or vapor

-

time [s]

)ﬂ

temperature [K]
volume fraction [m*/m®] = [1]
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1. Introduction

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.




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, in porous 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 analytical 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 content. - 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. Depending upon
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-phase
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.




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 as well 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 Jower 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

ar o (. or
cl . 9(,9T)
Pot ot ax( ax) M

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

1or 3T

K ot gx? : @
where ¥ = k/pOC , the ratio of thermal conductivity to volumetric specific heat, is known as the
thermal diffusivity [m%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

ofaH) or . af,er
aT) , o ox\ ax) . €&
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 ¢ (0 < ¢ < 1), Eq. (3) can be rewritten as

~ ol\or _ o, ar
C+AH, =|Z= = Z (222,
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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 AH,,, the heat of reaction, is the latent heat contribution.
Sometimes the latent heat term is written as a heat source/sink term.

Tuming 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

p®
ax : ©)

m,; =
where 71, is the mass flux [kg/m?s] due to diffusion, o is the density [kg/m?] of the fluid, and D is
the mass diffusivity [m?%/s]. In the building research literature, for moisture transfer this equation
is often expressed in terms of partial pressures as

. op
m, = -ﬁa—x . (6)

where p is the partial pressure [Pa] and § 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

. p OP
m =-K—~-— |
S S v
where P is the total pressure [Pa), p is the density [kg/m?] of the moving fluid, p is the viscosity
[kg/m-s] of the moving fluid, and K is the permeability [m?] of the medium for the particular fluid.
(Often experimental results will indicate that X 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
qg = mH , 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

. OH .|oH| or . .9oT :
m— =m|—| — =mC— , )
Ox oT ) p ox ox :

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. '
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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
equi]ibrium 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. Atlow 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 arelative 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

_az+s .
A 10
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where § is the source term [kg/m*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

P, 9 i
___.l = ..a_p + .§_ , (] l)
bp.‘_ or Ax? o}

where p, is the bulk density of the medium, p, is the saturation pressure [Pa] at the local temperature
of the medium, and & 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 € 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




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

J; = JZLUX;' ’ (12)
where X; are the "cdnjugate forces," such that
RS - L IX, @
J
where R(S) is the rate of entropy production in the system. The Onsager Reciprocal Theorem states
that
Li=Ly - ‘ (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 J,,, 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—“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) = V-8 =J,,,-V(—%] +J“-v(%) : (16)

The current densities are

8



3 - LMV(-ET) * Ly, ¥V (iT) am

- H 1
Ju B Lmuv ( _7-} * LuuV (—7—-) : (18)
In order to put these expressions in terms of measurable gradients, it is noted that
v(E| - Xvp - Bt lyr_-Yyp_ Eyr (19)
T T T? - T T?

where v is the specific volume, s is the specific entropy, and 4 is the specific enthalpy. Substitution
of Eq. (19) into Egs. (17) and (18) yields

J mev VP meh B Lmu V T
= - t ———————————
L v L h-L
Ju - - miu VP + mu uu V T

- = - 1)
@ - | |

Thermal conductivity is defined as

A =[ﬁ] ]
TJ,,,=o

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

VP _ h-L,JL,.
_6—7—" 3 -0 B vT ’ (23)

-J

u

vT

' (22)
1.0

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

_L,L - L2

uu - mm mu

. _ 24
T’L, )

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

L v Lmuv
J=—"}”‘VP and J = - Ve , (25) -

m

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

J,=—1J,=a], , (26)

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

L

= W ) 27N

_Jm

P=15p

vT=0

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

The Onsager coefficients can be expressed in terms of the measurable quantities A, «, and § (other
measurable quantities could have been selected of course):

mm

L =T L = opT L, = AT? + pT . (28)

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

J - -pVP + ‘“—hr“‘flw | (29)
J, - -apvP - (A - i"—(;—"ﬂ) vT . (30)

Note that the use of the Onsager reciprocal relation results in only three measurable parameters being
required, rather than four (2 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 & 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 Egs. (17) and
(18), are

H, M, 1
=L V| -2l +L,v|-Zf +L V= 31
Jv vy T vl T v (T) ( )
3, -0,v| -2 v v| -2 s v|L (32)
T \ T T
H, B, 1 |
=L V{-—| +L V|~—] +L V]| = . 33
Ju uv ( T] ul T] uu (T) ( )

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, = -p,(Dy VO, + D, VT + Kk) , (34)

where
Dy, = Koy/d0, and D, = Koy/oT . (35)
In these equations p, is liquid density, 6, is volumetric liquid moisture content, Dy, is macroscopic
diffusivity for liquid transport due to V 0,, T is temperature, Dy, is macroscopic diffusivity for liquid
transport due to VT, K is hydraulic conductivity, k is the unit vector in the z-direction, and { is

moisture potential (see Eq. (39), below).

Philip and de Vries defined vapor flux density as

qv = —pI(Dvael + DTVVT) (36)
where
D, = flap——-25 ¥
L T T @37)
p o, dp,
D, = f(a)D _—— 38
" P LR Pys dT ©8)
p, = hp, = p, exp(Mg¥/RT) (39)
fla=a+06,=5, for 6, <860, (40)
f@ =a+a(S-a)S -0, , for 6,>0, @1
{ =(VT),IVT . (42)

In these equations 0, is volumetric moisture vapor content, Dg, is macroscopic diffusivity for vapor
transport due to V 8, D, is macroscopic diffusivity for vapor transport due to V 7, 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, 4 is relative humidity, and S is porosity. They also
define a total moisture flux density as

q,=4q,+q, = —pl(DeVOI+DTVT + Kk) . (43)
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Philip and de Vries defined the heat flux density as

qh “ATVT + CI(T - To)qm - LplDevvel . (44)

or

q, = -A'VT + ¢(T - T,)q, - Lp, Dy, V9, (45)

where A" is the (apparent) thermal conductivity associated with macroscopic inclusion of water
vapor, A* is the (apparent) thermal conductivity associated with microscopic inclusion of water
vapor, ¢, is specific heat of liquid water, 7, 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:

ToH

R
i1 = K| R IHVT - p— —VM] (46)

Vapor mass flux:

. OH dp,, OH
- -K o s H_|yT - 2 lvm 47y
-lv v[[pvu aT dT] (pv()aM) ( )
Heat flux: .
i | “ aH .. dp, \|R,T? 3H
=-K.VT- |p,K,R. InH +K +H VM . 48
1y T P “(p”"aT dT) H oM (48)

In these equations K is "liquid conductivity,” p, is liquid density, R, 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, K| is "vapor conductivity,” p,,, is the saturation density of water vapor, and K,

is apparent thermal conductivity. Note that everywhere V M appears it is multiplied by dH/OM 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-a,p VT , (49)

m
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where u is moisture content, a,, is "moisture diffusivity," p, is the density of the dry medium, and &
is the "thermogradient coefficient." The corresponding heat current density is

J, = -AVT - relJ, . (50)

where A is thermal conductivity (Luikov put conductive heat transfer in terms of the thermal
diffusivity a = p, ¢ A, where c is the effective heat capacity of the moist medium), r is the latent heat
of vaporization, and € 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 Egs. (31)-(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
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where p, and p, are the density [kg/m’] of, respectively, the water vapor and the gaseous mixture of
water vapor and air, €, is the volume fracture [m*m®] of gaseous mixture in the porous medium, ¢
is the mole fraction [kmol/kmol] of water vapor in the gaseous mixture, K, is the “coefficient of
permeability” [m’ss/kg], P is the pore pressure [Pa] of the gaseous mixture in the porous medium,
D is the “modified diffusivity” [m%s] of the gaseous mixture, and I" is the mass rate of evaporation
of water per unit volume of porous medium [kg/m’es]. The coefficient of permeability, K, is defined
as K > = K g/g P.E,s where K, is the “permeability” [m/s] of the gaseous mixtu_re and g is the
acceleration [mez] due to gravity. The modified diffusivity, D, [m%s] is D = (M, M /M yp',
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 [m%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.




Ahmed, er al., use a different definition for permeability than the one that is normally used.
Apparently K = (pg/p) K, where p is density, p is viscosity, and K is the permeability as normally
defined (see ]fq. (7), above).

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

3 3 aP) _
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where the three terms are the transient term, the convective term, and the source term. The
differential equation for conservation of energy is
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where Cp, C , Cp ,and C . are, respectively, the (total) effective heat capacity of the porous
medium, the fl'eat capacity of 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

or = —(QEE-'[ +(Q, + 0 )?Ei‘i] (54)
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where Q, is the latent heat of evaporation [J/kg] of free water vapor, Q,, is the heat of hydration

[J/kg) of chemically bound water in the porous medium, &,,is the mass concentration of free liquid

water in the pores per unit volume of porous medium [kg/m’], and §,, is the mass concentration of

chemically bound water (in the cement paste) per unit volume of porous medium [kg/m?®]. The five
terms in Eq. (53) represent the transient term, the convection term, the diffusion term, the conduction

term, and the source term, respectively.




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
re]atlvcly 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 aspecimen. 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 the degree 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 1 (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 1 refers to carbonate aggregate concrete and Type 2 to siliceous concrete.

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

Property . 1 (NRCI)

2 (NRC2) 3 (NRC3)
Cement content (kg/m’l) 380 439 439
Fine aggregate (kg/m?) 673 621 621
Coarse aggregate (kg/m?)

19 mm 678 788 788
9.5 mm 438 340 340
Total 1162 1128 1128
Aggregate type Siliceous Carbonate Carbonate
Water (kg/m?) 167 161 161
Water —cement ratio 0.44 0.37 0.37
Retarding admixture (mL/m?) 745 — —
Superplasticizer (mL/m?) 2500 300 1200
Steel fibre (kg/m?) 42 — 42
28-day compressive strength (MPa) 399 32,6 43.2
Compressive strength at test date (MPa) 40.9 37.1 433
Table 1. Batch quantities and properties of concrete mix [44]. "
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Figure 5. Mass loss of various concrete types as a function of temperature [44].




Parameter
Units per cubic meter

Number identifying type of mix

2

3 4

Cement Type [, kg

Silica Fume, kg (1)

Fly Ash, kg

Coarse Agg. SSD, kg. (2)

Fine Agg. SSD, kg.

HRWR Type F, liter

HRWR Type G, liter

Retarder Type D, liter

Total Water, kg. (3)

Water/Cement Ratio

Water/Cementitious Ratio

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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Name Symbol Geological Composition Density Grain size
Origin (kg/m’) (mm)
Anorthosite AN Igneous Almost all plagioclase 2770 0.05-20
: feldspars

Basalt BA Igneous Mainly epidotes, pyroxenes 3040 0.005-0.08
and plagioclase feldspars

Dolomite DO Sedimentary Almost all dolomite 2490 0.1-7

Granodiorite GD [gneous Plagioclase feldspars, quartz 2750 0.05-4
amphiboles and micas

Granite GR [gneous Mainly potash and 2620 0.05-5
plagioclase-feldspars, quartz

Limestone LI Sedimentary Mainly calcite 2700 0.002-2

Quartz Mainly potash and

Monzonite QM Igneous plagioclase-fetdspars and 2645 0.5-7
quartz :

Quartz QR igneous All quarz 2650 0.2-10

Rhyolite RH Igneous Mainly potash and
plagioclase-feldspars, and 2640 0.05-3
quartz

Syenite SY {gneous Mainly potash and
plagioclase-feldspars, and 2715 0.1-10

amphiboles

Table 3. Some characteristics of the ten rocks whose dilatometric curves are shown in Figure 11
(Geller, et al. 1962) [41].
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Aggregates: LI, limestone; SIsiliceous rock; AD, andesite; SG, expanded shale; CL, expanded clay;
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Figure 14. Thermal expansion, as a function of temperature, of the three concrete types described
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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 spemflc 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/g¢K, corresponding to a volumetric heat capacity of
1.40 J/cm®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/cm’
and a specific heat of 0.765 J/geK, corresponding to a volumetric heat capacity of 1.32 J/cm*K.

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 1 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 21. Measured specific heat of Cement Pastes A, B, and C [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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Figure 23. Effects of temperature on measured specific heats of various concretes: (1) granite
aggregate concrete (Odeen, 1968); (2) limestone aggregate concrete (Collet and Tavernier, 1976);
(3) limestone aggregate concrete (Harmathy and Allen, 1973); (4) siliceous aggregate concrete
(Harmathy and Allen, 1973); (5) limestone aggregate concrete (Hildenbrand, et al., 1978); (6)
siliceous aggregate concrete (Hildenbrand, et al., 1978) [45].
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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?/s and 0.27 mm?/s, respectively. The corresponding
thermal conductivities were 0.52 W/meK and 0.36 W/meK, 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, et al. [51] 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.




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 C1113). 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 values are 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

Fiire 48 aloni with data obtained elsewhere by the radial heat flow method mentioned above.

(Text continued on p. 55) 38
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Figure 26. Thermal conductivities of Cement Pastes A, B, and C (points and solid-line curves), and
thermal conductivity of a hypothetical pore-less cement paste (broken-line curve): [, Paste A; open
‘ triangle, Paste B; O, Paste C [27,41].




£ (Wm Ky

N\

]
—

I 1 ]
Qs
DO
3 GR-1 D
- GN
DI GR-2
——
GA

ZK

e r—— AN
OB SL

PY

L

100 200
Temperature ("C)

300

Figure 27. Thermal conductivity of 15 materials (rocks, minerals, glass) described in Table 4 (Birch
and Clark 1940) [41].




Name Symbol Geological Composition Density Mean grain
origin (kg/m®) size (mm)

Anorthosite AN Igneous Almost all plagioclase 2700 0.5
feldspars

Diabase DI [gneous Mainly plagioclase 2960 0.5
feldspars and pyroxenes

Dolomite DO Sedimentary  Carbonate group 2830 0.01

Dunite DU Igneous Almost all olivines 3250-3270 1.0

Gabbro GA Igneous Mainly plagioclase 2860-2880 3.0
feldspars, pyroxenes and
olivines

Gneiss GN Metamorphic  Layered mineral, mainly 2640 0.2
feldspar and quartz

Granite-1 GR-1 Igneous Mainly potash feldspars 2610 1.5-2.0
and quartz

Granite-2 -GR-2 Igneous Mainly potash and 2640 0.5
plagioclase-feldspars, quartz

Hypersthenite HY Igneous Pyroxene group 3290 20 .

Limestone LI Sedimentary  Carbonate group, mainly 2610 0.001-0.01

' calcite

Obsidian OB [gneous Glassy potash feldspar 2440
and quartz

Pyrex PY Artificial 2230

Quartz

monzonite QM Igneous Mainly potash and 2640 1.0
plagioclase-feldspars and

_ quartz

Quartzitic QS Sedimentary  Mainly quartz 2640-2650 0.3

sandstone '

Slate SL Metamorphic Layered clay minerals 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].
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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
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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 [61,41] which is
o" = 3 v (55)
!

where ¢ is the particular property of interest for the mixture, ¢, is the property of the ith component,
v, is the volume fraction [m*/m?] of the ith component, and m is a dimensionless constant having a
value between -1 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. P, w,/p, -
w, = i P and v, = i’Ps

X e - > wlp, (56)

where p; is the density of the ith component, E v, = I, and Z w, = L.

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

¢2 + (Tl - 1)¢] - (Tl - 1)v2(¢| - d)z)
¢2 + (T] - ])¢| + v2(¢| - d)z)

b = ¢, , - (57)

where component 1 is the continuous component and 7 is an empirical constant. Harmathy [41] has
rewritten this expression in the form

¢ = w , (58)
Vi Yy,
where
y = no 59
(- Do, + &, >9)
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depends upon 1 and upon the property value for the two components, but does not depend upon the
volume fractions of the components. When 1) - «, Egs. (58) and (59) reduce to the form of Eq. (55)
with m = 1. When 1 - 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, Yolume, 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
y=1:
p=dvie (60)

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

P = z,: Vl- P‘- » (61)
where P, 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+ W, 1+ (W/W,)C

= = : 62
P Wle. + W_lp,  lp. + (W W) (1 + AYlp, (62)

where W, 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, = W, (1 + A) is the “adjusted”
mass [kg] of water in the original mixture, Wn 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, =
3150 kg/m® is the true density of the solid cement used to make the paste, p,, = 1000 kg/m® is the
density of free water and capillary water, and { [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 )/W,
p(T) = py 3
[1 + AUT),]

(63)
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where p, is the room temperature density, W(T')/W, is the ratio of the mass of a specimen at
temperature T to the room temperature mass, usually obtained by thermogravimetry (TG), and
Al(T) /1, is the linear thermal expansion of a specimen at temperature 7, 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)/W,, 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

Lo 1fe
o), (64)

where { is length and T is temperature. The volumetric expansion coefficient is
avy _ _1|Jp
3l S,
where V is volume and, as before, p is density. If the material is isotropic, B = 3e.
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

—_— = =_a

QO 00 °

faT+a,T?+aT?+ -, ~(66)

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

a, +2a,T +3a,T? +
o= .
1+a0+a|T+a2T2--- (6_7)

For the present project, it is really not necessary to compute thermal expansion coefficients since the
density of concrete can be computed from Ad/{,, 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 Af.

Turner [63] recommended that the thermal expansion coefficient of a mixture of isotropic
constituents be computed using
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o, B,w/p,
) Z B;w, /p;

where o, B,, w,, and p, are, respectively, the coefficient of linear thermal expansion [m m™ K],
the bulk modulus [Pa], the mass fraction [kg/kg], and the density [kg/m’] 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

o (68)

o = zi:v,.a,. , _ 69)

where v, is the volume fraction of the ith component. This simple mixing rule corresponds to the
Bruggeman rule (Eq. (55) with m = | and to the Hamilton-Crosser rule (Egs. (58) and (59)) with
y =1 (n ~=). 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 = ZI: wC, . (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 fine 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
l~-V—T , _ (71)

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

A o=-q
effective . <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 pertinent literature, much of which is covered in review articles [69-76].
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The following discussion covers a few of the available mathematical relations for correlating the
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

A=fiA A (73)

where f, and f, are the volume fractions of the components having thermal conductivities A, and A,
respectively; this expression is simply the Bruggeman mixture rule, Eq. (55), withm = 1. If the heat
flow is perpendicular to the component layers, :

N Ay A, :
Ld i

this expression is the Bruggeman mixture rule withm = -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 A, = 10 A,. 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

l

Heat flow

perpendicular to ——»-
layers

O

T
R

.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 51. Cross-section of the model in which a disperse second phase is considered to be a cubic

array of cubes.

Series Slabs

1.  Asshown 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:

A'B = PuA'd * (l - Pu)lc ’

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

component of conductivity A,



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

A'A)\'B
P, +(1-P)A,

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

A (1 -P)+ P AJr
A (1 -P, +PP)+P,(1-PYAI (75)

Parallel Tubes

1. 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:

A A,
P A+ (1 - Po)ld

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 =P Ay + (1 -PHA,
Evaluation of this equation yields:

P (1l -P)+(l-P, + PaP(«‘)A'd/A‘c
P, + (1 + PQ))L(I/)»C

A

' (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 Eqgs. (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 12
and P, = f 23. with these substitutions, the forms usually seen are obtained:

Series Slabs

Ao (L= F7) + [P0,

A.L. (]_-— f’.’./3 +f) + (f2/3 _f))‘-d/kc ’ (77)
Parallel Tubes

o (B FYy (L= fP o FYMA,

A £5 4 (1 - £ AR, | (78)

Although one would appear to be, on the face of things, considering a fairly complicated model in
deriving Egs. (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 Eqgs. (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 Egs. (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 A, 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:

2-2f+ (1 + 2f)ld/)£.c
2+f+(]—f))\.d/)tc . (79)

A
A‘L‘
The behavior of Eq. (79) for small fis more easily seen by expanding it in the form:

A 3F(1 - AR 31 - AJA)P
— = + -— e
A

2+ AN, (2 + A /A)?

<, fe«l . (80)

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 A,/A, near I, 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 for f < 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 A, in a continuous matrix of material of conductivity A,.

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, Egs. (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 (Egs. (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, Egs. (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,
A /%, = 0 and the above expressions reduce to:

Series-Slabs

Y
_%._ = 1__‘[_____ Ty )\'d « A'C s
Ac I - fzj3 + f
which for small f reduces to
A
Lo aa
c
Parallel-Tubes
—AA'—=1—f2/3 . Ay €A,
Maxwell Dilute Dispersion
Aoz,
A 2 +f €
which for small f reduces to
A 3 3 \
—x—= | ——2—f+5f2—-'.', A,d«)\

(81)

(82)

(83)

(84)

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]:

(86)

LI 3f
A 2 + A A, 1315(1 = A /A) 12
+ -_—
1= A/, 43 + A /A + 0409 (1 + A /A )f™
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Figure 53. The effect of porosity on thermal conductivity as computed by:

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

for the conductivity normal to a side of the cube. If the term involving f'* 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 of f up to n/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., [61,69-70]) developed an expression,

173
i =1-f, (87)
A=A LA

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

= = (1 —]“)3/2 , A‘d « A.C , (88)
while ford, ~ «,

A 1

—_ = —— A, » A,

A, (- f)° d ¢ (89)

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:

v 200, - 2) 20y, - D@ - DO, < 2) 20, - DF 0
A |20, +2) - G A, - DF @ - HOJA, + 2) - O ik, - DF ©0
which reduces to:
A _82-NHUA-F 5 4
RN T N Ob
and
A _ A2 +f) 5 A
hooa-pa-p T ©2)

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:

PR S LR S
‘% s 2h Pa,e2h ®3)

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 of f,, the Bruggeman mixture
equation is in agreement with a dilute dispersion of particles of conductivity A, in a matrix of
conductivity A, while for values of f, approaching unity the mixture equation predicts a conductivity
due to particles of conductivity A, dispersed in a matrix of conductivity A,.

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 1 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 itnportant 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 i$ 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 A,
density p, and specific heat C is V-(AVT) = pC(0T/01), where T is temperature and ¢ 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 3T = (1/x)(0T/31), where x = MpC 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 detérmine 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 aspecimen. 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
"absolute" methods, the heat flow out of a specimen is sometimes measured by a "flow calorimeter,”"
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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 1 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 specimen diameter, the space between the specimen and the guard being 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 | 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
cold plates. Guarded hot plate apparatus are typically quite reliable at moderate temperatures but
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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 quite rapidly (typically it is operated with the hot and cold plates at fixed temperatures)
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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, itis 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

effectiveli a variant of the hot-wire method. There have been some studies concerned with thermal
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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 [101-103] 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 Backstrom [104]
developed atechnique wherein they
deposited two metal strips on the
specimen, with one strip serving as
a heater and the other strip serving —s
as a resistance thermometer, as 2w~
" shown in Figure 55.

T

!

58

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 Béckstrom [104]. The strip on the left is

the heater, and the strip on the right is the thermometer.
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Gustaffsson and his colleagues [105-106] also have developed a technique, which they 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

J‘l l l l ) . l l Measure temperature
Measure temperature /rise on this face

rise on this face
Z Perfect insulator Z/ Constant temperature
//////////////////////// %

(a) (b)
Constant temperature Constant temperature  Measure temperature
Measure temperature — chgnge at a suitable
/ rise-on this face / pointin block
7 s
///Perfect "15“'3'0"// Constant temperature
/////////////////////// é

(c) (d)

Figure 56. Possible boundary conditions for transient plane source methods for determination of
thermal conductivity or thermal diffusivity {107].
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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

AR

Heater

Thermocouples
=Guard pile 5 _-. ‘\gﬁlen -4 HGuard pile = ’

Thermal insulation
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]

= ,/262.5 K

47
80 to 100 mm
2

1 = measuring piece

2 = top piece

3 = bottom piece

4 = palladium foil

5 = Inconel clamps

6 = Alumel lead wire for foil heating
7 = thermocouple wires

8 = Fiberfrax cover

9 = over-all Fiberfax wrapping

X = thermocouple junctions
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/ junction
Top piece
—& ‘ . / Heater
Measuring piece Vi

Bottom piece

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, ez al. [126], to measure the thermal diffusivity
of ceramies 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.

To

\

— o .r.d.. - - = - - - - <4— Temperature gage

Y

To
Figure 61. Specimen geometry used by Dzhavadov [127].

In a fairly recent book, Kubi¢dr [129] 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¢dr 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
Temperature response
Current pulse \ / T
il l i — Tm
L PR >
Im time
Sample

Figure 62. Experimental layout of the pulse method used by Kubi¢ar and colleagues [129].

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.




6. Availability of Apparatus and Testing Services ‘

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 °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
f interested in Jaboratories 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 expansion

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)




Holometrix, Inc. (Bedford, MA)

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

Louis.iana 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 Fi_berglas Corporation (Granville, OH)

Polymer Solutions Inc. (Blacksburg, VA)

Precision Measurements and Instruments Corporation (Philomath, OR)

Research Triangle 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
laboratorics 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 carfy 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 completion.




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
of the busbars.
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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.

95




Test Assembly

] Fulcrum
// \\
A (3

]

Weight

N
Z
[

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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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 [A1, 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 ¢ =0, when
the medium is isothermal at a temperature T = 0, the temperature at a distance r from the z-axis is

given by
2 g |
I(r) = =E | —| , 1
ey ‘[4m] M
where
B = [—ds - @

is the exponential integral, A 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
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where y = 0.577216... is Euler’s constant. For values of x sufficiently small that x is negligible
compared with {n x, the temperature is given simply by

N ¢ O L]
(r,t) 4nl[ Yy +In r2] . (C))

For measurements at a fixed value of r,
Tag) = 2_(4 + Int) | 5
4mA :

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 4x/// is large enough for Eqgs. (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 4x#// 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

A-2 .




() - %G(B, %1 , (6)

where _
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and J; and Y; are the Bessel functions of the first and second kind, respectively, of order /. The
dimensionless parameters {3, &, and t are defined as
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where the properties of the medium are thermal conductivity, A [W/m-K], density, p [kg/m?}, specific
heat, C [J/kg-K], and thermal diffusivity, k [m%s]; the probe is of radius & [m]; S [J/m-K] is the
thermal capacity per unit length of the probe; and A [W/m*K] is the heat transfer coefficient between
the probe and the surrounding medium. The dimensionless parameter 8 is the ratio of the thermal
contact resistance, 1/h, at the probe-medium interface to the thermal resistance, b/A, of a layer of the
medium of thickness b. The dimensionless parameter « 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 § being
the thermal capacity of the actual probe material present.) 'The parameter t 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 t 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 t, Jaeger [A4] shows that
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when £ is infinite (perfect contact) so that 3 = 0. For large values of t, Jaeger [A4] shows that ‘

+
ot 20

G(B.a,t)=-41? 2B - v +1n4r542 1:2(—y flndt)y + -0 | . (2)

For values of t sufficiently large that the last two terms, involving T, can be neglected, Eq. (12)
reduces to ‘

G(B, o, ) = 4ln[2ﬁ ~y +dndre--] . (13)

If the probe has a vanishingly small thermal capacity, so that § - 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 1 or 2 meters into the ground. Since t 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 ~ . 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 f=0and ot + o, '

G(0,», T) = _33_ f“ - exp(-tu?)1du "
)
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For finite values of thermal contact resistance (i.e., f > 0),
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it is seen that § 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 [AS5] 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
itis

o o 8a
GB,a,T) = —|T - —1 + 2o 6
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Blackwell’s long-time approximation, with appropriate changes in notation agrees with Eq. (12),
above. Blackwell [AS] 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 Egs.
(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 t™' 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 (~1/a) (l/lp) -17!, where Ap is the
thermal conductivity of the probe material, inside the square brackets. For a homogeneous probe,
this term reduces to (-1/2) (x/ K, Y-t~} where K, 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.




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 of coaxial 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 [A10] give analytical solutions, similar to those of Jeager [A4] and of Blackwell [AS5],
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 [A11] 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 [A12] 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 Egs. (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 [A15-A19] for using a probe method to determine the thermal conductivity of
powders at high temperatures. These workers used Jaeger's analysis [A4], namely our Egs. (6)-(9),
(11), 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
t where neither solution even comes close to providing accurate results. The Sandia workers used
the full integral solution, our Egs. (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 <, for a given 8 and «,
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 t, 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(J, &, t), using Egs. (6)-(9), (14), and
(15). Figure A1 shows G plotted versus T with a as a parameter for 3 =0, i.e., no contact resistance.
Considering first the ideal probe with no thermal capacity, i.e., & ~ o, it is seen that, in this semi-log
plot, the probe temperature curves rather slowly at small and medium times and asymptotically
approaches a straight-line for values of t greater than about 100, in accordance with Egs. (5) and
(13). Figure Al includes curves corresponding to & = <, 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., § =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 < 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 § = 1 (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 & - o, 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,
AS, and A6 show the computed temperature-time curves for larger contact resistances, with § = 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 carly 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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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 [101-103]

Consider a thin strip heater of width 2d, sandwiched between two slabs of material having density
p, specific heat C, thermal conductivity A, and thermal diffusivity x = A/pC. The assembly is
initially isothermal and at time ¢ = 0O, 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. _ ., 0.
-‘70- =1 ) g(Kt/dz) , (1)

where V, is the voltage drop at ¢ = 0 across the heater of resistance Ry, & = (1/Ry) 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 ¢, 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
¢, to the expression for an infinitely large plane heat source; the quantity known as the “effusivity,”
ApC = A%/x, 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 +.” 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, A, and x 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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Brydsten and Béckstrom Hot Strip Method [104]

As described on p. 79, Brydsten and Béckstrdm 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 x 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 [107] 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 [121] used a heater that had essentially the same lateral
dimensions as the specimen pieces so that, in contrast to Gustafsson’s and Brydsten and Backstrom’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,

Y 2} | |
=P ixlz e 1] 20)2 ’ )
A ZZ 2\ kt

where P/2 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

1 L)
T = E- K_t 2 _ P- d 2 , (3)
AT TApC

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
temperature is measured at a sufficiently large distance from the location of the heater. Harmathy
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let z = ¢, 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 ¢ and the other at time 2¢, and formed the ratio

1
TR _ V2 ie fc_(%)
T(I) . [ 02)_ - (4)
ierch ~—1?

Kt

He computed this function and compared it to the experimental data in order to obtain k and then
inserted that value of « into Eq. (2) to compute A. With modern 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 {
from the heat source is given by [129]

r-—1 -exp(—a—z] 5)
2pCy/mxt 4xt

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 7,, occurs at the time ¢, when
x¢/0% =1/2, and thus k can be computed from

K= —o— . O ®

Substituting k¢/¢% =1/2 into Eq. (5), the value of the maximum temperature is given by

H
T = ———— 7
v2ne tpC

so that the volumetric heat capacity can be computed from

1 . H H
I = 02420- = . N @)

e QT (T,

pC =

The thermal conductivity is then computed from )L_ = xpC.
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If the pulse length is not short compared to ¢, it is necessary to use a more complicated expression,
than Eq.(5), that properly accounts for the pulse shape and duration. Kubiéar [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 ¢, 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 = 2{ 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

Pz
Tz0) = — forQ0 <z < ¢
@0) = 23
®
and  T@O) - ﬂ%ﬂl;-zl for 0 < z < 20

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

70,0) = T20,1) = 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 < ¢, will be

Tout) = % v vt —vF(xg) ' (1)

with a similar expression for the other specimen, except that the leading term is replaced by the
second line of Eq. (9). The function F(x,?) is given by
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16022“’: 1 Sin((2n+1)‘n:z)
knin-0 (2n +1)° 20

Evaluating Eq. (11) atz=0 and z = {, the temperature difference across each of the samples is

_@2n+ 1) n’kt

F(xt) =
492

] 2 230 (=" 22
ATy = 2L B, 16 s D) exp(‘ e Kt] (13

2k 2x Kk n-0 (2n +1)3 4¢2

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 P,, and the corresponding values
of the temperature difference across the specimen, AT, and AT, are subtracted from each other, the
second and third terms cancel leaving simply

(P, - Pt
AT () - AT,(») = o = a constant . (14)

Thus the thermal conductivity can be computed from

(P, - P

A= .
2[AT,(5) - AT, (] (15)

Piorkowska and Galeski also show that Egs. (14) and (15) are valid when the thermal conduct1v1ty
and thermal diffusivity are functions of temperature.

Althéugh 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 dlfleSlVlty is then
given by

ve?

2(ﬂ § AT(t)] (16)
21

K =

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

ve?
2AT(@) | D

where AT(?) 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

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

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
considered according to composition in three groups:

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

@ for floors and roof decks

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.

1II—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 I, 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-

Figure 1. The fun spectrum of lightweight concretes. Low density mixes discussed in this article (shaded band at Ieu) offer
best 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.




4 R G S SR T T T T

| NOTE: Corresponding thermal conductivity
for normal weight concrete is generally
between 9.0 and 12.0 Btu inch per hour
square foot degree F (1.3 and 1.7
watts per meter kelvin)
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Thermal conductivity, Btu inch per hour square foot degree F
~
'
Thermal conductivity, watts per meter kelvin
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Figure 2, Approximate relationship between oven-dry unit
weight and thermal conductivity of lightweight insulating
concretes. From Special Types of Concrete, Portiand
Cement Association, Skokie, |llinois, Publication |S183T,
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 1777) 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 Piate.

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

.~ 1000 T T T
(Type I cement) /
800 - /17
600 7 &
400
200 1
0 |

0 20 30 40 50 60 70
Unit weight, oven-dry, pounds per cubic foot

| | | | L |
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8
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D perlite, vermiculite, or neat cement (cellular)

pumice, 1:5

- expanded shale, 1:5 - 1:14; expanded slag. 1.5- 19

Figure 3. Approximate relationship between oven-dry unit
weight and compressive strength of lightweight insulating
concretes tested in airdry conditions.

Note: mix proportions for perlite and vermiculite concretes
range from 1:3tw 1:10 by volume. From Special

Types of Concrete, Portiand Cement Association, Skokie,

|Ilinois, Publication |S183T, 6 pages, 1977.




feet in any direction to allow for a thermal expansion of
1 inch per 100 lineal feet. A joint material that will com-
press to one-half its thickness under a stress of 25 psi is
generally used. With other aggregates, expansion joints
may not be necessary because the initial shrinkage of
the 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
the 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-
ly smoothed low density concrete should be prevented
from 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 2000° 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°F.
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-

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.

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 orloss 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

* 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
1 pound 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-
themmore, 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
the design. Polystyrene bead concrete has good worka-
bility. 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
allow foam to form in the mixer. Initially large air bub-
bles 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, I1I or portland
blast-furnace slag cement, Type IS. The foam itself is
made by blending a foam concentrate, water and com-
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. Howewer, 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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Fire Tests of Precast Cellular Concrete Floors and Roofs

J. V. Ryan and E. W. Bender

given.

The results of an investigation of lightweight, precast cellular concrete planks are
Fire tests were made of two floor and five roof specimens made up of these planks.

Variables included density of the cellular concrete, thickness and span of the planks, rein-

forcement, and cover for the latter.
included in one floor specimen.

A steel beam encased in blocks of cellular concrete was
The flexural strengths of 14 individual planks were de-
termined. The investigation showed fire endurances u
under load and up to 4 hr for other slabs not loaded.

to 2 hr for 6-in. thick slabs tested
stimates were made of the probable

results to be expected for slabs of thicknesses other than those actually tested.

1. Introduction

The framework and foundations of a building
represent a large part of the total cost in multi-
story construction, They must carry both the
live loads imposed by occupancy and the dead
load of the finished building. Significant econo-
mies can be achieved in the cost of buildings by
reducing the loads to be carried, and thereby per-
mitting less expensive framework and foundation.
Since reduction in allowable live load limits the
usefulness of the building, research has been aimed
at reducing the dead weight of building elements
and materials.

Research aimed at the reduction of the dead
weight of concrete structures led to development
of lightweight aggregates as substitutes for dense
natural aggregates, and to development of cell-
forming processes for producing cellular concretes.
The cell-forming processes included the use of
aluminum powder and other gas-forming agents,
the addition of preformed foam into the mixer,
the addition of chemicals that form and retain
air bubbles produced during mixing, and the use
of excess water. Although known as “gas con-
crete,” ‘‘foam concrete,” or “acrated concrete,”
according to the particular process emploved, all
are included in the more general term “cellular
concretes” [1].*

Cellular concretes have been developed that
have densities as low as 20 lb/ft?, are sawable,
and workable with general carpentry tools. Such
cellular concretes are being manufactured com-
mercially and used to produce prefabricated blocks
and panels for floor, roof, and wall assemblies.

The economies achieved through the use of
cellular concretes are not limited to those associ-
ated with dead-weight reduction. Because of
their cellular structure, they have significantly
lower thermal conductivities than conventional
dense concretes. Therefore, the use of cellular
concretes often perinits the elimination of addi- -
tional insulating materials that would otherwise
be necessary.

A research program was carried out on floor
and roof slabs assembled from precast planks of a
gas-formed cellular concrete to determine the fire
endurances of representative specimens and the
effects thereon of variables such as amount of
cover for the reinforcing bars, overall thickness,

‘amount and distribution of reinforcement, and

density of the concrete. Five standard fire-
endurance tests of roof assemnblies and two of
floor assemblies were conducted in a large floor
furnace. Euch spectimen consisted of several
planks grouted together. A steel I-beam, pro-
tected by cellular concrete blocks, was tested in
conjunction with one of the floor specimens.

2. Test Specimens

2.1. General Description

The floor and roof panel specimens were made
up of planks of cellular concrete specially cast in
the necessary lengths for this study by a manu-
facturer. Thex were representative of com-
mercially produced planks used in floor and roof
construction. The mix constituents and ratios
used in their production were not revealed.
However, the particular cellular concrete is
understood to be of the gas-formed type.

*Figures in brackets indicate the lterature references on page 11,

The planks were 18 in. wide and had a length
of cither 13 ft 5 in. (to span the short diinension
of the furnace opening), or 17 {t 11 in. (to span
the long dimension of the furnace opening).
They were supplied in thicknesses of 5, 6, and
8 in., representative ol the range of normal pro-
duction. 7The nominal density of the planks for
floor use was 44 1b/ft?, and that of the roof planks
was 31 1b/ft®. The measured densities ranged
from 42.6 to 46.5 1b/ft® for the floor planks, and
from 35.8 to 42.2 1b/It® for the roof planks.

For four of the seven standard tests, the
specinen panels were made up of twelve 6-in.
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planks laid across the furnace. Three specimens
of this group were roof panels and differed either
in the reinforcement design of the planks or in the
load applied during the test; the fourth was a
floor panel. One other roof pancl was made up
of nine 8-in. planks laid along the length of the
furnace opening. For the remaining two full-
scale tests (one floor and one roof), four planks of
each of the three thicknesses supplied, 5, 6, and
8 in., were laid across the furnace opening, with
the 6-in. section in the center. Figure 1 shows
the different asscmblies.

After an cxploratory test in a small furnace to
determine the feasibility of the procedure, a
structural steel I-beam protected by cellular con-
crete blocks was tested along with the floor panel
of graduated thickness. The beam was a 10-in.
I-beam weighing 25.4 1b/ft, of 17 {t 7% in. length
to span the long dimension of the furnace. The
floor panel (with planks crosswise of the furnace)
rested on the top of the beam. The sides and
bottom, or soffit, of the beam were encased in
precast blocks to provide a cellular concrete
cover of 2% in. on the bottom and 1% in. on the
sides,

Flexural strength tests were made on several
}individual planks, which had not been exposed to

re.
2.2. Reinforcement and Cover

The term cover refers to the thickness of con-
crete between a steel reinforcing bar and the
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nearest surface of the reinforced concrete assembly,
or to the thickness of protective material encasing
a structural steel member. The cover of greatest
interest In connection with reinforced concrete
flexural members is that betwcen the bottom
tensile reinforcement and the surface exposed to
fire.

The reinforcement in the specimens consisted
of nominally round, hot-rolled, plain steel bars,
in various patterns or combinations of number
and size. The basic pattern of reinforcement
consisted of longitudinal bars at two levels (one
in the tensile zone and onc in the compressive
zone), plus crossbars, anchor bars, and spacers.
The crossbars maintained the spacing between
longitudinal bars at a single level and positioned
them in the form. The anchor bars provided
anchorage for the ends of the lower level, or
tension bars. The spacers, which were formed
of sheet metal, maintained the spacing between
levels as determined by the overall thickness
and cover. The longitudinal reinforcing bars
were located and spaced so that those of the
upper level had the same cover from the top
surface as did those of the lower level from the
bottom surface. The amount of cover was
varied among the specimens. The variations
within the basic pattern of reinforcement are
Hustrated in figure 2 and the cover for each
specimen is given in table 1.




TaBLE 1. Summary of specimen details and results

Concrete
Computed
Thick- Clear Rein- Applied tensile Time to Limiting
No. Type ness span, force- Density load steel initial condition
ment Cover stress end point
Nominal | Measured
——— i
in, ft in. . in. Wfft? Ihjfts Wjfe? Wfin.2
357 6 13 5 A, aj 31 35.8 74 17, 800 Load failure.
B, b1y 74 37,300
371 6 13 5 Ay 3i 31 35.8 56 14, 300 Load failure.
379 6 13 5 cA, 4o 31 42,2 56 14, 900 Max surf. temp.
380 8 17 4 E 34 31 36 0 16, 109 Ignite waste,
358 5 13 3 B: 134 31 36 NONe  feccoccecooes : Ignite waste.
6 13 A B, 134 31 36 None : Max surf. temp.
R 13 5 B, 114 al 36 NONC e oo]emce i cecaec]oom e ceccccceemaman
372 | FloOra e cecvccaaaan 6 13 5 Ar 4 44 4.5 7 Mux surf. temp.
373 | Floor .o coccmecaaes 5 13 5 D 134 44 46. 5 None Max surf, temp.
6 13 5 B, 134 44 45.4 None
8 13 5 C 134 44 42,6 None
373 | LBeam. . _oeen.. a3 17 Bl 4 1:;,'176 ............ 38.7 °17,700 Load failure.
278
a Sce figure 2 for details of reinforcernent., © Contained shear reinforcement; see text for description.
b Following the test, the cover in three planks was found to have been d Thickness of side and soffit blocks used to proteet stecl beam,
14 in., rather than the intended 34 in, e Load equally divided among four application points.
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Figure 2. Reinforcement delails.

In the planks used for one of the 6-in. roof punels  thus formed being about 4}4 in. deep and 5% in.
(test No. 379), shear reinforcement was provided  long. A continuous length of this shear reinforce-
in addition to the reinforcement already described.  ment was placed along each side of the assembly of
The shear reinforcement consisted of 3-in.-diam reinforcement bars and wire tied to the upper and

rod bent in a multiple-y shape, each Vv section - lower bars nearest each side of the plank. The



ties were single strands of 0.027-in. wire and varied
as to spacing, some being 5% in. and others 104 in.
apart. In these planks the sheet metal spacing
cllips were supplemented by %-in. diam steel rods

i

Ficure 3.  Steel beam partly encased.

welded to the upper and lower bars nearest the

sides of the plank, 3 in. from their ends.
2.3. Construction of Specimens

In making up the test panels in the furnace, the
planks were placed in contact with one another,
and a grout consisting of 3 parts portland cement
to 1 part sand, by weight, was poured between the
panel and the furnace restraining frame and into
the groove formed along each joint between planks
by a kerl % in. wide by 1% in. deep along one edge
of each plank. The kerfs and adjoining edges of
the planks were wet down immediately before
pouring the grout, and periodically for a week or
ten days thereafter, to prevent unduly rapid
drying of the grout, and thereby to improve the
bond. An clectric heater was placed in the fur-
nace, and for the week immediately preceding each
test a temperature of 125 to 150 °F was main-
tained in an attempt to remove excess moisture
from the assembly.

The steel I-beam, tested in conjunction with the
floor panel of graduated thickness, was placed
along the longitudinal center line of the furnace
and attached at both ends to steel plates by means

of “standard AISC B2 connectors [2]. These
plates, in turn, were bolted to the furnace frame
m such a way that the beam was supported,
restrained against rotation of the ends, but could
expand longitudinally. The beam was encased in
precast blocks of cellular concrete, after the floor
planks were in place. The soffit blocks (9 in.
wide, 17'%s in. long, and 2% in. thick) were
attached to the beam by means of formed wire
clips. Transverse wires of the clips were driven
into the ends of the blocks, holding them in good
to fair contact with the beam. The soffit blocks
extended about 2% in. beyond the beam flange on
each side. The joints between blocks were filled
with mortar consisting of 1 part lime, 1 part
portland cement, and 5 parts crushed cellular
concrete by volume. A bed of this mortar was
placed on the upper surface of the soffit blocks, and
the side blocks (9 in. wide, 18 in. long, and 1'%,
in. thick) were placed thereon. The vertical
{oint.s between blocks and the spaces between
blocks and floor planks were filled with mortar.
The joints were wetted before the application of
the mortar and periodically thereafter for the
next 10 days to prevent excessively rapid drying.
Throughout the following week, an electric heater
was kept in the furnace chamber and temperatures
in the range of 125 to 150 °F were maintained in
an attempt to remove sonie of the excess moisture.
Figure 3 shows the beam partly encased.

3. Test Method and Equipment

The tests were conducted in accordance with
the accepted standard test methods (ASTM desig-
nation K119) [3]. Not all the tests were stopped

when the initial end-point criterion was reached,
but some were continued in order to obtain more
information about the behavior of the specimen.




This practice deviated from the standard test
method, under which tests are stopped when the
initial end point is reached and the specimens are
subjected to the hose-stream and the double-
reloading tests.! Inasmuch- as the results would
not. have been indicative of the true performance
of the specimens, because of their extended fire
" exposure, neither the hose-stream nor the double-
reloading test was performed on any of the speci-
mens. The fire-endurance limits were determined
by the initial end point and are therefore in accord-
ance with the standard test method, even though
the fire exposure was continued.

The specimens were tested in the furnaces at
the National Bureau of Standards designed for
the purpose of testing floor and roof specimens.
The small furnace, used for the exploratory test,
took specimens 2 ft by 2 ft in size, while the large
furnace, used for the standard tests, was con-
structed in such a manner as to accommodate a
specimen 18 ft long by 134 ft wide. Both fur-
naces were box-shaped, open at the top, so that
the bottom face of the specimen was exposed to
the flames.

To measure the temperature in the chamber of
the large floor furnace, twelve thermocouples, en-
cased in porcelain insulators and enclosed in iron
pipes sealed at one end, were placed in the furnace
so that the junctions of the thermocouples were
approximately 1 ft below the exposed surface of
the specimen. In the small furnace, four thermo-
couples were used. They were of the same type
and were placed in the same munner as those in
the large furnace. The furnace fires were con-
trolled to approximate us nearly as feasible the tem-
peratures set forth in the standard test method.
which include 1,000 °F at 5 min, 1,300 °F at 10
min, 1,550 °F at 30 min, 1,700 °F at 1 hr, 1,850 °F
at 2 hr, 2,000 °F at 4 hr, and 2,300 °F at 8 hr and
longer.

The fire-exposure severity, which is defined as
the ratio of the area under the curve of average
furnace temperature to the area under the stand-
ard time temperature curve, is required to be
between 90 and 110 percent for tests of 1 hr or
less, between 92.5 and 107.5 percent. for tests over
1 hr but not over 2 hr, and between 95 and 105
percent for tests longer than 2 hr.

In order to obtain temperature data on the
unexposed surfaces of the specimens, a total of
12 chromel-alumel thermocouples whose junctions
were In contact with the unexposed surface of the
specimen were used in each test. They were
distributed over the surface in a syimmetrical
pattern, with junctions and short lengths of the
thermocouple wire coiled under standard felted
asbestos pads 6 in. square by 0.4 in. thick.

Temperatures of the reinforcing bars in the
specimens were measured by means of chromel-
alumel thermocouples tied to the bars of some
planks, at the time of fabrication. There were 5

1 Both these supplementary tests have been deleted from the Standard
E119 since the study reported herein was started,

thermocouples on the lower bars, and 3 on the
upper bars, of each of the selected planks. Planks
with thermocouples were located in positions 3, .
6, and 9 (see fig. 1) of specimens 357, 371, and 372;
positions 3, 5, and 7 of specimen 380; and positions
3, 4,5, 7,9, and 10 of specimens 358 and 373. .
No planks with thermocouples were provided for
specimen 379.

The temperatures on the I-beams in the ex-
ploratory and full-scale tests were measured by
chromel-alumel thermocouples which had their
junctions peened in small holes drilled into the
beams. Twenty-four thermocouples were used on
the beam in the full-scale test (373). The thermo-
couples were located in four groups of six, the
groups being spaced 42 to 43 in. on centers. Two
of the thermocouples of each group on the beam
were placed on the bottom of the top flange, one
on each side of the web, and two on the top of the
lower flange.

The recommendations of the manufacturer who
produced the cellular concrete planks were fol-
Iowed in loading the specimens. The superim-
posed loads were applied by means of hydraulic
jacks and were distributed evenly over the speci-
mens. The manufacturer indicated that the
“normal”’ loads were based on a design tensile
stress of 18,000 lb/in.? in the lower reinforcing
steel. However, some specimens were tested at
loads other than normal, to provide an indication
of the effect of extent of loading on fire endurance.
Values of the stresses in the lower reinforcing bars,
as computed on the basis of simple beam theory,
are given in table 1. .

The four-point load applied to the steel I-beam
was transmitted through four planks of the
graduated floor specimen, thereby partially loading
the latter. No other external load was applied to
either of the graduated specimens.

The beam was loaded with a live load intended
to produce a steel stress of 20,000 lb/in.? The
deflections were measured by a syvstem of wires
attached to the specimen and passed over pullevs
to a scale, where riders on the wires indicated the
amount of change from the initial level.

3.1. Moisture-Content Determinations

Samples were taken from the specimens in the
furnace a day before each test in the study,
except the first, and from extra planks. The
samples were cylindrical cores, cut from the full
thickness of the individual slabs. Theyv were
taken from near the corners of the specimens in
the furnace. The holes were filled with the
mixture used to grout the planks together.

Moisture determinations were made by drving
specimens at 105 °C (221 °F). The specimens
were the evlindrical cores in some cases, and thin
wafers cut from the cores in others. Some were
from planks as received, others as tested (after
heating of the furnace chamber) and others from



planks stored at 50 percent relative humidity.
Some of the specimens were conditioned in various
ways, after removal from the planks, others were
not. One group of wafer specimens were placed in
50 percent relative humidity after having been
dried ut 105 °C in order to permit measurement
of the moisture regain. The results of these
mensurciments are summarized in table 2.

1t is doubtful that the moisture contents for
the fire-test. specimens can be related to the
observed fire endurances, or to behavior in the
fire tests. The moisture-content specimens were
taken from near the edges of the fire-test speci-
mens.  Their moisture contents may therefore
show somewhat higher values than those of planks
nearer the center of the exposed area.

TaBLE 2. Motsture content data delermined by oven-drying,
at 105 °C for 24 to 72 hr, cores removed from planks
heated after assembly inlo fire lest spectmens

Test Age heating in specimens content by
furnace weight

mos Days T
358 215 7 : 1 5.4
371 714 10 i 4 8.1
372 ! 8 8 | 2 1.9
373 Y 6 . 2 2.2
379 | 112 v i 2 14. &
380 i 10 ' 6 ! 2 2.5

Adaitional tests with corcs, and thin wafers from cores, indicated equilib-
rium moisture content of about 2 percent when stored at 50 percent relative
humidity, both for specimens as received and oven-dried. It required
n;ucl}; more than 30 days for equilibrium to be reached throughout a 6-in.
plank.

4, End-Point Criteria

The previously mentioned standard test meth-
ods state that the endurance of a specimen is the
earliest time when any one of the following end-
point criteria is reached or observed:

(n) The specimen shall no longer sustain its
design load;

(b) The average temperature on the unexposed
surface rises 250 °F above the initial temperature;

(¢) The maximum one-point temperature on the
unexposed surface rises 325 °F above the initial
temperature;

(d) Cracks or openings shall develop in such a
muanner as to allow the passage of flames or gases
hot enough to ignite cotton waste.

Although not included in the test methods as
criteria for failure, the following data are con-
sidered to be of general interest and are tabulated,
in part, in this report.

(e) The times at which steel structural members
or reinforcement attained an average temperature
of 1,000 °F at any appropriate level or scction.

(f) The times at which steel struetural members
or reinforcement attained a temperature of
1,200 °F at any one point.

It should be noted here that while eriteria
(b), (c¢), and (d) are quite specific in defining
failure, (a) is not, and it is sometimes difficult to
judge when load failure occurs.

. 5. Results and Discussion

However, an objective method of determining
this end point has been developed which defines a
criticul deflection and a crit-i('uﬁ) rate of deflection,
The method has been shown to give results
reasonably consistent with those determined by
an experienced operator in charge of test [4].
The critical deflection is defined as D= L%/800d,
and the critical rate of deflection as R=L1?%/150d
per hour, where L is the span, or length of the
specimen between supports, and d is the depth 2
of the specimen. The time when both of these
critical values has been reached is reported in
this study as the time of load failure.

The prineipal results of the tests made in the
large furnace are given in table 1. and representa-
tive time-temperature and time-deflection curves
are shown in figures 4 and 5. The observations
of the behaviors of the individual specimens,
made during the tests, are summarized in the test
logs in the appendix. The results of flexural
strength tests on individual planks are summarized
in table 3.

2 “Depth'’ is determined by the type of construction: for reinforced con-
crete slabs it is measured from the top of the slab to the bottom of the main
reinforcement. This differs from “‘effective depth,” which is measured to
the centroid of tension reinforcement and which was used to compute the
steel stresses given in table 1.

TaBLE 3. Results of flexural lests

Individual planks placed on supports at 12 [t spacing and subjected to load
at center only. ‘The failures of the 13 ft 5 in. planks were judged due to
yielding of the steel; those of the 17 {t 11 in. planks to shear in the eonerete.

: Nominal N . Deflection
. Rein{. I H Test Max,
Thickness! Length rtern a | density of at max.
| pattern i conerete No.b loud ¢ load
in. i ftiin, 5 Wi’ b in.
6 ] 13:5 B, 31 358 2440 1.83
[} 135 A l 44 72 4275 1.90
. ! 13:5 B, ! 31 358 1900 1.72
x| 135 C | 44 ar 1500 1.40
] ! 17:11 E i 31 SR 5700 d1.30
|

2 See figure 2.

b Numbecr of test in which other similar plunks were exposed to fire.
¢ Mean of 2 to 5 specimens.

4 Sudden failure, deflection reading not possible for 4 out of 5.

Of the five panels tested under load, the per-
tormances of two were limited by load failure,
two by unexposed surfuce temperature rise, and
one by ignition of cotton waste over a crack. The
only criterion applicable to a beam tested under
load is load failure; this was reachied on the one
I-beam tested. The two panels assembled of 5-,
6-, and 8-in. planks were not subject to the limit-
ing condition of load failure; other limiting con-
ditions were reached on the 5-in. section of each
specimen and on the 6-in. section of one. For
these two specimens, the attainment of the defined

Duration of Number of | Mean moisture .
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FIGURE 4. Time-temperature and lime-deflection curves for 6-in. roof (371) and floor (372) specimens.

criteria was secondary in importance to the devel-
opment of information on the effect of thickness.
Although the ignition of cotton waste occurred in
one of these tests, it is not considered useful data
for comparisons.

During the test (373) of the floor without load,
flames issued from the exposed surface of one of the
5-in. planks, possibly from burning of plastic tape
used with the thermocouples. This was an excep-
tion to the general behavior observed in this study.
The temperatures of the reinforcing bars in one of
the 5-in. planks in this speciinen rose much more
rapidly than those for the other, presumably due
to the flaming. Since the flaming was not repre-
sentative, and in fact cannot be definitely ex-
plained, the data from this plank have been
disregarded.

5.1. Plank Thickness and Cover

Each of the two graduated specimens, tests 358
and 373, provides a basis for comparisons of per-
formance of planks of different thickness. Except
for the 8-in. roof planks in test 358, all planks had
the same cover. Within each test, all the indi-
vidual planks were of the same nominal density
There were differences in the number and size of
reinforcing bars, but only those resulting from

design ou the basis of span, thickness, and other
variables.

Among the roof planks (358), the limiting
temperature rises on the unexposed surface were
reached on the 5-in. planks at 3 hr 39 min for the
average and 3 hr 37 min for the maximum, and
at 4 hr 10 min and 4 hr 7 min respectively on the
6-in. plunks, but were not reached on the 8-in.
planks. Temperatures of 1,000 °F average and
1,200 °F maxintum respectively were reached on
the lower level reinforcing bars at 2 hr 9 min and
2 hr 14 nin respectively for the 5-in. planks, and
2 hr 6 min and 2 hr 17 min for the 6-in. planks.
The data for temperatures of the reinforcing bars
in the 8-in. planks were not applicable in eval-
uation of the effect of thickness because the
amount. of cover used differed from that for the
5- and 6-in. planks.

In order to avoid complete collapse of the I-
beam, test 373 was stopped immediately after the
3 hr 50 min data readings, although no limiting
condition applicable to floor slabs had been at-
tained. It was estimated by extraploation of the
data obtained that the lumiting maximuimn tem-
perature rise would have been reached on the 5-in.
planks at 4 hr 20 min. Temperatures of 1,000 °F
average and 1,200 °F maximum were reached at
2 hr 50 min and 3 hr 6 min respectively on the
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Ficgure 5. Time-temperature and time-defleclion curves for stiel beam and floor slab made up of 5-, 6-, and 8-mrh thick
planks

The load was concentrated on planks direetty over the beam and was removed when the Iatter failed.
lower-level reinforcing bars ol the 5-in. planks,
and at 3 hr 12 min and 3 hr 40 min for the 6-in.
planks. It was estimated that the 1,000 °F
average would have beeun reached at 3 hr 52 min
for the 8-in. planks; the 1,200 °F maximum was
pot reached.

Thesteel temperatures chosen are generally asso-
cinted with loss of steel strenghth such that lead
failure is unminent for reinforced concrete struc-
tural eclements designed with a safety factor
of two for the reinforcing bars. Since neither of
the two graduated specimens were subjected to
loads appropriate to the plank designs, the times
at which the reinforeing bar temperatures reached
1,000 °F average and 1,200 °F maximum may
differ appreciably from those that would have

The effeet of cover was not easy to evaluate
because all specimens with %-in. cover were tested
under load and all those with 1%-in. cover were
tested without load. However, it was discovered
after test 357 that three planks with 1%-in. cover
had been supplied nmdvertentlv along with the
nine planks with the intended %-in. cover. More-
over, the former had only half as much reinforce-
ment as the latter. Therefore, another test, 371,
was conducted cssentially duplicating the earlier
specinten except that all planks had %-in. cover
and the applied load was reduced by 25 percent.
Despite the reduced load in the latter test, the
specimen fuiled under load at 53 min, compared
with 57 min in the earlier test. Therefore the

been observed in tests of similar planks loaded in
accordance with accepted design practices. Under
such load the development of eracks and the
sloughing or spalling of concrete cover may differ
from and lead to carlier and more rapid steel-
temperature rise than would be observed under
compuaratively light lond. However, the times
observed in these tests should be valid indica-
tions of the relative performances to be e\pected
for the various thicknesses.

greater cover gave appreciably longer fire endur-
ance to the assembly.

The method of varying cover by changing the
effective depth of the reinforcing bars would
change the allowable load, the steel stress, or
require a change in the amount of reinforcing
steel. Ordinarily all of these would be held
constant and change of cover would be accom-
plished by change of overall thickness. The
unusual procedure in this study resulted in the




effect of cover variation’s not being masked by
the effect of thickness.

5.2. Reinforcement

Longitudinal reinforcing bars having nominal
diameters of 4, %5, and % in. were used in the
specimens. Shear reinforcement was also used
in one specimen. For the most part, the number
and size of reinforcing bars incorporated in the
test specimens were such as to satisfy design
criteria related to span, load, and stress in L%e.
steel. In general, the number and size of bars
were the same among planks having the same
thickness, span, concrete density, and cover for
the bars. However, there was an exception to
this general rule, as can be seen from comparison
of reinforcement in specimens 372 and 379.
The spans, thickness, concrete density, number of
reinforcing bars, and cover were equal (within

practical limits) for these specimens, but the

former had ¥-in. lower level and %e-in. upper-
level bars, whereas the latter had 3ein. lower
and %4-in. upper bars plus full-length shear rein-
forcement. The specitmen in test 372 was sub-
jected to an applied load equal to 14 that applied
in test 379. The initial limiting criterion in each
test was unexposed surface temperature rise, that
in test 372 having been reached at 1 hr 40 min
and that in test 379 at 1 hr 30 min.

The deflection data would be more indicative of
the cffect of variation of the reinforcement than
would be the surface-temperature data. Unfor-
tunately, these tests were not continued to load
failure. The available deflection data do indicate
that load failure, for the specimen in test 372,
would bave been about 40 min later than that for
the specimen in test 379. From this, it appears
that the !{s-in. increase in bar dinmeter was much
more effective than the addition of shear reinforce-
ment.

5.3. Concrete Density

The nominal density of the cellular concrete
specified for floors was 44 1b/ft3, whereas that for
roofs was 31 1b/ft3. The actual densitics of the
concretes as received were obtained from full-
sized planks, with correction for the weight and
volume of the reinforcement, or from cores re-
moved from planks; these were within +2.5 1b/ft?
of the nominal densities for the floor planks and
were about 5 lb/ft? high for the roof planks, with
one exception (test 379). In this specimen the
average density of the cellular concrete, based on
the total weight of two extra planks, was found to
be 42.2 lb/ft? although they were inarked as roof
planks. Even after correction for imoisture con-
tent, the densities of the roof planks were in the
range of 33 to 37 lb/ftd.

The specimens of tests 371 and 379 were very
similar, differing only as to concrete density, and
the presence of shear reinforcement in the latter.
Each was subjected to the same applied load.
Each was limited by temperature rise on the

unexposed surface, reached at 1 hr in test 371
(density 35.8 Ib/ft?) and at 1 hr 30 min in test 379
(density 42.2 1b/ft®). The times at which 1,000
°F average and 1,200 °F maximum temperatures
were reached on the lower level reinforcing bars
were 59 min and 1 hr 4 min, respectively, in the
former test, and over 1 hr 30 min in the latter.
Similar comparisons of the effect of concrete
density may be made from the unexposed surface
temperature data of the 5-in. planks in tests 358
and 373 as well as from the temperature data for
the reinforcing bars of the 5-in. and 6-in. planks
of the same tests.

These data indicate that, within the ranges of
density and other variubles covered in this study,
the cellular concrete will provide increased resist-
ance to heat penetration at higher densities.

Such behavior agrees with that to be expected
if the thermal diffusivity of the concrete decreased
as the density increased. Thermal diffusivity a is
defined as a=k/pc, where £ is thermal conductiv-
ity, pis density, and ¢ is specific heat. Since the
cellulur concretes of various densities may be pre-
sumed not to vary greatly as to chemical compo-
sition, the values of specific heat should be reason-
ably constant. Although the values of thermal
conduectivity tend to increase with density, appar-
ently the net effect for the cellular concrete in the

articular range of densities investigated is one of
ower diffusivity for that of high density than for
that of low density. This is in agreement with
previously published data [5]. However, thesame
data indicate that this trend is reversed at densi-
ties of about 601b/ft* and that diffusivity increases

- with increased density above thut level.

5.4. Estimates of Fire Endurance

Data from standard fire tests are often used as
the basis for estimates of the probable fire endur-
ances of similar constructions not actually tested.
The usefulness of such estimates is dependent on
the amount of test data available on similar con-
structions, the simplicity of the basic construction,
and the degree of similarity between the construc-
tions actually tested and those for which estimates
are made. Another important factor is the basis
for the method emploved in making the estimates.

A method has been developed on the basis of
many years of experience in tests of solid, essen-
tially homogeneons walls [6]. It relates fire en-
durance to the 5/3 power of the thickness. Since
the cellular concrete floors and roofs approximated
homogeneity very closely, it was believed that a
similar relationship might hold for them, although
probably with the thickness raised to a different
power than that for walls. A plot of the data
confirmed this assumption. Data for load failure,
unexposed surface temperature limiting rise, and
1,000 °F average and 1,200 °F maximum temper-
atures on the lower-level reinforcement were
plotted and lines faired through the points. The
exponents for the various lines were 1n the range
0.64 to 0.80.



Specimens were tested at 5-, 6-, and 8-in. thick-
nesses. The lines developed from the data plots
were extended from 3 to 10 in., representing extrap-
olation over 2 in. of thickness at each end. The
tiines at which the aforementioned load and tem-
perature conditions might be expected were picked
off the lines and are given in table 4. This table
gives only the values from the lines; hence the
values at 5, 6, and 8 in. do not agree in all cases
with those given in table 1, the actual values for
the particular specimens tested. The data from
table 4 were analyzed to determine which failure
eriterion would be reached first; the resulting esti-
mated fire endurances are given in table 5. Al-
though fire endurance ordinurily is stated to the
nearest. minute, the estimates obtained from table
4 were rounded off to the nearcst 5 min up to 2
hr and to the nearest 10 min for longer times.
This was done because the uncertainties in the
estimates in table 5, due to the combined effects
of uncertainty in each data point, in fairing the
lines through the data, and in rounding off the
figures, are dependent on the extent of extrapola-
tion and the time.  An estimate of about 6 hr for
a 10-in. nonloaded roof slab is probably within 30
min ol the true value whercas for o 10-in. loaded
roof slab the estimate of 1 hr 30 min is probably
within 10 min. For 3-in. slabs, the uncertaintyv
would be about 10 min in 2 hr and 5 min in 30
nin.

The times at which the high temperatures of
the reinforeing bars were reached were not con-
sidered in developing table 5, since the reinforce-
ment temperature is not a defined liniiting con-
dition in the standard test method [3]. Since no
specimens with 13-in. cover were tested under
lond, load-failure cstimates were not made for
them in table 4. However, the tabulated esti-
mates for 1,000 °F average and 1,200 °F maximum
niay be taken as rough indications of when such
fuilure might occur, provided that the speciniens
were loaded 1o develop the design stress in the
steel.

The ignition of cotton waste on the unexposed
surface is an applicable end point, and occurred
twice in the study reported herein. It always
occurs at a loeal failure, such as a crack or spall.
Such local failures often indicate a point not
representative of the overall specimen; therelore
they are difficult to predict. Consequently, no
attempt was made to estumate times for this
failure in drawing up tables 4 and 5.

TABLE 4. Estimated times to various conditions

The estimates were obtained from lines faired through data in the range of 5
8 in. and extrapolated at both ends.

U nexposed surf. i

Lower reinf,

Overall temperature rise Load bar temperature
thickness failure
| 250 avg 325 max ! 1,000 avg | 1,200 max
Roofs, loaded, #i in. cover
} i

in. . hr:min hr : min hr > min hr :min hr : min
3 i 0:50 0:42 0:36 0:36 0:37
4 ! 1:01 0:52 0:44 0:44 0:45
5 ¢ 1:11 1:00 0:51 0:51 0:52
[ 1:20 1:08 0:58 0:58 0:59
7 1:29 1:16 1:04 1:04 1:05
8 1:37 1:23 1:10 1:10 1:11
9 1:45 1:30 1:16 1:16 1:17
10 1:53 1:36 1:22 1:22 1:22
3 1:27 1:30

4 1:45 1:50 .
5 2:02 2:09
6 2:18 2:26
7 2:493 2:43
8 2:47 2:59
9 3:01 3:15
10 3:14 3:30

TarLE 3. Estimaled fire endurances of cellular concrete roofs
These were derived from table 4, rounding off as described in the text.

Louaded ! Nonloaded ?
Thickness ! :
Time Limiting eriterion Time Limiting 3
i ‘ ! criterion
|
in, h:m l h:m
3 0:35 2:30 ST
4 0:45 3:10 ST
a 0:50 3:40 ST
[ 1:.00 4:10 ST
7 105 | 4:30 325
R 1:10 ' 5:00 s
9 1:15 ! 3120 325
10 1:20 i 5:50 ST
H

1 With 34-in. cover, reinforeement appropriaste for span, snd load based on
design stress of 15,000 lb/in.2 for roofs,

2With 13;-in. cover, reinforcenment at least 60 percent of that design live
load of 56 1b/ft 2

3 Limiting conditions: Load=1load failure, 250 =average surface temperature
rise, 325=muyximum surface temperature rise; ST =both 250 aund 325 degree
temperature rises at same time.

Practical considerations made it obvious that
cstimates on nonloaded floors were of no value,
and might be nisleading. Only one floor specimen
was tested under load and this was not deemed an
adequate basis for estimates. Therefore, tables
4 and 5 were confined to estimates on roofs.

6. Conclusions

The results of the tests clearlv indicate that
cellular conerete slabs, made up of precast planks
similar to those employed in this study, can be
designed to provide fire endurances of 1 to 2 hr
and probably up to 4 hr. ’

The use of greater cover for the reinforcing bars,
in the range of % to 1} in., even without increasing
the total thickness will result in longer fire en-
durance. In practice, this fact must be balanced
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against the cffect on the load-carrying capacity
under normal conditions. In normal practice,
a slab is designed to have a particular load-
carrying capacity. Once a combination of per-
cent reinforcement and effective depth have been
determined to satisfy this requirement, they would
be held constant and increased cover would be
achieved by increased overall thickness. Such
procedure would lead to longer fire endurance




corresponding to the increased cover and overall
thickness.

Within the density range of 35 to 50 1b/ft?, slabs
made of higher density concrete will provide
longer fire endurance than will those of lower
density, both in terms of heat transfer through
the slab and in terms of continued structural
stability.

Although slabs of greater thickness may be
expected to provide longer fire endurance than
those of lesser thickness on the same span, no

simple conclusion can be drawn from this study
for the case of greater thickness made necessary
by the provision of longer span members having
load-carrying capacities equal to those of shorter -
spans.

The use of reinforcing bars of larger diameter
and consequently of greater ratio of reinforce-
ment results in longer fire endurance than the
combination of smaller bars plus shear reinforce-
ment employed in this study.
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8. Appendix

Information presented here includes the more
important observations from the test logs, state-
ments of the various end points, and the times at
which they were reached. These times have been
corrected for deviation, if any, of the furnace time-
temperature curves from that defined in ASTMNI
E 119 [3]. The correction formula is given in
the same standard. Representative plots of time-
temperature and deflection data, plus tabulation
of end-point and other data, have been given in
the body of this report.

The planks were numbered from the south end
of the furnace in all but Test 380. In that test
they were numbered from the west. This was
done to facilitate the recording of observations
and has been carried over in the following sum-
maries of the test logs.

Roof Test 357—At 11 min, furnace and specimen lumi-
nous; 17 min, light smoke issued frormn joints between slabs;
41 min, diagonal cracks in unexposed surface across
four corners of specimen running across two or three
planks, alsoplanks1, 4,10, 11, 12were cracked longitudinally ;
48 min, cracks much wider, heavy smoke from crack in
plank 10; 53% min, deflection about 7.7 in. and was
increasing at the rate of 67 in./hr, causing loading pressure
to fall off rapidly; 55 min, planks 7-10 broke 3 ft from
west end, but reinforcement prevented complete collapse;
load off; 1 hr, gas off.

The initial limiting condition in this test was load
failure; it occurred at 57 min (corrected) when the defiec-
tion and rate of deflection became excessive. The limiting
temperatures were not reached on the unexposed surface;
but 1,200 °F maximum was reached on the reinforcing
bars at 54 min and 1,000 °F average at 56 min.

Roof Test 371—At 9 min, fine crack across southwest
corner of plank 2, slight separation between filler grout
and furnace along south and east sides; 21 min, transverse
cracks at west end of plank 1 and east end of planks 7, §,
9, 10, longitudinal crack in center of plank 12, all in unex-

osed surface; 39 min, crack in plank 12 extended full
ength of plank, sides of crack in west end of plank 2
offset % in.; 51 min, two parallel cracks 8 in. apart
extended almost full length of specimen about 3 to 4 ft
from east side, heavy smoke rose from cracks; 57 min,
planks buckled along transverse cracks which extended
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through to exposed surface; 1 hr 8 min, pressure in loading
system unstable, partinl collapse of specimen, load off,
gas off.

The initial limiting condition in this test was load
failure at 53 min. The maximum one-point rise of 325 °F
on the unexposed surface oceurred at 1 hr, and, by 1 hr
5 min, it was 700 °F. At 59 min, the 1,000 °F avg,
on the lower reinforcing bars was reached. At the end
of the test it appeared that all of the planks except 1, 2,
11, 12 were broken 3 to 4 ft from the cast end.

Roof Test 379—At 37 min, planks 1 and 12 cracked
diagonally 3 ft from cach end and longitudinally near
center, all cracks in unexposed surface; 58 min, planks
2, 10, 11 had short fine cracks at ends; 1 hr 11 min,
planks 1 and 12 had fine but moderately long cracks,
plank 2 had fine cracks 3 ft from west end; 1 hr 22 min,
joints between planks 3 and 4, 4 and 5, and 9 and 10
cracked, smoke was seeping out, plank 3 cracked longi-
tudinally, and considerable amount. of smoke issued forth;
1 hr 31 min, maximum deflection 9.4 in., load off, gas off.

The initial limiting condition in thisx test was the max-
imum one-point temperature rise of 325 °F on the un-
exposed surface. This oceurred at 1 hr 29 min near the
crack in plank 3. By 1 hr 31 min, it was obvious that
load failure was imminent. At this time, the maximum
temperature on the unexposed surface was 650 °F. Cot~
ton waste was placed over the crack in plank 3 at 1 hr
2415 min. This waste did not ignite immediately. How-
ever, observations after the test showed that it had been
charred to a great extent.

Roof Test 380—At 33 min, a few cracks 1 to 3 ft long
in joints and across planks near edge of unexposed sur-
face, plank 4 cracked longitudinally 84 to 9 ft long; 52
min, 15-ft-long erack in plank 4. Plank 8 had crack 10
ft long, plank 2 had crack 3 ft long in south end, maxi-
mum deflection 6.0 in.; 58 min, deflection 7.5 in.; 1 hr
12 min, sides of crack in plank 8 offset 4 in., joint between
planks 8 and 9 offset 6 in., planks 2 through 6 bowed
up at about 3 ft from south end, plank 9 cracked across
exposed surface at center span; maximum deflection 11.4
in.; 1 hr 13 min, cotton waste placed over crack in plank
8 and ignited; 1 hr 16 min, load off, maximum deflection
exceeded 12 in,; 1 hr 17 min, gas off.

The initial limiting condition in this test was the igni-
tion of cotton waste over the crack in plank 8 at 1 hr
13 min. The 1,200 °F maximum temperature on the
reinforcing bars was reiached at 1 hr 11 min; the 1,000
°F average temperatur¢ was rcached at 1 hr 10 min.
Load failure was imminent at 1 hr 16 min, at which time



the center span came into contact with the furnace struc-
ture 1 ft below the initial level of the specimen.

Roof Test 358, planks 5, 6, and 8 in. thick—At 12 min,
wisps of smoke issued from joint between planks 2 and 3;
52 min, scparation hetween planks and furnace, ends of
planks raised % in.; 1 hr 7 min, cracks at east end of planks
3, 4, and 8, and at west end of plank 4; 1 hr 15 min, 6-in.
planks (5-8) bowed up % in. at ends, 5- and 6-in. planks
visibly dished; 1 hr 49 min, all planks had dished appear-
ance, plank 4 had }i-in.-wide transverse crack near east end;
planks 2, 3, 4, and 8 had fin¢ transverse cracks near east
end, planks 2, 3, 4, 9, 10 and 12 had fine transverse cracks
at west end, all cracks in unexposed surface; 2 hr 12 min,
longitudinal crack 2 ft long in west end of plank 4, plank
10 raised 1% in. at west end, plank 12 broken 3 to 4 ft
from west end; 2 hr 29 min, plank 5 raised 1}4 in. at west
end, glow of furnace visible through crack in end of plank
10, 2 hr 55 min; transverse cracks in exposed surfaces of
three planks 3 ft from east end, also several short cracks
in planks 3 and 4; 3 hr 13 min, plank 4 cracked so that
cotton rag ignited after few seconds, planks 3 and 4
sagged at each side of center; 3 hr 15 miin, several pieces
of conerete 1- to 4-in. diam fell from plank 4; 3 hr 40 min,
flames passing through joint between planks 4 and 5,
plank 4 offset 3 to 4 in. below plank 5 at centerspan; 3 hr
40 min, furnace glow visible fromn crack in plank 3 at 2 to
3 in. from cast end; 3 hir 45 min, gas off.

After the specimen had cooled, examination showed that
the exposed surface of the 5-in. planks had vitrified to a
depth of 2 in., the 6-in. planks to a depth of % in,, and the
8-in. planks ouly on a thin surface layer. The 1,000 °F
average oceurred on the reinforeing bars of the 5-in. plank
at 2 hr 9 min, the 6-in. plank at 2 hr 6 min, and the 8-in.
plank at 2 hr 53 min. The 1,200 °F maximum occurred
in the 5-in. planks at 2 hr 14 min, in the 6-in. planks at
2 Iir 17 min and in the 8-in. planks at 3 hr 4 min. The
maximum one-point rise of 325 °F on the unexposed sur-
face was reached on the 5-in. planks at 3 hr 37 min and
the average rise of 250 °F was reached at 3 hr 39 min,
These limits were not reached on the 6-in. planks nor on
the 8-in. planks. A cotton rag was ignited over a crack
through a 5-in. plank at 3 hr 13 min, and, at 3 hr 40 min,
flames were passing through the joint between planks §
and 6. However, the times to limiting conditions resulting
from cracking should not be taken as represcntative of nor
compared with those observed in the tests of specimens of
uniform thickness under design load.

FPloor Test 372—At 25 min, crack along joint between
planks 1 and 2; 37 min, plank 1 cracked along south side
where supported by furnace frame, 55 min; blister of about
6 in. diam formed; 1 hr 8 min, plank 3 had 7-in. crack
along ecenter, maximum defleetion (at south quarter

.point) 5.0 in.; 1 hr 21 min, sides of crack in plank 3 offset

14 in.; 1 hr 39 min, maximum deflection 7.5 in.; 1 hr 59 min,
maximum deflection excecded 10 in. and was increasing
very rapidly; 2 hr 414 min, load off; 2 hr 12 min, gas off.
The initial limiting condition in this test oceurred at 1
hr 40 min when the maximum allowable one-point tem-
perature rise of 325 °FF on the unexposed surface was
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reached. Load failure was reached at 2 hr 2 min. The
average temperature on the reinforcing bars reached
1,000 °F at 1 hr 24 min, and the maximum temperature
reached 1,200 °F at 1 hr 28 min.

Test 373—Floor planks 5 in., 6 in., and 8 in. thick.
Note: the observations for the steel I-beam in this test are
given separately.
tween planks 8 and 9 and between 9 and 10; 14 min, flames
(possibly from encasing material of thermocouples) issued
into furnace from southeast corner, continuing until
after 40 min; 1 hr, cracks 4 in. wide between specimen
and furnace frame along east and west edges; 1 hr 15 min,
short cracks in extreme west ends of planks 3 and 4 on
unexposed surface; 2 hrs, two diagonal cracks across
center of plank 12, 8-in. planks raised }; to 1 in. at each
end; 2 hr 23 min, long crack in middle of plank 11, diagonal
cracks in southeast and southwest corners extending across
planks 1 through 4; 3 hr 8 min, 8-in. planks raised 1 to
1% in., 6-in. planks raised % in., separations between
planks and furnace increased, some joints between planks
cracked; 3 hr 44 min, considerable smoke issued from joint
bhetween planks 2 and 3; 3 hr 50 min, gas off.

The 1,000 °F average on the lower reinforcing bars was
reached at 2 hr 50 min for the 5-in. planks and at 3 hr 12
min for the 6-in. planks. The maximum of 1,200 °F was
reached at 3 hr 6 min for the 5-in. planks and at 3 hr 40 min
for the 6-in. planks.  Neither of these temperatures were
reached in the 8-in, planks, but it was estimated that 1,000
°F average would have been reached at 3 hr 52 min.
Again, this test was not intended to represent a single
sample of construction and was not uniformly loaded.
Consequently, there were no definite eriteria which could
be used to determine the limiting conditions of the speci-
mell.

Test 373—8teel I-beam encased in blocks. At 37 min,
horizontal and vertical hairline eracks in scveral joints
between blocks, vertical cracks aeross 2 blocks near center
of east faee; 1 hr, more eracks in joints, vertical cracks

across block in west face; 1 hr 41 min, one soffit block’

cracked through and was sagging; 2 hr 11 min, third soffit
block from south cracked and was sagging in 3-in. deep V,
side bloek on west face above this dropped about 1 in.,
2 hr 15 min, cracked soffit bloek and three blocks from
each side fell; 2 hr 22 min, load off; 2 hr 23 min, soffit and
side blocks from half of heam fallen, 2 hr 26 min, separation
of 13 to 1 in. between beam and floor planks; 2 hr 51 min,
only beam protection still in place were blocks in south
114 ft and blocks in north 2 to 3 ft, test continued to obtain
data on floor planks.

‘The limiting condition was load failure at 2 hr 22 min.
The average temperature of 1,000 °F on the beamn was
first reached on one section of the heam at 2 hr 1 min.
The maximum one-point temperature of 1,200 °F was
reached at 2 hr 9 min. By 2 hr 30 min, the average tem-
peratures of all 4 sections of the beam were well above
1,000 °F; the highest section average was over 2,000 °F,
The temperature of the steel does not constitute a limiting
factor in tests of beams carryving design loads.
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“Formation of Hydrated Calcium Silicates at Elevated
Temperatures and Pressures,” Flint, E.P., H. F. McMurdie,
and L. S. Wells, J. Res. Nat. Bur. Stand., 21, 617-638, 1938.



the rvsta,lhne hydmted caleium-
ndicated that the - followmg&g&are
_pounds:¥ Okemte% -Ca0.2810:.2H:0; ¢ rohte, ZCaO 38i03,2H.0 e '
L 12Ca0. 2810,.3H,07. - xonotlite; 5€20,5810:. H0;- “afwillite SCaO :28i0;
SN fosha.glte, 5Ca.0. 3810- 3H.0; and hﬂlebrandme, 2Ca0. Si0;; H ide;
: zs»apparently not 8 distinet mmerahgwand is probably the, sam compound Sicl
horeit Crystalhne }{rep&mhons 3:having X-ray patterns’i cntxcal,,gthh ‘those:
_ ~gyroht_e .xonotlite, and “foshhgite wWere synthesized by hydrothermal*treatment _
Lot calcmm sﬂmate in-the form of ‘thé anhydrous crystalline compoundsw-glass :
wnd. amiorphous hydrate.. Other.compounds formed: were cristobalite; wollaston
te?“% Seuc owollastomte, ¥4Ca0. 5810;.5H;0, Ca0.8i0,. H,0,..10Ca0:58i0::6H,0
~and 3Ca0.8i0:2H,0. - ‘A low—temperature modlﬁcatxon o
u 4 caleium. disilicate, which inverts to" the ugiial form. at 1,024
5°C, rosulted from’ the sétion. ‘of water vapor:on tricalciumn dlsﬂxcate
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¢ .3Ca0, 2810, \_H;O ?vAttempt.s to _isolate’ ‘and identify the hydrated calcium’
v -'-'!*émcagg“bx-“ﬁ'di g.material’in commeréiatsand-lime brick a.nd in laboratory-preparcd
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SR Tbe-?' "g:gested apphcatlon to port}an cemet
' test for soundness has renewed interest’in the products of” Teactions
‘between cement constituents and water at elevated temperatures. and |
- pressurés.. Amoncr:».- he: possible - produ ts of such. treatment are -~ -
crystalline hydmted calcmm silicates.” Such compounds occur in
nature:as a group.of rare but widely distributed minerals commonly
~“found in contact %0 imestone a,n, vsilicates ‘and ;are evidently =
formed by “Liydrothermals processes A number “of unsuccessful -
attempts have been made to identif the; cementing iaterial of sand-
lime“brick: w1th“ gome- of the%nat,ural y occummg cafclumihydrosilicate
i mmemls[ ] .
<About a dozen ) parently distinet varieties of these minerals are
: *"ted by'J. W. Meﬁ)or (3], -but several of these arc based on analyses
] of i impure specimens.and madequate optical data. For this reason it
b was necéssary, first of all, to make a study of the natural minerals to
: a‘;éccrt&m which of these arg’ actually distinct species. . Hydrothermal
',synthe""es of some; and determinations of the range’of temperatures -
and pressuresover which they are stable, were made.:  Certain difi- = |
‘cultiesiwere encountered. Cglef among these was: thesslow crystalhw‘--‘:»;- o
“zation rate of the hydrated calcium silicates, some of which apparently &~ .
; ;'equlre months or even years to form: at the.low temperatures. |
Consequently, the'ranges of: stability of the various-phases haveibeen |
only partlallv ascertained. Another difficultylay i i 'the close simi- . |
o larlty m\crystal habit and optical properties of most, o%&the compounds :
oy Conﬁrmatlon by “means of X-ray pabtems was”ne essary in; gmany. >

AY IDENTIFICATION OF HYDRATED CALCIUM'.-"-' i
e ' SILICATE MINERALS T -

e AT As. many as posg;ble of the hydratedz,,calclum Sﬂmates already: 1den-
| ',;tlﬁed as distinctive,minerals were obtained foi further identification
by means of X-ray diffraction patterns:?. . All.were,, either:from type
localities or localities. from which, speclmens ‘described in df%;;htembure
had been secured.”™ Table 1 gives the name;;] ocality, formula, and
~literature references - accompanying .the speclmens -of which X—ray 3
‘diffraction patterns were.made. owderc%‘émy dlffractlon@”pattems- '

were made also of the anhydrous taleium silicates: 3Ca0.8i0,, ;1

aﬁ'—2C&O 8i0,, 'y-2Ca® SIO;,, 3Ca0:2810 a-Ca,O SIOQ (a.rtlﬁcml pseudo-

s.in brackets indic he literatum referoncos at e end of. this paper
: Practicdlly all of these minarals were obtained.from the United St.ates Natxonal Museum, throngh the
§ g% Fkindness of W. F. Foshag,,()‘uramr of Mmeml e i :
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_-positmns m _\tshexépattem of . the, truscottite. sample @wl‘he truscotmte
‘sample;. however had :
orresponded to 'the morgrintense- lines of quartz. ' ! s of
itrallagite als 'possessed lines ‘common’ t6: gyrolite and .truscottxte
11 as ‘the more Intense lmes of quartz. The: -'ecorded optlcal
: 80 very- suml&r all thide have the .
-same maximun index of refractxon 1.549;-all are optm&lly negative;:
" and gyrolite istunaxial, while centrallasxte a,nd truscottite. are: :reporte
‘=10 have@very small optlc angles!
ontained’ percepmble amounts; of motrop |
refraction 0CC rln ymlc“roscoplcallnyg%gbhm crusts on.thep
or as fine laming CUE ST
. 1 Of the. hydrated monocaleium mhcates, X0 othte has a patter \Whlch
is' charactemstlc and distinctive. . Somie %ﬁw T "
" ing . the two" mit s _
_crysta}logmphl _proper idenit €
iscoverer, A. S‘_.ghakkle [4);; distinguislied

properties of these» mmeml ar
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“riversideite,” fromiWard’s I\atuml Sc1ence Esta,bhshmelll)t in whieh]
o hy ed calcium silicate appeared as narrow veins in lumps: of] !
was found by its*X-ray pattern to beidentical with crest-:
the United States®National Museum. - Thus; cre
morelte ma dccur associated Wlth bhe same mmeral as: was 1(,p0rted_ .

plete. ﬁaty of p&ttem thh foshagxte from the s
“Museum. The identical X-rayi diffrdction pattern of -a’ pieparatmn
obtained by treating 5Ca0-3510; glass with water (as Wﬂl be de-
scribed later) indicates that both are foshaglte

il ‘Becalise“no’ ‘sample” of. rxvemldelte"%could Jbe: obta,med Whlch was
dlstmct from other ‘minerals, and, in'view of the fact that none of 1ts
reported properties are characteristic it is believed that rlversxdelte
~does not exist as an<independent compound. . Fon
A sample-labelled “foshagite’” from the Wet"%Wea,ther Quarry;-
~ Crestmore;’ Cahf _.-o}_;j;amed from Ward’s Natural Scxence Establish- -
ment, was found to_-vBé made up of two minerals. One gave an X-ray
pattern identical with that of foshagite; the other was identical with
-, At of hillebrandite from the Velardena Mmes Mevncomboth samples
“““Were obtained from:the United States N atlonal Museum. :This may"

i <~ -account for the fact t that Vigfusson [5] found the X-ray. patterns of

f foshaglte and hillebrandite identical and concluded that they were
ame. mineral, ¥ The remaining; mmerals, «okenite, afwillite, and .
nidlte, gave ‘chiracteristic and distinétive X-ray patterns. %
‘saniple.of an unknown hydrated calclum silicate mineral obtained
from the United}States N ational Muséum proved to be distinctive in
X-ray . pattern and optical.properties.. Analysis gave ‘the following
composmon%«%?«?;g .57 percent of CaO, 0. 30 percent of MgO 1.19: perss:
cent of R;0s, 42.7 percent of SiQ,, _19 76-percent ignition loss; total
99:_._61 percent The amount of sample-available was insufficient for a
®, determmatmn, but, petrographic: exanunatlon mdlcated that:the -
mo _ sithan. 5 ‘percent, ‘As-
“suming the ignition loss to represent the’ water;content, the analysis’
conforms to 0. 890&0 1. 008102 1. 54H20 which.does not correspond
- very. closely to any simple 030/8102 tio. T _e\' ample consusted of
aggregates of ﬁbI‘OUS%CYyS\?E& 3. hayi 108
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elonga.mon,ggand indices . of’ refraétloh
£0.003. Some ﬁnely d1v1ded ‘mat
gnpurxty.'_ resent SOTS

s ‘\_f}
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he start;mg ma,tena,ls were preclpxtabed hydrated calcxum sﬂlc&te,
caleium s;llcate glass and the cryst&llme anhydrous calcmm silicates.

3 In this paper ¢
although {n some; cases,'
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way that thegolid was ingontact with the liquid : at tempemturm “belo
“'the critical-point. " water @ybuﬂic_" i waterwe lways«u%ed'_ 80.tha

“the li llid pliase w pre%ent up’to the crit
- The pressuré“s“‘%*“’bel_' “374°
contact ‘with liquid ‘waiters t 5
the: curves offavan”?”Nleuwenburv»sz@nd- Blumendai%

| water; the: product W

<removed, wa,shed with' alcohol a,nd ethér’, and dried’if a des1, b
_ ciu --soda-lime: or Dehy T
Petrographxcwexanunauo 18, and; 1 __?:;ca,ses, chiemical mmlyses
“were made on the produots. ‘@{—my@@ iffraction patterns were'tiken of,
most of the prepa,ratlons for" comp. yrison” with*those; of the" ntur_
“minerals.. _ : &5

' of 2:Jiter.capac

: AS%ﬁgﬁre'l_ shows, itiwas so_design 'd%st__v at the"
asesicould berquickly, epamtedwwmh\ opening .
thegbomb: was:first inverted and: th matenals .

'aéed in" the’ omp{wtment demgnéd as 1
t :

The bomb m this. position; wn,s&place
wit npletion of ‘the heatlng*




~8, ha/es .spacea’
' equxad'ﬁ’anf Ffor: 5
ca,a Screws .

- l/—gmw/e fa_&erm as. o

\\\\‘\' 3 \\\\\\\\\\\\\: .

;z"foam_e ﬁV/e/‘_““

S
Q}lﬁ\'
¥

“afe

i

NN

/m”

|74 SRR

_.Was _turned:'”over and the ower hamber (ﬁor 1) pla,ced in cold Water
: Qondensa’mon of steam in, this chilled compartm%nt forced the hqmd

he' mlddle%\g;_sk e




_\%’I‘oggobtam soma mforma,tlon on thls factor, af '_umber ‘of determma—
tions” were mygdp of the solii b}hty of amo _phous silica in: solumons of
calcxum hydro'i’ilde at 100° C%»Slhc gel_ i




ey
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B 10 g “Was trmted w1th 700 ml-' oflithe solutmn of various conccntmtmns
in’the large bomb for 5 days with occasmnal 'shaking. - The resulting:
solutlons,?iwhmh remained clear for &’ short time. after coolmg, weref

- analyzéd for lime and silica, and:the results:are:shown:in figure 2.
The maximum silica concentration “was 0.73 g/1,000 g 6f H,O at
0.033 g of Ca0/1,000 g of H,0, and the silica content of “the solutions!

this value. The; lower curve in ﬁgure 2 represents the. solubility
relations found at 30° C in a previous lnvestlgatlon (6. In nelther
~ curve do the values represent the solibilities of.any.one of

line forms of silica, but;they were nevertheless fairly. reprody
to some extent mdlcatl'“e of the solubilities of ‘the m‘ttexlals used in
_th i e%expemments

ter 1atlons Were: ‘made also of the solublhty of - calcmm
in the temperature range 100° to 200° C. The solubﬂlty _
as found to be less than half the solubility at foom tem-

perature,__or« apprommately- 5 g of Ca0/1,000:giof* H,0, an
solubilities at 150° and 200° C are apploxnn tely 0:25 and 0.1
CaO/l 000. g of H,0, respectlve) o L
In the case of expenﬁ“i nis in he_ three small bombq ‘where 0 5—gram N
quantities of solid:were_treated with usually not more than 10 ml of
water, the results indicate that th Ca0/Si0, molar ratio of the product
_cannot be uch different from: that.in the starting material. - In some - -
. experiments in the large bomb; however, where a,EIarge excess of water
-z was used, the molar ratio of the product may be conmderably dif-
5;. ferent from that of the' startmgwma,tenal gt S
1t is evident that the limited :solubilities of lnne and’ sﬂma: “'thelr
- compounds would make's complete mvestlgatlon of the hq\nd phase
~in this system Very chﬁicult :

. 4. HYDROTHERMAL TREATMEN’I‘ OF CALCIUM SILICATES .'OF
' v""VARYINGr MOLAR RATIOS OF LIME TO SILICA

. The eﬁ’ect of | hydrothennal%“ trea,tment ‘
- Cagpsio mola,r ratios varying from 0. I:to 4 0 will be sidescribed in the
“following: §6etions.s: I 1 ence, the/ ‘various ""composmons are: .
divided into groups of the same C&O/SIOQ ra,tm or having#a’ limited
range of molar ratios. . The lenvths_;_ of time required for complete
_‘cry%talhmtmm to occur varied with, the different molar ratios. and the -
periods listed are, somewhat arbitrary.# In general, however; “the times
- of heating represent those necessary to form a, Well-crystalhzed snmple
s determmed by’ prehmmary expenmentq :

PO ¥

o} calclum SﬂlC{}.te:: “of

- least; 'f mwn calcmm hydrosﬂlcates 18 the mmeral-
okenite, :CaO. 28102.2}120» “Thetresults of treating calcium silicates
_ having the molar ratio of’ okemte, as Well a8 those of lower molar ratlos
T are descrlbed in table 2 L _ b

Tatwnal B."veau of tandards 'x'm.;g, Pk

decreased: rapxdly when the hme content eithér exceeded or fell below. .




Results of cxperzmenis on composztums varqu}
fromIIOtalz S

) Tempcr-
e uture Rk

Experiment . |-
number

i “Aq" hem a%’d
. leato precipitates,
g (,ont'xined 33 pcrce of I BzG

The. crystalhzatmn 0;
© temporatiires-far removed from those n,t whmh they rystﬁl'li‘zg ‘from.
~anhydrous’ melts is. of some interest. The cristobalit; -erystals were
L very. smiall biit.good :X-ray patterns were obtained. Other investiga-

~ tors have obtained cristobalite by hydrothermal trea,t,ment at:corre-
~ sponding® tempcmtures,,\but usually from neutral” solutior
. Xonotlite, 5Ca0.53i0,, H,0, which crystallized "with crlétoba ite m_
: e\rperunent 1, oceurred+in’ fmrly large, wellformed cr"'s
£ experiment tsindicated. thiat konotlite crystnlhzes compa :
> a1:390° C, Which; may ‘_:ccountf itg’ :
less“éba, sic hydr_osx_hca
a0 I experimenit’ th.
hegsynthems Gt which wi

ounted for.” The formation o

fid

gregtew “para.
longation. | The.X-my pattern was identical w
The rgduqt experiments 5, 6, and 7 gav
Iiﬁ% ‘the best, chStalhzed of these- prepi
ppeamnce of aggregates® of'%%
; 1gmt10n loss of this’ preparation, however, was o
g comparedw' with- a, theoretical water content. for'
rcent orvg%?for; Ca0. LSIOZ 5H;0 of 12:26
' as incomplete:
ptsﬁ 0 obtau the ._mlneral okemt _
ight-be ’kemte was&gynthe~
reatment. of ‘mixtures of SiO,; :
A “'They réported similari-
mean lndex to the natural mmeral Thes

e

; y\,,')&t;tern of - -
No. 6, the
The

eported ratio of
ramo 0.66 corre—-




T

=

- percentof H,0, corresponding to the ratio

- _An analysis. of the best; preparation, No.:16, initial molar ratio 0.66,

. gave the co

54.02 percent of SiOy; 11.40 percenteof H,0;

) __:__a i0s: 2 OOC_ 0:3.00810,:2:11 H,0. “These analys
te the f

‘mixture of SiO,, ALO,, KOH, and CaO- trea‘ttem.w

e ’I‘he sm Il per' nteges of RgO; in the products of hydrothermal synthes reported hers and elsewhere ln

a/u of S‘tandards . z:

from 4:7 to 2 8

_ Experiment
number |-

-, Starting matorial 1 - | TempOr- Pres'si;‘_re Tire - . Product

o ])0;\'-‘.--- C
Psendowollastonite--?.
Gyrgite.

1
Pssidowollas

The gyrohte\__ rystals occurred ‘as bundles ‘of"'pa,rallel fibers Wlth
posmve elongatmn ‘parsllel extinction, uniaxial:negative, and indices
of refraction ¢=1.536, w=1.548. A photommrogmph of the prep-
amtmn from .expenment 16 is shown in figure 3. Figure 4 shows
preparatmn '11 which in some portions contamed large broom—shaped
aggregates of. *(onothte surrounded by gyrolite. /.7

A chemical’analysis of preparation 10, initial molar’ fitio 0.59, gave i
the composition: 34.18 percent of CaO 55.96. percent, of SlOg, 9.86 ]
106Ca0:3.008i0,:1. 7611120

“composition: 33,58 percent.of C‘aO,eO 36_percent of RQO,;,

ormuls; 2Ca0.3810,.2H,0%:
Was unstable and mcre_ased to 0. 651 m__e

%‘ he'stable ratio. - In conjuncic
evidence confirms the belief that centrallasite:
distinct minerals but are rather impure forms of
The synthesis of gyrolite was claimed b

i 'water at 450° C..
hls%product were, how-
he synthesm of

The optlcal properties which he reported ‘for,
lathose,of gyrolite. No. other rep_
‘a,s'__'ound in the hterature. S

[T S —

. .
" f'% o
( e:cpemments on composztzons varymg m o

CaO/SIOg. 4:5

lar iratzo

this r 187

ety Foi0a asa contamination from the iron of the bomb




Fraure 3.—Synthetic gyrolite.
Crossed nicols, magnification X180

FiauRE 4.- eSyﬁthet%ic (4) zonotlite -+ (B) gyrolite.
Magnification X180.
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Freure 5.—Synthetic Ca0.8i0,.H,0.
Magnification X000, :

Fraure 6.—Synthetic zonotlite.

T | Mognifation 380, SN i

e




The producﬁ\" )
“ needles of mode;wte bll‘..

prcparatxon ]9 and to’ 4 Ca0:5.0081 5HO for preparation 21,
The. ignition“loss of: préparation 20-was I .97 ‘percen correspondmg
to 4Ca0: 58105:4" 7H, "Phe formula.:ofst 01 *?
tentatlvely placed at 4 a() 58102.0Hn0 :
g Thg mmeral anos bst i eparati -
ddle[1 to'it th_e%’ ormula 3(40&0
58102 HQO) 1-0H20 or 40&0 5810., 4}’ /H,;O 2. G ,,sug egged
#the formulg 40&0,.3%102 4H,0;:*Unfortunately, Heddle wacs s unable to -
1 » erystallineforn fthe mmeml and lists none of its opti=
weal: propertx 8,/80 10, further ompa,rlso W’lth the svnthetlc produe
Tis possﬂ;)le EEEEe . TR L :

2Ca0 2S102 31120 '%a nd- mnnthte, oC&O 58103 20 Expenm'nts On
4 starting materials; ig'ratioareilisted in table 5. :
~«Experiments 26, and. 0 involve pseudowoilastomte, thch rider
‘v transformation in 6 weeks at 150° C, but it Wa,s&.ﬁ()%gdrcen
__ansfm med to wollastomte in3 weeks at 500° C 480 atmospheres,w i

"ogscao SiOs:aq-- 50| o <5 |7 P aaslekmorphods.
104C50 SlO'aq-_ ' S *%ao 8103 [IzO

‘Do,
Wollastonite
Dol

SO percent of 1
oent; of pseudowo)!aston!ta w :

ﬁa_:cw-_'_.ég P
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-;treated w1th water at
o 1@0""“0 for 6“weeks remained amorphous, ‘but ‘a;sample tredted Tor 60
- J days at'the same temperature: (expenment 28) crystallized to a single” |
..phase of the followmg composition:.41.97 percent of CaO, 43.97 per- -
“eont of«S8i0,, > 14.47 percent -of H,0 corresponding to the ratios: =
¥ 1,02Ca0:1.00810,:1.10H,0, or.a monohydrate of monoc&lmum silicate.-
The preparation was mthur ﬁnely divided, but under the oil-immersion
objective it appearéd to’ be composed of thick needle- and lath-shaped
crystals.with parallel extingtion, negative elongation, mean indexl: 603.
The X-ray- pattern.w 1stm(-t1ve and.. dxﬁ’erent from that of crest="
morelte_.. ‘A photomicrograph of these crystals is shown in figure 5.
“Monécalcium:silicate liydrate treated with water between 175.and, .
390° C for' s sufhment time. crystallized completely to a product
* having the opticaliproperties and X-ray 'pattcm of xonot;hte 5Ca0.r.
~. 5810,.H,0: %A typical analysisis’ that of the:p
ment 33 which was: 46.15 percent of €
- 3.35 percentiof H,O: corresponding” to the : 8}
0.22H,0. bphotomlcmgraph% of these crystals is shown i in figure 67
_ They are fibrous needles of parallel extinction 031t1vo clono'
“ having indices of refraction: a==1:583 £0.003, 25 S
~ Crystallization of xonotlite occurred most rapidly between 320° and
. in which range:t was'complete:in 4 to 7.dg 8. B
Xpériments 37 and %38 fix"the uppe: wtempemture lumt at whlch i
otlite is stable at 395° 4-10° C. Xonotlite remamed the. stable
' -390° C;%on reduction of the;) ‘pressure from225 tos72 atmos-
pheres.” Above this temperature complete crystalhzatlon to large
well-formed laths of wollastonite oceurred.in heating periods: of 5 da,
A photomicrograph of these crystalsi )

Amorphous monoc&lcmm elhcate hydmte

is shown'in figure 7. :
s#Nieuwenburg and Bluiendal 14 Teported having ‘obtained WOH&S—
tomte by steaming ailime-silica ‘mixture out-6f contact with the hquldw“ ‘“‘*é&
. for 2 days at 365° C. Their experiment was:repeated by steamin J
_ monocalcium silicate. hydrag% Jout of-contact with,the liquid at 365° %
§> i "‘:"\f“for 3'days, The productgwas S“xonotlites ' \ '
R Nngsu [15] and Kohler: [16]:reported having syntl. swed xonothte, :
bufs Telther of these authors: glves any conﬁrmatory optlca} or X-ray

i
L

) ? © MOLAR RATIO CaOl

e

R ‘The mmeral afvnlhte, 3Ca0. 28102 BH»O possesses the CﬂaO/SIOz
~ molar ratio. used in expcrlments 41 to 49, umluswe, table 6 -

'.-&w_.fg;; «

BTN o

.“"TABIj{E 6.—-_R¢sult3 of expeg_zmen_tg ,Qn ,3(3_&0:28_103 composztzons

Fxperlment

number © | e

e RS R VA Opercent una.lt.cred
N S = .j.,cao 8i0s.E ,0+? i
Do~
G 0 28i03 (pmp 41)- - 25¢ #3870 e
.1 144Ca0: SlOg aq .......... 5 o ) I\onothte-i"l
e : o

@




Frieure 7
Magnification X180,

IGURE 8.—B-lricalcium disilicate.
Magnification X900,

—
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FigorE 9.—Synihetic 10Ca0.5510,.6H,0.
Crossed nicols, magnification X400,



‘more than 50 percent of the anhydrous i
~with water at.150%°C. for 6 weeks, rom; _med
alterationsproducticonsi ted ofirregular massg‘“ -
blrefrmgent material of refractive mdex 1.57, and was not. ldentlﬁed -
his materialke il 10xdays:-at 2o0° C (expemment’ 4

_ blrefrmgent aggregates of Ir;?ean refmctwe
The X—rn,y d

_ «fzmd could &Qt be:identified o
: T' tme nt of anhydrous’ bncalcmm disi 1cate wi ater ab 500° G‘
38() 'atmospheres, for 2 weehs (expenmont 49). resultéd in QO-percent
conversion; to -a. new “phase. smucl as ‘th %tmcalcmm disilieate

contained a few percent; ities ’_ostsly “dicgleium silicate): th
" were,also.present some' al eratic ' pro purities, including;
_some dicaleium silicate” ‘hydrates, 4he hiy;dmtherrn;ﬂ formatiol ofs’

.6.. .

S

which will be’ descrlbed subsequently,\.;-.’l‘_ eonew..phase cor
- small needle- and lath-shaped’ crystals of par

-elongatmn The. mdxces of rcfracmon__
: :tO 003 '

Hel ewtmctlo_ and pomtwe_ '

-’jphase VAS. & lowwemperature
ed” b3 ¥y experiments -
:hekl@fovermghb at 1,020°-Cign™
%mplg; hel

usmggétheégﬁymnchﬁg me hod
<~ gave an u changed X-ra¥ p
overmgh gave *’the puttem:

1d_at 1,027°:C

When heated at’%tcmpemtures of 159" 'and+200°- Cin‘the presence of

_ ter crystalhred latgely to CaO.Si0,.H:0, and.at’ tempemture
- fanging from:.2502to 400° C. crystalhzed largely o *conothteg‘ "Lk
secondany phases could not.be distinguished I])etmgra,phlcally'or b
“the, Xcray patterns. Raising the Ca0/Si0; molar ratio has the.effect
_of makmg goth CiO:; 8102 HQO andgxonothte ‘stable at higher temper
tures than was the case Wlt‘-h§*the preparatlons of pure hydrated mono=
calcmm silicate. - £ _ L _

;A '.Fhe' composm___ ns 'tre't_ dm the. experlinentb reporﬁ%d‘-m
corresponded in "'llme*§S1 5 rati :
e 38102 3Hn0 -

:v; T&i{}n&?;%;
_ataress | -




roduct@of expemment 50 had the sanie X -ay- ,attern as tha =
product obtameggby tregting anhydrous dical ium silicate and .-
“dicaleitim sﬂlcate glass with water rab Lelamvely Iow temperatures ana-
will -be hscussed he'hiexh secti S .
7 The product of experiments 51 and 52 4 s aéslow—blreﬁmgent mate—
~--rial without; deﬁmte .crystalline form=and %of&mean index"6f- refractlon- L
1:595; whlch checks” well with the mean, index of foshaglte The ol
‘(-ray ‘Patterns -showed complete - correspondence with “the“X-ray -
3 pattern of: foshagxte obtmned from the Umted States N amonal Museum.-

steamed at 300° C out of conta,ct mth wa,ter gaven pmduct having
the X-ray pattern of Ca®.Si0, H;0%" The*manner of combma,tlon of

the excess. hme could not be_determ 1ed‘f

_.,Results of e‘cpermlentsxon composmons Having a dlcalcmm.sﬂlcate-"'
> “folar- ratio, "to* which the, mineral hllle‘omndlte, 20&0 8102 HgO y
- corresponds are. hsted m table 8 Lo

-\Mé_.

: ~'7

"9 days...| 10Ca0. 5§i0: 6H:0+8-20a0.5i0y.
1-4'days_..| 10CaQ.5810;.8HaO+-2Ca0.8102 ;.
1 1day....{ Scarce 10Ca0.55i0. 6II10 ] & : H
2R B +B- -2Ca0.810;. : T :

7 days...! Pure 100a0.5810;. GEgO
10 days..| .05% of 10Ca0.5810:.6H30,
23 days .-} Same as preparation 53

S AR O N i

2Ca0 5103 gh\s (12% of |

i BB

‘90% of 7-2050 Ssz+_ ‘

-:10%- of natural hllle- :
di_t . P A

5 14 days.

C f i : ' P
sration 53. ... 4 8.4l days_ Same product a5 pre ation 53 oty
B82Ca0.810q. .. wfFe 200 180 L8 dayst|T10Ca0.531056F .0 ‘%‘%& é«;&éﬁv L
2Ca0:R8i0s gel... .. IO _ " 25144 days..) 2Ca0 $104. H:0. 3 e 1
3Ca0: 2510: aq+Ca0o s 25|47 days.. ¥0a0.810s; HzO 1—?

B8-2Ca0. Si() : 39 .15 dnsfs._ 2CaO 8i0s 3 aq
10Ca0;:53{04! GHsO 39 | 14 days..) 10Ca0.5510; G
' 14 days..| Natursl hillebrﬁndite-}-?CaO SiO:aq

90%:" of v-2Ca0. R;OH- )
“10% of natural hille- | .
Jbrandite. ¥ ’ L g f'..:

3Ca0: 2Si02 aq—l—CaO 17 days..: Ca0: 8i0: II:0+? A

----------- 63 | 8. By: ,_Gao iO: II,0+3cao&slo,2H,o, N
10030 53102 GHsO--- IR0 s - .

e

years at room t"éﬁ’i“f)ef'amre (expor 53 ).
oo GAN product l‘f”%vmg a dxstmchvé*mX-ray@pattern gand»@possessmg a
: com 1tion c¢orresponding to the ratios 1.8Ca0:1.08i10,:2.1H,0). It
_containedzabout 5 pércent of calcité withthe bilk ~of ;the, material *
- consisting, of wealdy%blrefrmgent masses without ¢ finite cryst@l_hne g-' '
form In order to . eﬁe%t further crysta]hzamon "thls materla,l was




srature’ of 175 m@;‘:
. It “wis" then ompletely 1vstal izedito: very fne
bxrefrmgenoe and*tean inde ; :
ysiszgave the cor;glposwl .
: 03, 736,50 percent of Si0; 69 percent of 1120 whmh-
o ;corresponds $0- the molar ratios: 1.55Ca0:1.00810,:0. 881'13() Allow~ o
'..'-'mg for "thé calcite whlch the sample contained, bhls'_jana'lysxs agrees
o farly well: with;the formula, 3Ca0.2810,.1. 5H O o
_\.ghketh&t of afwillite. The sathe X-ray;] B
9) “and “also by 50&@ SSloz'gla,ss-""-
00° C fo VIO weeks_.:; (expenment

: ‘an"or biehydrate ofs dlcalclum sxhcate @gT_
: *compound is 1dent1ca1§§.v1th crystals’ ound by Thorvaldson and Shelton -
- [17]:1n steam cured portland cement. and prepared in'a pure statesby -
, and Thor valdson{18]. Refcrence to the prepara
-'pound from mixtures of lime; silica; and;

igfusson;
& tlomgof the same,
aknd?ﬁom tmcalcmm silicaterand water:has also-been ma,‘ “lin
nd:Wells {61 The crystals -are extremely thin’ (rarely - ‘more- than

HPE:

nuérons in ‘thickness), Jath-like plates oftén occurring as.simplerec
tangul_%l%p&mlleloplpeds butnot infrequently mth’domamc facesibev
h_ng thq;; ri_sm&tmgforms I‘he m red dices: of refra 10

pe;
' ,-a,nd 11, 34,
: _'_.cent; of HgO corr &ondmg. ‘to. the ratios: 1. Qﬁ@aé $1.008105%
- SA9HL0.  Prolon, ed‘hea ng in‘an.oven maintained a mpemture'
§0f§$110° C. reduce§ the" e ] :
pond%"’-’-to- a H20/81Q2§m_
P ’eparatmns also gavewal of contents correspondmg ¢ - _
1:0Si0,. The average of ‘three’ analyses of this compoun.d' resented e
.bE Vigfusson] Bates, : and Thorvaldson [18]likewise. gave a H,O/SiO ) S
molar ratio. of 1.247 315 theref(ne, appeats: probableft int the water in - @
excess . of 1 mol 18 constltutlon , and” accordmgly, the formula
- 10CG20.58i0,.6H;0 is: suggested for the compound.
© As shown ‘table 8, 10Ca0: SgOz 6H,0: resulted from trea
.Wlth witer of §- and, 'rtdlcalcmm “silicates and- 2CaQ§ 1810, mixtures"
‘of calcmm oxide and silica gel -At 10026 (expe“ﬁ’fhéht 54), 9.days’ .
sboiling? of 1 g B—dxcalcmm ihcate %Wlth 25 ml of water.under &
‘ reﬂuv gave a,bout 30-percent conversion to 10Ca0.58i0,. 6H 004 Well-+
“+formed crystals of 10C20Q.55i0,.6H,0 were also obtained by treatmen
i) "poxtlsmd cement clinkers with water at 100° and 175° C.- i ’
‘microgtaph of the prodict, obtained at.175° Cis.g i
-Attempts:toprepare hillebrandite, by t a';' ng;’ mixt
. ~hillebrandite*and dicaleium sﬂlcate Wlth wa f"at 1508
I (experiment )
u?.-Kohler [16],=who- reported ‘having prepared
mlxture 0 B—dxcalclum sﬂlcateb and

&) mpo
1.14 percent of §

5._ 2

"='=£emperature’ nging:
Thefsynthesxs of Iﬁﬁl




Tre&tment of IOCaO g§10 6FLO &t 200° C for 2 s"’(ewpemment'
66) produced no change; treatment at 4502 C;,400 tmosplieres; for
1 week gave a product of unchanged ecrystal form but haying that'f\ o
indices of refraction: a==1. 642, 'y-—-l 672, which are about 0. 03 higher ., |
han the corresponding indices of 10Ca0: 5S10,.6H,0. - Thigimaterial -
ve a distinctive. X_-my patternga,nd its: comp smon cor esponded ;
the formula¥6Ca0.3910,.2H,0. :
: In experiment 65, g-dicaléium sxhcate heated ina bomb with wa,ter
~at 250° C crystallized to a granular product h&vmg a mean mde\: of
refractmn of 1.64%. The X-ray pattern was snmlzu' D spag g._and,
- _\_at-o,f_ a finely crystalline mofi i

. 1 y Keevil and: Thorvaldson 19] St (
of % 2020 18102 mixture of CaO and silica gel at225° C (experiment: -
63) gave completecrystallization to thé‘other monohydrated dicalcium
“. silicate described by Thorvaldson and: coworlsers {18, 19]. -This occurs
“in#yery small needles of lowibi Senc mean index 1.60..
Angljg(r)sm gave a compommof c,ormspondmg to thes ratlos»é‘%z 0Ca0i
1.0810;:1 . | . .
In experxments 64 68, and. 69 amorphous hydrated calclum sﬂlcate o
of €20/Si0, molar ratio 3:2 was mixed with sufficient:CaQsto give a -,
1 and in:the presence of water heated at-temperat ireg;of
L 00°, and 350%C. The principal product in all three cases- was:
CaO 8102 H,0. The secondary product, was not identified except in -
t_a*(penmant 69, wherfe the i)ptlcal ropertles and X—my pa,ttern showed -~ !
ate: i

Pl

The results of these expemments are’ shown in table9. _
_experiment 71, 1 g of tricalcium silicate treated with : 3/@(}0 ml of
r-9 years: at room temperature was completely converted to a
hvdmted ‘material of composition:. 1.3Ca/ 0;:1. 7H20 Petro-
'gmp]:uc examination: showed less than 5 percent of calcite with the
‘bulk’of the material appearing as rounded grains of low blrefrmgence
havmgz, refractnve indices ranging from 1.52 to’ 1.53. The X-ray . -
rial was differentdrom that of calcite or anyof the

0 anhy" r%g -calclum silieates thus far mvestlgated
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' mc%o 5s;0; 6mo+ca(om,
3038 SlOz 2H101—10(330 58i020H:0
3050 8105:211,0.

2Ca0.810; hydrate-i—(‘a(OH):
3("90 810, 2Hs0, .
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Fioure 10.—Lath-like orthorhombic c{)lﬂttzs of synthetic 10Ca0.58i0,.6H
hexagonal plates of Ca(OH): oblained by treatment of portland cement ¢l nk

water at 175°C,
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The results indicate thqt dlcaluuxn a,nd tmcalcmm sxh ates’ form th _
same hydrates as they did in thie-absence of excess lime, }:’The%dlca,l =
cium silicate hydrate ’formed in"experiment 79 occurred in<small
irregular plates having refractive indices ranging from ‘1.62:'to 1.6
It was the‘same prodm,ﬁ as was obtained in e\:pemment“VG Ut
and expenment 65; table 8 of bhls paper
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: Somie. éi:pemmen
g made in an attemp

ar to.those of Grime and’ B Ossey -
late the hvdmtod calmum smcnte in”

shed in 0L
: nmterlal_._.-the sam 'l%%%”
0. /0 sieve after bmef“ ] :

‘that passing
It appear d to consist almost’
. wholly J 4 3 Soroemng was.thent’ continued -
" another half hour, It washo ed'by this method that thé %ementmw: '
material surr ounding - the sand grains might be rubbed off and ¢
centmted _That:this-apparently occurred was shown by an’ mcr"’é‘ja,s
in soluble %1110&_130 16:2 percent in the material passing the No 200
sieve: A number of ‘pennies were then added to the ma,terml onithe:
‘No. 200 sieve to agsist the rubbing action, and the: screemng _
“continued for an hour: “The material passing then showed a solublé
silica content of 20.2 percent.  However, in the X-ray patterns of -
both samples only the’ ‘lines of calcite and quartz appeared..: .« o
It was thought that evidence of the presence of a crystalhne hvdrated o
calcium silicate mlgh be obtained using a laboratory-prepaved brick.
For this purposé a mixture.of 10 percent of hydrated lime and
percent ofsgraded Ottawa sand. (containing 0.13 percent%of soluble
)% molded into a bar'--m a hand Dress. - -f"l‘he ba Y then -
1 - : ; : 'cruChmg

~ stronges t,
of'¢ quartz : k

Another bar was t,reated in the bomb at 17 5° C for 15
sepamtlon ‘similar‘to/that just described the material passing.a; No
sleve was“extracted: for 75-hours with boiling ethyﬁme glycol i
extractor of the type used in rubber analysis. The residue contai
no free caleium hydroxide.  Its.X-ray pattern showed the hnegyofé
quartz with a few. ad tional lines of moderate intensity. which-did
not coincide with any Jines of quartz, calcite, or calcium h dro3

ide. It was not possible, however, to assign these additiona
; Wlth certmnty to any of he known hvdmted calclum smcates
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shown b Metl. t%i:md Thorvaldson [20] that. tmcalcmm alummete w1ll;
hydmte to ~ 3Ca0.AL,0,.6H,0 and tetracalcium saluminoferrite to’-
30&10 ALO36H;0 and.Ca0.Fe,04 hydrate, which, injturn, will slowly..
(@Il)z and hematite. Thusit would appear.possible. .
.~ to hydrate ce “partially i in ‘the autoclave-without:theliberation<of;..
- apprecmble free“lime. -This is actually ths case. ~A’group of four
hlgh—tncalcxu _silicate cements all haying ignition,losses and free-.
sof Tess than 1° jpercent was steamed in; the autocleve at
yerni ght.”" The ignition loss in esich ¢ casewas inereased’
W’l‘he flee hme coutent of one cement rema,med ““the«

(‘ autoclave test [1] f(u neat ’ment bars;";
hat alclum hvdromde can react with .amorph us hydrated: -
calcmm silicate already formed; to give the’ hydmte of ‘tricalcium:sili-+
"cate, is significant.. This: result taken-in con]unctlon w1th those
’\{ather and ‘Thorvaldson [20]; indicates that any expansion which're-
ults from autoclaving cannot be caused by crystallization of calcium
hw"z_\ _ ox1de hbereted- from th cement compoun 8, but must be ascrlbed_-

< AS Was pointed out with' reference to eand-lune bmck the clystal—’

hydrated calcium silicates occurs slowly, requiring days or

n at temperatures above 200°C. It is

I , that well-developed erystals of any' of

he fmous hydrates described in this paper would be found'in speci~
steamed for the short period employed in the autoclave test. .
i )nly incipient cryst,a.lhzatmn would occur, but the products should be

H- -co_mplet_;lon

_ the ‘same a,s,those formed over longer penods. e
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58102 GHQO was formed from B— smd 2
: . ! cmm silicate; and mixtures of lime and silica
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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
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experiments.

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, C;S), 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
(I11), which is separated into the acceleration (Illa) and the
deceleration period (I11b). 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

Hla e

Heat flow (mW g')

0 5 10 15 20
Time (h)

Figure 1

Heat-flow curve of alite; water/alite ratio = 0.5; T=296 K.

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

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 C;S
after this point in time:

CyS+39H — C,SH,+ 1.3CH, AH =-561Jg™". (1)

The enthalpy of reaction AH is the difference between the
sum of the formation enthalpies of the products (A HF oaucis)
and the sum of the formation enthalpies of the reactants
(AI_IFxcaclnnls)'

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 ef al, 2002; Thoenen &
Kulik, 2003), the cemdata07 database (Lothenbach er al,
2008) and the enthalpy of formation for C,;SH,¢ 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 C;S grain surface directly after wetting. This protective
layer suppresses further hydration of the C;S 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 Cs;S

‘ J. Appl. Cryst. (2011). 44, 895901
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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 er 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 er 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% (ZMYV 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 (Pollmann 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 er 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 standard 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 CaCOj3, Al,O5 and SiO, from Alfa
Aesar and MgO from Merck. Al,O; 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 for4 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? g™, using the Blaine
method. _

For the in sine 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 pum-
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Table 1 Table 3
Structure models used {or Rietveld refinements. Mass attenuation coefficients (MAC) (cm® g™*) of the samples.
Phase ICSD code Author MACury atitc 99
: MAC20 10.2

Alite 94742 De La Torre et al. (2002) MAC(alite/water paste; water/alite ratio = 0.5) 69.4
Silicon 51688 Tobbens et al. (2001) MAC(alite/water paste; water/alite ratio = 1) 546
Portlandite 34241 Greaves & Thomas (1986)

Table 4
Table 2 Computed G factor and structural details regarding the silicon standard
Chemical composition of the samples (wt%). employed.
CaO s Scale factor from Rietveld refinement 0.007695
Al;03 0.6 Cell volume 1.6 x 1072 cm?
Si0, 259 Density 233gem™
MgO 18 Mass attenuation coefficient 63.7cm?g™!

G factor 2.92 x 107" cm® per vt%

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 Ka
radiation at 40 kV and 40 mA, and recorded from 7° 20 to 40°
2¢ 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 7° 26 to
70° 26.

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 al, 2011; Jansen,
Stabler et al, 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 al., 2011) is used in order to
calculate the G factor [equation (2)]:

RN
G = S5 Ps; V' siMsi , (2)
Csi

where sg; is the Rietveld scale factor of silicon from Rietveld
analysis, ps; the density of silicon, Vg; the unit-cell volume of
silicon, ¢si the weight fraction of silicon (100 wt%) and ug; the
mass attenuation coefficient of silicon.

X9 it (Ctm1)

2:33.085 A
b:7.037 A

c: 18,521 A
soo0] bota:94.159°

)
HEE

Observed data
Calculated data

‘mek A

20 E+] »n I 40 4 ] 55

20 Cu Ka

Intensity (counts

Figure 2
Rietveld refinement of a powder pattern of the synthesized alite,

The G factor was then used to determine the mass

concentration of each crystalline phase j in the hydrating alite
paste [equation (3)]:
pj v'jzl"':ample (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 1CSD 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-

G=5

3500
. 3000,
2 jq Observed data
2 Calculated data
D 2000}
=2

15001
& _
@ 1000] /|
[T il Hati '.n} 'h
= A.kmm;..."h\. e

U VLY P P TUA TD S UVOR WU o S ;t!,—.,y,{,._q..,\..,_..,.-.
' diflerence plot d
() 15 20 25 0 35
°28 Cu Ka

Figure 3
Rietveld refinement of a paste after 11 h hydration; waler/alile ratio = 0.5;
T=310K.
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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

portlandite Portlandite  Portlandite

Measured

Time inh

L )

°26 Cu Ka

Portlandite Portlandite  Portlandite

Calculated v
. {l:‘

Timeinh

7 "0 2 % 4@

°26 Cu Ka
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.)

esihiEp iy
Leh BN A e L[ P 1‘-,
g T Panebting 141
Mg e, i

45 -

40 - » T =296 K; water/alite-ratio = 0.5

® T=303K; water/allta-ratio = 0.5 .

A T = 310 K; water/alite-ratio = 0.5 T

354« 7= 296 K: waterfalite-ratio = 1 1]
. v v ¥ . . -

Y] 5 10 16 20
Time (h)

Figure 5
Content of alite in different alite/water pastes during the process of
hydration.

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 er al., 2011): =

_ 3wt%alite/or AHR

HF 100 3.6

where dwt% alite/at is the derivation of the alite curve from
XRD in site experiments, and AHR is the enthalpy of reaction
of equation (1).

8-
] T=310K; WiZ=05
:‘6-
g TF206KiWiZ= 1
E L T=206K:WiZ=05
g 4
T
]
r
24
0
0 2 4 6 8 10 12 14 16 18
Time (h)
8 -
s T =206 K; water/alite-ratio = 0.5
. ® T = 206 K; water/alite-ratio = 1
4 4‘ * T =303 K; water/alite-ratio = 0.5
~ 64 < < T =310 K; walor/alite-ratio = 0.5
(=3 < 3"’:
% 4 *‘ < **
s LA S
g 4- « « 8
5 4 : L] s‘
g 4 ] * I..‘ . * s‘
I * Pnd ** %,
< s o * %,
* ) 4 *
7 A n-. “ % \'.“'I
<4
< t* g ... % "&
] P
'
0 | i it ¢ T T LI e S |
0 2 4 6 8 10 12 14 16 18
Time (h)
Figure 6

Measured heat flows (top) and calculated heat lows (bottom) of the alite/
water pastes at different temperatures and water/alite ratios (from 1.5 h).

898  Daniel Jansen et al. + Hydration of alite

J. Appl. Cryst. (2011). 44, 895-901




research papers

6 6 ~
T=286K;WZ=05 T=208 K WIZ=1
5
moasured HF
44 measured HF 44  « cakulated HF
*  calculated HF
2, @
z ] 3
& £
24 2
14
0 ¥ T T - . . 0
0 5 10 15 20 0
tima (h) time (h)
8- 8-
T=310KWIZ=056
7] T=mKkwWzZ=05 7]
° &1 mensurad HF
] e mossured HF «  calculatad HF
5 * *  caleulatod HF 54
Q * g )
% 4 4 E 4
34 34
24 2.
o1 1
0 0 ¥ T T v T
0 0 5 10 15 20
time (h) time (h)
Figure 7 :

Comparison between measured and calculated heat flows of synthetic alite at different temperatures and water/alite ratios (from 1.5 h).

3. Results

The Rietveld refinement of the synthesized alite is shown in
Fig. 2.! 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 15° 28 and 25° 26 is created by the Kapton foil
which covered the sample in order to avoid interaction with
atmospheric CO, 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.

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

J. Appl. 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.
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~,
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0.035 +

0.030 -
L)
-

\,.
0.025 4 ™

scale factor of a quartz standard materia!

+

v L) v ) T ) v v ) T ) r 1
0 50 100 160 200 250 300 350 400
. days
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 for 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 aonual 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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1 - 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 more
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 specific 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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oxide are responsible for the differences in settling time or rate.
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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It is also known that there is correlation between specific surface and
settling time of calcium hydroxide, but this correlation is not always in
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 prodre 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 pliysical properties of dry, as well as aqueous
suspensions of calciurmn 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, C110-58), 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

Therefore,
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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.

i 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

i " 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. .

trarEun

Gas absorption methods are the most precise even for research work, but

?_: " the cost of equipment and the high skill required for operation will
Y undoubtedly prevent the method of being accepted as a control test.
P 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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111 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 0° C and 0,07 g dissolves in 100 ml
water at 1009 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 { HO = Ca(OH); 27,500 Btu/lb-mol (1)
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 0° C is 0.185 g per 100 ml
of water and at 100° 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 1bs) 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 70° F to 212° F (boiling). Considering that
only 18,016 pounds of water are theoretically required for each 1b-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 212° ¥ and therefore
the mass will become heated above 212° 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 214° F. A second method produces
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THE PRODUCTION OF CALCIUM HYDROXIDE FROM ROTARY KILN QUICKLIME

QUICKLIME

CTO

DRY-HYDRATED CALCIUM HYDRATE

FAST-SETTLING

Specific Surface fairly
low ranging from 13,000
em?/g to 17,000 cm2/g.

Settling time -~ 50 to
70 minutes.

Uses:

Bleach manufacture

Water Treatment

Salt clarification

011 refining

Any industry speci-
fically requiring
a fast-settling
calcium hydroxide.

CONVENT IONAL

Speclfic Surface moderately
high ranging from 25,000
cm?/g to 36,000 cml/g,

Settling time -~ 120 to
180 minutes.

Uses:

Any chemical industry
requiring a calcium
hydroxide of moderate
settling or where get-
tling is no problem,

FIG. 1

WET-SLAKED CALCIUM HYDRATE

Specific Surface ranging from
fairly low to high depending
on slaking temperature and
concentration. Range 15,000
cn2/g to 58,000 cm?/g with 2.5
to 25 parts water at 4°C to
90°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.
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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
H2O0, 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 (212° 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 hydroxlde containing particles of small diameter.

10
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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 1

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?/g Diameter
5 : Minutes u
§3 Shaft Kiln "A" : 50 14,451 1.8
‘5
Shaft Kiln "B" 40 13,624 2.0
i .
b Rotary Kiln "A" 133 30,238 0.9
Rotary Kiln "B" 150 ' 29, 379 0.9
£
f _ A great many chemical processes were established on calcium hydroxide .
i produced from shaft kiln quicklime before the widespread production of
_ rotary kiln quicklime. These industries may be able to use a hydrated
g-' lime produced from a rotary kiln quicklime, but most generally it means
Ll the investment in additional equipment or an alteration in the process to
. compensate for the differences in physical properties. A great many
i 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.

nervsrenny

2. Special Dry Hydrate

A study of the dry hydration of calcium oxide at temperatures greater than
212° 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, :

N

rrug=en.
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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 settling time 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 that 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 27, 500 Btu of heat per 1b-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 various temperatures from 4° C (39° F) to 90° 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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v 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 to 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 2° 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 1I,
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 cz;lcu_lations for the operation of such a process above 212° F
are shown in Table III. -When 0.40 pound water per pound calcium oxide

(@On'i - g /(,) '
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TABLE 11

Basis: Normal Hydration

56 lbs. CaO (1 1b-mol) :
42 1bs. HO (0.75 1bs. HO per lb. CaOQ)

42 lbs. HpO added to CaO at one time. ‘
56 lbs. CaO will require the following amount of H2O for theoretical hydration:
Cao # H,0 = Ca(OH);
56 18 74

Therefore 18 lbs. of water will be used for converting CaO to Ca(OH),
Excess HpO will be 42 - 18 . 24 1lbs.

Total heat evolved in combining 56 lbs. CaO { 18 Ibs. HO - 27,500 Btu

Amount of heat required to raise the temperature of 24 lbs. HO from
700 F to 214° 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)Z and H,O from
70° F to 212° F - 3452 £ 3089 = 6541 Btu

Remaining Btu's available for heating 24 Ibs. excess HO above 214° 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 212° F remaining in 74 lbs. Ca(OH), will be
24.0 - 21,6 = 2.4 lbs. or

The composition of the finished product will be, therefore 74.0 lbs.
Ca(OH), # 2.3 lbs. excess water or a total weight of 76.3 lbs.

- Water 2.4 lbs, 3.14%
Ca(OH), 74.0 lbs. 96, 86%
Total 76.5 lbs. 100.00%

14
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TABLE III

Basis: Special Hydration for size control

56 1bs. (1 lb-mol)
22.4 1bs. (0.40 1bs. HO per lb. CaO)

22.4 lbs. HpO added under controlled conditions

. 56 lbs. CaO will require the following amount of H20 for theoretical hydration

CaO ¢ H0 = Ca(OH)2
56 18 74

Therefore, 18 1bs. of HpO will be used in converting CaO to Ca(OH),
Excess HO will be 22.4 - 18 = 4.4 lbs. Hy0 per 56 lbs. CaO

Total heat evolved in combining 56 lbs. CaO { 18 lbs. HO = 27,500 Btu

Amount of heat required to raise the temperature of 4.4 lbs. H20 from
70° F to 212° F = (4.4) (142) - 625 Btu

Amount of heat required to raise the temperature of 74 1bs. Ca(OH), from
700 F to 212°9°F = (74) (0.29) (142) - 3057 Btu

Therefore, the heat required to heat both Ca(OH), and HO from
70° F to 2120 F . 625 Btu {4 3057 Btu = 3682 Btu

Remaining Btu's available for heating 4.4 lbs. excess H,0 above 212° F is
27,500 Btu - 3682 Btu = 23,818 Btu

Quantity of water which can be evaporated at 2129 F with this quantity of
heat will be:
23,818 = 24.6 1lbs.
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 H,O
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); from 212° F to 575° 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 « 578° F
2.11

e — T

at—————
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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 578° 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 diameter 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 4°C (39° F)

to 90° C (194° 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 212°F (boiling), where

H = the heat in Btu

w = the weight of water

h = the heat capacity of water = 1

T = the initial temperature of the water, and
T, = the final temperature of water

is calculated from the equé.tion

H = (W)(h)(Tz-Ty)or (W)(T,-T1) (2

The amount of heat required to raise the temperature of calcium hydroxide
where

H - the heat in Btu

w' = the weight of calcium hydroxide

h' = the heat capacity of calcium hydroxide = 0.29
Tll = the initial temperature

T'2 = the final temperature

16
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is calculated from the equation
H' = (W) (h")(T'2 - T'1) or (W') (0.29) (T'; - T"1) (3)
When a constant weight of 0. 503 pound calcium oxide is used with a value .

o for H of 246.9 Btu and a weight for calcium hydroxide of 0.665 pound the
equations become

. 246.9 = (W) (T2 - T) (4)
s and

e H = (0.665) (0.29) (T'2 - T'1) = (0.193)(T'2 - T';) (5)
7 . 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

g-g temperature of the calcium hydroxide to the same temperature.
The combined equation then becomes Equations (4) ¢ (5) or
3__ H = w (TZ -T1) # W'h! (T'2 - TY) (6)
or
g H = (W) (T2 -Ty1) # 0.193(T', - T'}) (7)
: The final temperature of hydration can be calculated from this equation
£" by solving for T2 since H = 246.9 Btu. The equation then becomes
T, = H /4 (0.193 { W) Ty (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
i in a final temperature of 212° F the equation becomes
g T) = (0.193 4 W) T, - 246.9 (9)
-y 0.193 ¢/ W
‘; The theoretical final temperatures expected from the same weight of pure
i calcium oxide (0.503 1lb,) with various ratios of water at several temperatures
as calculated by equation (7) are shown in Table 1V.
B TABLE IV

(following page)

17
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TABLE 1V

Theoretical Slaking Temperature (OF) of calcium oxide
with water at various temperatures and proportions.

Temperatures of Slaking Water

Ratio Excess 40C 10eC 200C 400C 600C 900C

H20/Ca0 H,0 39°F 50°F 68°F 104°F 140°F - 194°F
1bs,
2.5 ‘ 1.16 221.4___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
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
the slaking cycle. Temperatures of calcium hydroxide suspensions less
than boiling (212°F) can be expected from the reacting between calcium
oxide and water for ratios greater than 7.5 and for all temperatures from
39°F (4°C) to 140°F (60°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 (T))

(°F) OF SLAKING WATER TO GIVE A FINAL
SLAKING TEMPERATURE (T;) OF 212° F.

Ratio Excess Water Ty T1 corrected for

H,0/CaO  Lbs. OF S5c °F radiation lss °C

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

18
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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 24° C in an insulated stainless
steel beaker. The temperature rise in 30 seconds was 332 C. The quality
of the calcium oxide was determined by the sugar method for calcium oxide.
If 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 suspensions 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 H20 used for
Preparing Ca(OH), Suspensions

R Rotary Kiln Total Excess Water

o Pebble CaO Water g 1bs.
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 6?00 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 0.1°C. Agitation
was continued until the temperature reached a maximum and began to recede.
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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°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 calciurmn 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 20° C (68° 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°C (140°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 20°C 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 60°C 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

R ©°C 4 | 10 20 40 60 90

°F 39 50 ' 68 104 140 194
c °F °c °F ' °c °F c Fr  "C "F °C PF

t

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

These values are also shown graphically in Figure 2.

Temperatures less than 100°C (212°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
No

these two values, based upon the theoretical, are shown in Table VII-A.

values are shown for tests with R at 2.5 or a temperature of 194°F.
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TABLE VII-A

Percentage Difference between Theoretical and Actual Slaking
Temperature

Initial Water Temperature °F

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 1.2 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°C (140°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~1, 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 T).

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 concentration 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 CaQ with Various Amounts of
Water at Various Temperatures

Initial Water Temperature

°c4 i0 20 40 60 90
R °F39 50 68 Lot 140 194
2.5 4 3 6 | 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 2 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 49, 109, 209, 40°, 60° and 90°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°F, For example,
using water at 4°c (39°F). the settling time is 80 minutes when the ratio
is 25 pounds of water per pound of CaQ and 480 minutes when the ratio of
water has been decreased to 7.5 pounds water per pound CaQO. Also,
using water with an initial temperature of 60°C (140°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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SETTLING RATES OF HYDRATES
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TempPl C

Min.

. 0 °
5

10

15
20
25
30
35
40
45
50
55
60
70
80
90
100
110
120
135
150
165
180
195
210
225
240
270
300
330
360
390
420
480
540
600
660
960

1200

(br)

(1)

(2)

(3)

(4)
(3)
(6)

(7)
(8)

(10)

(16)
(20)

1440 (24)

TABLE XI

SETTLING RATES OF HYDRATES

20 20 20 . 20
68 68 - 68 68
2.5 7.5 10.5 13.5

0 0 0 0
0.5 1.0 1.0 2.0
1.0 2.5 2.5 4,5
1.5 4.5 4.0 7.0
2.0 7.0 6.0 10.0
2.75 9.0 8.0 13.0
3.25 11.0 10.0 15.5
3.75 13.5 12.25 18.75
4.25 15,5 14.5 21.75
4,75 17.5 16.0 24.0
5.0 20.0 18.5 27.5
5.5 23.0 21.25 31.0
6.0 25.75 24.5 35.0
6.75 31.5 31.0 42.0
7.5 37.5 34,5 43,0
8.0 39.5 36.5 45.5
8.75 41.0 38.0 46.75
9.0 42.0 39.0 47.5
10.0 43,0 . 40.0 48.5
10.5 44.5 41.0 49.75
11.25 45,5 42.0 50.75
12.00 46.5 43.0 51.75
12.75 47.5 44.0 52.5
13,5 48,0 45.0 53.5
13.75 48.5 45.0 54.0
14,5 49.5 46.0 54.5
15,0 49.75 46.5 55.0
16.0 51.0 47.5 56.0 -
17.0 52.0 48,175 57.0
18.0 53.0 49,175 58.5
18.75 54.0 50.5 ' 59.0
19.5 54,75 51.0 59.5
20.5 55.5 52.0 60.25
.22.0 56.5 53.0 61.0
23.0 57.5 54.0 62.0
24.5 58.5 55.0 62.5
26.0 59,0 55.75 63.0
31.75 60.75 58.5 64.0
34,25 61.25 59.0 64.25
37 61.5 59.0 64,25

29

20
68

18

20
68
25
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SETTLING RATES OF HYDRATES
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240 (4)

300 (5)
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360 (6)
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420 (7)

480 (8)

600 (10)

660 (11)

720 (12)
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TABLE XIII

SETTLING RATES OF HYDRATES

60
140

7.5

37.9
38.5
39.0
40.2
42.3
43.1
44.0
44.9

. 45,3
-46.0

46,6
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60
140
10.5
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TABLE XIV

SETTLING RATES OF HYDRATES |

‘ . TempP C 90 90 90 90 90
; °OF 194 194 194 194 194
| R 4.5 7.5 10.5 13.5 18.0
r- Min (hr)
ki
0 0 0 0 0 0
& 5 1.0 1.0 1.0 0.5 0.5
L 10 1.0 1.0 1.0 0.5 1.0
o 15 1.8 2.0 2.0 1.0 1.4
gt 20 2.6 2.6 3.0 2.0 2.1
b 25 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 6.0 7.0 6.8 5.0 5.2
45 7.1 8.0 7.5 6.0 6.0
£ 50 8.0 9.0 8.0 6.6 7.2
i 55 9.0 10.0 9.0 7.2 7.9
60 (1) 10.0 10.9 10.0 8.2 9.2
I 70 11.1 12.8 12.8 10.0 11.8
i 80 13.0 15.1 13.8 11.9 14.9
100 17.5 20.8 17.8 15.8 22.0
i 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
f 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
i 240 (4) 34.1 35.8 36.8 36.0 33.2
b 300 (5) 37.4 37.7 38.8 38.1 35.3
330 38.1 38.5 39.8 39.1 36.6
§ 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 41.17 38.9
X 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
k- 1200 (20) 50. 1. 50.0 51.6 50.1 48.0
. 1260 (21) 50.6 50. 1 51,9 50. 4 48.2
P 1320 (22) 51.0 50.8 52.0 50,5 48.7
: 1380 (23) 51.2 51.0 52.1 50.8 48.9
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

H

: Temp.°C 4 10 20
L °F 39 50 68
o/c :

F’“ _R_.(_sz / 8.0) . . L
Z 2.5

7.5 480 375 275
{ 10.5 225 210 330
13.5 135 165 140
18.0 120 126 110
E 25,0 80 70 90
TABLE XVI

] Temp.°C 4 10 20

°F 39 50 68
' R(H20/Ca0) ____ - _
3 2.5 56 57 63
T 4.5 -- -- --
; 7.5 43 42 38.5
10.5 39 38.5 41
13,5 36.6 37 35.75
18.0 39 40 35
25.0 34 34 34

e bvperen

40
104

630
420
310
240
180

VOLUME OCCUPIED BY CALCIUM HYDROXIDE

AFTER SETTLING 10% SUSPENSION FOR 24 HOURS

40
104

57
45
51,25
40

39
37.5

60
140

1800
1380
900
1180
835

60
140

62
50. 8
50
47.5
48,3
46.5

90
194

1200
980

1080
1800
1100

90
194

48.9
47.8
49.2
51
50
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None of the calcium hydroxides prepared with a ratio of 2.5 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 4°C and 60°C fall between those values shown for
40C and 60°C and are of the same increasing values with decrease in R.

The settling times for suspensions prepared with water at 90°C (194°F)
are more constant for all values R 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 212°F (Table IV) and actually evaporated
some of the slaking water durirng 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
4°C and a temperature producing a final temperature less than 212°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 reéuired 100 gpl
calcium hydroxide and to determine the settling time was enormous, 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 122. The specific surface values range from a low of

- 15,314 cm /% produced with hydrating water at 4°C at R = 25 to a high

of 58,300 cm®/g produced with water at 90°C 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. °C 4

°p 39
2.5 50, 736
4.5 --
7.5 35,246
10.5 29,133
13.5 23,166
18.0 17,833
25.0 15, 314

10
50

54,293
34,534
29, 840
24,419
18,968
18, 597

20
68

52,790
48.307

36, 520
31, 556
29,405

TABLE XVIII

40
104

56, 606
47,035
45,203
41,080
37,620
40,910

60
140

57, 355
52,260
49,183
48,920
45, 967
48,307
48, 244

90
194

58, 300
55, 255
53,070
51,126
52,658
53,925
53,295

CALCULATED PARTICLE PIAMETER (MICRONS) OF CALCIUM HYDROXIDE

PRODUCED WITH VARIOUS RATIOS OF WATER OF DIFFERENT TEMPERATURE S

Temp. °C 4

oF 39
R(H,0/Ca0)
2.5 0.53
4.5 -
7.5 0.76
10.5 0.91
13.5 1.15
18.0 1.49
25.0 1.74 -

10
50

0.49
0.77
0.89
1.09
1.40
1.43

20
68

0.50
0.55

0.73
0.84
0.90

43

40
104

0.47
0.57
0.59
0.65
0.71
0.65

60
140

0.46
0.51
0.54
0.54
0.58
0.55
0.55

90
194

.46
.48
.50
.52
.51
.49
.50
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An initial water temperature of 4°C (39°F) and a change in R from 2.5

to 25 pounds water to pounds calcium oxide produces calcxum hydroxide
with specific surfaces from 50,736 cmzlg to 15,314 cm /g with corres-
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°C (50°F) and R from 2.5 to 25 likewise produces calcium hzdroxide
of decreasing specific surfaces from 54,293 cm /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°F) follows a
similar pattern with the usual change in R, but the change of a much
smaller magnitude than either 4°C or 10°C.

The rarige of the calcium hydroxxde at a water temperature of 20°C is from
52, 790 cmzlg 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 showmg less variation of settling values from 235 minutes to

90 minutes. Water temperatures of 40°C (104°F) and 60°C (140°F) both
show less mean particle size variation than the prevxous temperatures

" At 40°C the change will be seen to be from 56, 606 cm /g to 40,910 cm /g

specific surface corresponding to mean particle dxameters of 0.47 u to
0.65 u, while at 60°C the variation is from 57, 355 cm /g to 48, 244 cmzlg
specific surface with mean particle diameters of 0.46 u to 0.55 u. This
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°C (194°F) produces from 58, 300 cmz/g to 53,295 cmzlg
specific surfaces for all values of R with a mean particle diameter range of
only 0.46 uto 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 increased for all
initial water temperatures to 60°C 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°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°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°C (212°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. Investigatingthis condition further, the amount
of water required for several ratios was heated to the calculated initial
temperature (T]) to result in a final temperature (T,) approaching 100°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,O (T)) to Produce a Final
Temperature (T,) of approximately 212°F

R Temperature °F Specific 2Surface
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

The final temperature of each test approached the expected value of ZIZOF.
The specific surface values are of the same magnitude. Therefore, these
data offer further proof that to produce extremely high specific surface or
small particle-diameter calcium hydroxide requires a high slaking
temperature approaching 100°C (212°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,
212°F,

It is important that the calcium oxide have a high degree of activity to
produce a high specific surface calcium hydroxide in a2 short slaking cycle.
Otherwise, a low activity calcium oxide will increase radiation losses to
reduce the slaking temperature below the necessary limit.
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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°C) the final slaking temperature (T) will theoretically
be above 2120F resulting in the evaporation of a large proportion of the
water. Also, values of R at temperatures approaching 90°C (194°F)
produce high specific surface calcium hydroxide. Final temperatures of
these combinations will be theoretically above 2129F, so that a large amount
of the slaking water will be evaporated.

Aqueous suspensions of calcium hydroxide exposed to heated bodies above
214°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 T} to result in a final
slaking temperature T, of 2129F or calculated theoretically to exceed
2129F 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 T at 194°F (90°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)) should be chosen to assure a final
slaking temperature (T) of 212°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°F. Two

of the suspensions were prepared # R of 7.5 and T) of 49C (39°F) and

60°C (140°F). One suspension was prepared at R of 2.5 and T] of 14°C
but was too viscous for a test. Three suspensions were prepared at R of
7.5, 13.5 and 25 and T of 75° C (166.8°F), 88°C (190°F) and 96°C

(205°F) respectively calculated to produce final temperatures (Ty) of
2129F. The values for T2 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

Sample R T T Viscosity
1 7.5 4 33.8 38

2 7.5 60 88.3 163

3 2.5 14 99.4 R—
4 7.5 75 99.5 241

5 13.5 88 99.8 28

6 25,0 96 100.4 ; 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 212°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 gpl
respectively. The concentration at R of 2.5 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 gpl

Viscosity of

Sample R of Original Suspension corrected
Suspension to 162 gpl

3 2.5 131

4 7.5 241

5 13.5 ) 360

6 25.0 291
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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°C

(167°F) 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°C does not produce the same

viscosity when corrected to 162 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 1n the settling
The values for most of the samples produced are shown in Table XXII.

rates.
TABLE XXII
Viscosity (Centipoises) of Calcium Hydroxide Suspensions
at Concentration of 100 gpl (CaOH) >
Initial Water Temperature

°C 4 10 20 40 60 90
R °F 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 39°F and 104°F. The viscosity appears constant
at ratios from 7.5 to 18 for initial water temperatures of 60°C (140°F) and

90°C (194°F).

The higher viscosities of suspensions prepared with water ratios of

2.5 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 CONCLUSIONS

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 4°C (39°F) to approximately
60°C (140°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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Thermodynamies
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-
Jerence 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.

URING the past ten years much attention has been

directed (2, 4, 7, 8, 10, 23-26) 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,
pv = 2RT 1)

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 Pe P.M P.M
PEuRT T (zRT,) T, ~ “T. @

398

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 aveilable 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-
tionalising 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 w 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:

@

, (41

P

rp = =
orp = 3)

It has been found that if w 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;/c,.
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Through Equation 6 the group

Values of Expansion Factor
;;;msxon Factor w

Table 1.

T, Pr e 0 Pres04 P.-—08 Ppr=15 Pr=2 Pr=8 Pra$ Jp;(

0.5  (0.1328) 0.1332 0.1338 ... 0.1350 Pon \%pr /7

a.6 0.1242 0.1250 L. 01288 Ili,  0.127B

Q.7 91144 0.dide 0.1158 sia.0.1170 0.1i82 0.1202

ge SN cug cum SN ol SHD cum Sid -

0.95 .IZZ 0.0810  0.0831  0.0872 0,0802 0.0943 0.1000 may be expressed as a general function
1.0 0.0440 0.0818 0.0875 0.0954

0.0764

of reduced temperature and pressure by the

Figure 1 and Table I give values of w for isopentane, cal-
culated from the measurements of Young (71) 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 100° C. and above. The anomalous density changes
of water at low temperature are not in agreement with the
correlation, and selection of 4° C. as the reference conditions
instead of 100° 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.

PRESSURE CORRECTION TO ENTHALPY

The effect of pressure on the enthalpy of any substance is
expressed by the rigorous thermodynamic equation:

OH oV
(%), =7 -7(30), .
TRearranging in terms of reduced conditions,
J (OH R (34
&) -Gr), ®
_ Combining Equations 3 and 5, '
1
Jo1 ( 1 o~
P, 14} bpr T' STE:’: (6)

Table II. Densities of Compressed Liquids

Pressure, Reduced e Density, Gram/Cge,———emem————,
Lb./8Sq. In.  Pressure Caled. Exptl, Caled. Exptl. Caled. Exptl.

WATER (18): p1/wn = 7.588 at 100" C., 1 Arm.

204.4° C., 8.9° C 374.3° C,,

Tr = 0.738 T.--O Ty = 1.0
1000 0.312 0.842 0.884
3208 1.0 0 851 0.874 0.8i1 0.éie 0.326 0.3is
4000 1.248 0.854 0.878 0,633 0.639 0,551 0.843
5500 1.715 0.858 0.885 0.658 0.660 0.803 0.603
PrOPANE (17): p1/w1 = 4.807 at 21.0° C., 200 L»./Sq. IN
o 54.5° C., 71.1° Q., ° C.,
T, = 0.878 Tr = 0.921 Tr=0966
300 0.466 0.453 0.447 .
600 0.934 0.460 0,458 0.4i6 0.432 0.374 0 368
1500 2.85 0.485 0.482 0.460 0.458 0.431 0.430
3000 4.66 0.508 0.506 0.489 0.480 0.460 0.470

Butane (18): pi/wr = 5.087 ar 21.1° C., 250 Lz./8aq. IN.

71.1° C,, 104.4° C,, °C,

Ty = 0.809 Ty = 0.887 Tr—OQ
250 0.462 0.521 0.522 0.467 0.461 0.427 0.411
500 0.945 0.626 0.527 0.475 0.472 0.438 0,434
éggg 284 0.546 0.545 . 0.508 0.801 0,487 0,475

67 o 567 0.564 0.538 0.528 0.521 0.507

graphical differentiation of Figure 1, re-
membering that 0(1/w) = —(Qw/w?). The
results of this operation are summarized in
Figure 2 and Table IV for the range of conditions not close
to the critical point.

The effect of pressure on enthalpy may be expressed in a
more useful form by graphically integrating Equation 6 to
obtain the differences between the enthalpy of a liquid under

o o
a2l
T 8
3
Jor
5”1
-
T}
2 oo}
z
=]
2
< .of-
o
>
w
o7
o6k
ok B
[ex O.I-" oi 0:7 08 o.l? [T
REDUCED TEMPERATURE
Figure 1. Thermal Expansion and Compressibility of
Liquids
Table III. Densities of Saturated Liquids
Tempgra— Density, G./Co. Tempgra.- Density, G./Ce.
ture, ° C. Caled. Exptl. ture, ¢ C. "Caled. xptl.

AMMONIA (81): p1/w: = B5.468 aT —33.8° C., SaTp. PREBSURD

0.729 0.730 37.8 0.586 0.584
—45.6 0.608 0.699 93.8 0.488 0.475
-17.8 0.664 0.664 121 0.388 - 0.380
+10 0.626 0.628 133 (To) 0.240 0.234
Etaru Avconon (11): p/wy = 6.210 AT 20° C., SatD. PRESSURE
0 0.809 0.806 60 0.746 0.785
40 0.768 0.772 80 0.721 0.735
243.1 (To) 0.273 0.275
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Figure 2, Differential Effect of Pressure on Enthalpy of
Liquids

its critical pressure and the enthalpy at the same temperature

and other pressures:
10Jo (28
#r Pean\ 0pr T apr M

Jor . =
‘P‘;;‘; (H:p - H)T

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
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Expressing in terms of reduced conditions and combining with
Equation 3, .

2 .

JPlTn _b‘_s_) o — 0=

w P, \Jp: /1 - <-D-T% ®
. »

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
game temperature:

. . .
J 1.0 o=
2Lt (S~ Sz = [ = (2a) ap, (10)
w1l Pr 7,
4
140 T /
Y
120} : —
P
roof // -
0999 ]
8ol o° .
3‘; / '099 o //_..
> 60} 02 —
% / ]
I o
- / 09°""
40 / N
Qe 028
20 096~ ——
’ _——— 094 —_ ]
090—
o 080 ‘Qs"’\\
0
of 99 REDUCED TEMPERATURE 70
O H { ] 1
-2% ' ] 2 3 4 5
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Figure 3. Pressure Correction to Enthalpy of Liquids

compounds. In view of the fact that the

pressure correction is relatively small as Jor [OH
compared to the enthalpy changes ordi- Table IV. Values of ~ Py \3P, /)
narily encountered in industrial operations, Tr Pr=0 Pr=04 Pr=08 Pr=10 P,=15 Pr=2 Pr=3 Pra5b
it is believed tha.t Flgure 3 l?l&y' be safely gg - g? _gg - ?g - ::g - gg - g‘g - g_g _1'{
used for many engineering applications. The 3-8 86 9% i3 % zidE -8 -3%E i
fact that a relation based on data for 0.90 5.0 +9.1 + 8.3 +83 4+ 3.4 i 19 —02 -—27
pentane is in even fair agreement with- 0.98 t1.0 o 0T Te) Ter 39
such dissimilar materials as water and pro- 1.0 +36.0 +21.8 +10.7 +0.4
pane is reassuring as to its generality.
Table V. Values of §2 (H,, — H)r = ¢
PRESSURE CORRECTION TO ENTROPY ow1
Ty Pr=0 Pr=04 Pr=m08 Pr=wl2 Prmlb Prm2 Prm3 Pem3
0.7  +3.1 2 08 =07 =~ 1.8 -~ 3.4 — 7.3 — 17.2
The eﬁegtofpressureon the_entropy of any o1 13 13 08 -07 =~ 18 -~ 34 - 7.3 —17.2
substance is expressed by the rigorous thermo- 0.85 -3.2 1.8 -0.5 I 0.4 $ 9.9 + é'? - 2.2 = B0
; ton: . ~5.0 -1.7 1.0 2 : . .
dynamic equation: 0.94 -3.5 + 2.1 5.2 8.2 11.8 10.8
0.98 +100 4 18 258 20.2 30.3
. 0.09 1180t 26.9 35.0 47 54.1
0999 465 825 + 77.8 97.6 +110.3
J(D_S o (Q_Z ® 1.0 +87.0 +101.5 +115.2 -+180.5 .....
op/r 0T /y
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Values [O(1/w)/DT,), 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.

PRESSURE CORRECTION TO HEAT CAPACITY AT CONSTANT
PRESSURE

A useful expression for the effect of pressure on heat capr;.c-
ity at constant pressure may be derived by des-
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Table VI. Pressure Correction to Enthalpy

e (Hop — H)T, cal./gram mole————————rt
Presaure, 204.4°C. " " 548.0°Ch 374.3° C.
Lb./8q. In, Caled. Exptl, Caled. Exptl, Caled. Exptl.
Waten (18)

1000 23 28, ves . P cevs
i A

- - 1 128
500 —26_ -382 164 +172 +1370 1526

Prorane (17) )

. 54.58° C. 71.1° C. 87.9° C,
300 . -29 -25 - ‘e L e e
1500 418 +12 68 83 1205 i200
3000 -28 -21 58 485 260 256

ignating the right-hand side of Equation 7 as ¢,
a function of reduced temperature and pressure:

3

Joy 7
Por (Hep — H)r = ¢ (11

Upon differentiation at constant pressure,

7 [(57), - Go). 1 - GGh),

DO O
o .

=O00Q00O0
ODVVODOOT

Table VII. Values of 221 (5, — §)7
Py

Pr=04 Pr=08 Presl1l2 Prwml1ll Prm2 Py =3 Prw=d
-4.8 -1.7 1.1 + 8.2 + 6.9 13.8 + 25.0
.o -3.6 3.8 + 8.5 15.5 26.9 44.9

-7.1 5.6 12,2 20.8 84.7 83.8
e 13.2 24.6 87.3 65.1 79.0
+18.3 31.9 + 47.7 71.0 09.9
32.1 §0.0 :t 70.2 96.9 130.0
+50.7 78.9 102.0 130.9 165.6

+93.2 +113.0 +134.0 +161.5 .....

JplTa

o1 (G — Or = (%),

The results of graphically differentiating Figure 3 in ‘accord-

" . ance with Equation 12 are summarized in Figure 5 and Table

180

140}~

120

-2 |'2l :>|'.4 S

REDUCED PRESSURE

Figure 4. Pressure Correction to Entropy of Liquids

IX. A comparison of values calculated from Figure § 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 (22) 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 & 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

I_Ssﬂ - 8) X 108 cal.{gmm mole/® K.————
Pressure, 204.4° C. 848.9° 0, 874.3° C.
Lb./8q. In, Caled. Bxptl. Calod.  Exptl Calod, Exptl.
WaATER (18)
1000 ~115 -100 cene
2500 - 8 - 82 - 249 =242 edse vees
4000 88 :t 33 194 187 1900 2030
8500 112 98 430 446 2400 25456
Prorans (17)
' 54.5° C. 71.1° C. 87.9° C.
1800 Far0 Taas  £oedo ko1 4obis 4.§h0
8000 -+990 0984 1215 1200 11679 11790
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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 eurve, referred to above
(22) and expressing the relation between heat of vaporization
and reduced temperature, is represented by the following em-

pirical equation:
1 — T,\0
>\=x1<1_T) (13)
1

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 ma y be accurately calculated at any
temperature from the rigorously correct Clapeyron equation:
dp, A

al = v, — )

(14)

The molal volume of the vapor, v,, may be calculated from the
generalized gas compressibility factors while the volume of
the liquid, v, 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 eritical temperature and pressure by use of a
reference substance method of plot ting such as that introduced

Table IX. Values of ITom (Ces — Cp)r
P.wy

Ir Pr =04 Pr =08 Prea 12 Pr=15Pr =22 Pr=3 Preaj

9.7 -9 - 3 3 7 4+ 14 4+ 23 4+ 38
0.8 —28 - 9 i 8 i 18 + 30 -+ 52 4 80
0.9 . — 42 ~ 30 82 + 98 4142  +192
0.84 - 75 -~ 70 143 +216 4-303 392
0.96 -190 +-148 +272 +400 518 662
88‘5 e +208 387 +550 -+603 i

+385 608 +1778

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, & 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:

dp. _ __PB\s
ar )s = 00BRTE (13)

A simple relation between temperature and vapor pressure
was developed by Calingaert and Davis (3) as a result of a
study of the Cox method of vapor-pressure plotting:

B
In Py = A4 - m (16)

where T is expressed in degrees Kelvin. This equation is not
particularly reliable for many materials and is not recom-
mended as & general method of predicting vapor pressures
where considerable acouracy 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 186,

dp. B
9T = T = @y a”

The constant B may be determined from any two vapor pres-
sure values, such as the boiling point and eritical point:

In Be

‘B = —— 2 - (18)

Tg —43 T, — 43

Combining Equations 12 and 14,

Py A TB z
As = 0.05R8 (72 ) (19)

Table X. Pressure Correction to Heat Capacity of Water
. at Constant Volume (12)

————(Cep — Cp) T cal,/gram mole/® K.—m——
260° oo T O TR s 237.8° C.,
Pressure, Ty = 0.824 Ty = 0.910 T, = 0.943
Lb./8q. In. Caled. Exptl. Caled. Exptl, Caled. Exptl,
1000 —0.88 —0.81 e e
2000 —0'46 -0.38 —1.98 —i.93
2500 —0.27 -0.23 —1.15 ~0.99 —2.48 —23l81
1000 1038 tOlZr 087 +0's0 +lied f2.02
8000 1074 1088 +2.18 +2.32 44.40 +4.4]
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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,
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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
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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,:

TB 9 1 — T,. 0,38
A = 0.95RB (m) (1 - TrB)

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 comparisons indicated that the major source of error
is Equation 19 rather than Equation 13, and the over-all
aceuracy is improved by using the actual compressibility
factor at the boiling point instead of the average value of
0.95.

©(20)

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 7'y may be converted into a saturated vapor at a
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higher temperature T.. Oneis to heat the liquid (maintaining
saturation) to T, and vaporize it. Another is to vaporize the
liquid at T, isothermally expand the vapor to zero pressure,
heat the ideal vapor to T, 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: _

Mo (HY — Ho) + 05 (T2 — Th) — (HY — Hegy) =

L )+ Gl Y FLE Ty e

Rearranging and applying to an infinitesimal temperature
change, d7),

(Cu — C3p) dT = — d\ — d(H* — H,;)

o o OGN d(H* — Hy,)
Cu —Cpy T (22)
Since the term d(H*—H,,) involves both a temperature and a
pressure change, it must be expressed in terms of partial dif-

ferentials:

Vol. 35, No. 4

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,

o —0.361RB s 1
T (1 — 7,508 Ta — 43 (1 —~ T,y

(25)

A generalized relation between (H* — H,) and reduced
temperature and pressure was introduced by Watson and
Nelson (23) 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 caleulated 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

d(H* — Hy,) _ [oH* — H ‘0)] + was graphically differentiated with respect to temperature and
ar oT » pressure, and the data obtained are summarized in Figures 6
J(H* — H,) dp, 23 and 7 and in Tables XII and XIII. Because of the uncer-
[ r dT (23) tainty of the basic enthalpy correction chart at conditions in
60 202
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Figure 7.

Substituting Equation 23 in 22 and writing in terms of re-

duced conditions,

Ca — Cpﬂ = e (dTr)

I:b(H*— ,)] 1

- [ ] 2 e

Differential Pressure Correction to Enthalpy of Gases

the saturated region, particularly at low temperatures, the
curves of Figures 6 and 7 were adjusted by cross plotting
to obtain consistent relations which,
when incorporated in Equation 24, gave

1 dp,
; the best average agreement with the ex-
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functions plotted in Figures 6 and 7 may differ from experi-
Table XI. Heats of Vaporization mental values for some substances by as much as 50 per cent,.
Tempera- M o8l/grammole  Tempera- A, oal./gram mole However, it is hoped that these errors will tend to compensate
ture,°C.  Tald.  Exptl.  ture,°C.  Calod.  Exptl one another when the two charts are used together in con-
Waten (12) junction with Equation 24 and Equations 16 and 18 for cal~

198 935 o8  a0r e  27a0 culating pressures. , .
147.5 g-a00 is0 322 5020 S240 Heat capacity data in general are so unreliable pha.p it is
210 7,740 8,140 348.5 8,880 3,080 difficult to find good comparable values on both the liquid and
245 7,100 7470 3043 R gaseous state with which to test Equation 24, Table XIV
Anonta (81) ' compares values calculated frqm‘ the equation with experi-
—49.9 5,870 8,770 s 3,310 3.180 mental data for water, ammonia, pentane, butane, and pro-
T8 2.333 8.260 100 g,%g g,%g pane. The experimental values_. for the hydrocarbons were
+71:5 3'870 (3.780) 116.2 2'340 2.250 taken from the general correlation of Holcomb and Brown
3 1,800 1,640 (9) at temperatures below 70° F. These are actually heat
BrNzens (11) capacities at constant pressure, but at reduced temperatures
0 8,250 8,350 180 8,700 5,790 below 0.8 the difference from the heat capacity of the satu-
198 ;Zggg ;Zggg 350 ﬂgg %:228 tated liquid becomes small. At higher temperatures the data
140 6400 6,440 280 2,160 2,140 of Sage and co-workers from the indicated sources were
Eravy Avcoxow (11) selected. These investigators made actual measurements of

0 19780 9900 200 8050 7% the heat capacities of the saturated liquid. _
80 8,970 9,350 220 4,280 3,960 The agreement in Table XIV is reasonably good except in
120 8,000 8,350 240 1,990 1,760 the case of butane at the higher temperatures. Although
Buraxa (26) : these few comparisons do not confirm the reliability of Equa~
33;8 2;238 2:3"158 110.9 3,380 8,170 tion 24, it is encouraging that agreement is obtained on both
Proraxs (17 nopPolar gnd higl.xly polar compounds of both low and high
20.8 3,680 3,460 88.1 1786 1,490 boiling points. Figures 6 and 7 are not recommended for re-
t4.8 2,960 2.780 98.1 916 810 duced temperatures above 0.96 or below 0.55. At reduced
’ ' ' temperatures below 0.55 the difference between the heat
10 5,030 s'"’;'i;; ;) '_°’"°"£') 5180 capacity of the liquid and the ideal gas appears to approach
F20 5490 5,400 &0 sa0 ¢80 independence of temperature, and it is believed that this as-

perimental values of (C, — C*) for water and ammonia.
In all of this work Equations 16 and 18 were used for the csal-
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

sumption ig 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-
curagy 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

(OH, /bP),- data calculated by Kennedy, Sage,
and Lacey (13) from their Joule-Thomson
measurements on n-butane and n-pentane.
Edmister (8) pointed out that the data of
these investigators did not conform with his

Table XIIL Values of — M) in Small Calories por

Gram Mole per °

! ). nob Py To = 085 Tr =08 Tr=07 Tr = 08 T.--09 Ty~ 095 Tr =10

generalized relations. Similarly, Watson and 0.001 0.140 . -
Smith (24) found that a generalized plot of 9.003 0275 .18t e
. ) 0.003 0.415 0.270  0.i31 RO
Joule-Thomson coefficients showed large differ- 9.008 0.88 0.56 0.242 g.izs .. s
ences from the experimental data. These dis- 0.02 0.9 0:50 0:5° 0:254 0.198
crepancies indicate that differentiation of the 9.03 - 1.28 0.63 0.28 9.29
: " 0.08 . 2.82 1.33 0.77 0.89
generalized enthalpy-pressure relation tends 0.1 . 2.46 1.34 1.0
to magnify its inherent errors. It is prob- 0.4 . s 38 37
able that the absolute values of the 9.8 18.5 P
09 cee

Table XIII. Values of = ( bP ) In Small Calorles per Gram Mole per ° K.
r
Py Ty = 0.55 Tr-O_O Tr =07 Tr=08 Trw09 T'-095 Tr-098 Ty == 1.0

0.001 25.2 14.6 7.8 4.88 8.29 2.73 2.48 2.32
0.002 82,0 15.8 7.9 4.88 8.29 2.78 2.48 2.32
0.008 46 17.6 8.0 4.88 3,20 2.73 2.48 2.82
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 8.0 3.38 2.73 2.48 2.32
0.08 10.1 5.28 3.4 2.80 2.50 2.34
0.10 12.8 8.05 3.68 8.00 2.64 2.44
0.2 . 7.8 4.20 3.29 2.88 2.683
0.3 11.7 5.0 3.70 3.18 2.84
0.5 9.0 8.45 4.15 8.6
0.6 . . 7.3 5.08 4.0
0.7 10.9 8.6 4.8
0.8 10.7 6.6
0.88 15.0 8.1
0.90 34.0 11.2
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Table XIV. Difference between Heat Capacities of Satu-
rated Liquid and Its Ideal Gas

(C.l - ;7) cal./ (Cst — C'pag cal./

g. mole/
Tr T° C. Calcd Exptl T, T° C. Caled. Exptl
WaTeR (19)

0.35 83 11.0 10.0 0.853 277 14.4 13.8
0.80 115 I1.5 10.1 0.90 307 17.0 18.4
0.85 147.5 11.5 10.3 0.92 822.5 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 0.98 348.5 28.0 23,1
0.80 243 12.3 11.8

AmmoNIa (21)
0.56 —~49.9 9.8 9.8 0.85 71.8 12.9 12.8
0.80 —~29.8 9.9 1.0 .90 91.8 15.1 14.7
0.65 - 9.5 9.8 10.2 0.92 100.0 17.1 18.2
0.70 +10.7 10.4 10.56 0.04 108.1 16.9 17.8
0.75 31.0 10.7 10.9 0.96 118.2 19.9 20.9
0.80 51.3 11.4 11.5

n-PaNTANE (9)
0.585 -14.8 9.9 10.0 0.7 55.9 11.4 11.9
(] + 8.9 10.1 10.4 0.8 103.9 11.8 13.6

n-BuraNe (9, 16, £0)
0.56 —39.1 8.7 7.8 0.8 87.9 10.3 14.4
0.8 -17.1 8.8 8.7 0.9 110.9 12.9 17.6
0.7 +24.9 9.4 10.8

ProraNE (9, 16, 20)
0.58 —-687.7 5.2 6.1 0.8 25.6 8.2 9.3
0.8 —49.1 5,8 8.4 0.9 83.0 13.5 13.4
0.7 -11.7 8, 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:

d »
- (@@ w
In terms of reduced conditions,
(€ = Caver = —~ (32), 5 2 @7)
Values of - P (g may be obtained from Figure 2, and dp,/

dTis 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 — Ca), cal./g. mole/® K

T° C. Ty Caled. Exptl.
204 .4 0.738 —0.08 —0.09
287.8 0.8687 +0.33 +0.54
3156.6 0.910 +0.92 +1.11
326.7 0,927 1.76 2.18
337.8 0.943 3.0 3.64

Table XV compares results caleulated 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 st
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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

constants in Calmgaert—Davis vapor pressure equation
heat capacity

heat capacity of ideal gas

liquid density

enthalpy

enthalpy of ideal gas

mechanical equivalent of heat

molecular weight

pressure

pressure

gas law constant

entropy

absolute temperature

molal volume

volume of » moles

compressibility factor (gaseous)

molal heat of vaporization

liquid density, mass per unit volume

Jpt

P (Hep — M7

= liquid expansion factor
Subsonpts

normal boiling point
critical value

critical pressure
gaseous state

liquid state

reduced value
saturated liquid or vapor
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This table summarizes the best available values of the density, specific heat capacity at constant pressure (Cp), vapor pressure, visc
conductivity, dielectric constant, and surface tension for liquid water in the range 0 — 100 *C, All values (except vapor pressure) ref

PROPERTIES OF WATER IN THE RANGE 0 —100°C

of 100 kPa (1 bar). The temperature scale is IPTS-68,

R

1]
20

40
50

70

100

Ref,

D -

@

Density
glem?

0.99984
0.99970
0.99821
0.99565
0.99222
0.98803
0.98320
0.97778
097182
0.96535
0.95840

-3

C Vap. pres.
JgK kPo

4.2176 0.6113
4.1921 1.2281
4.1818 2.3388
41784 4.2455
4.1785 7.3814
4.1806 12.344
4.1843 19.932
4,1895 31.176
4,1963 47373
4,2050 70.147
42159 101.325

2 1,3

REFERENCES

Visc.
uPas

1793

1307

1002
791.7
653.2
547.0
466.5
404.0
354.4
3145
2818

Ther. cond.
mW/K m

561.0
580.0
598.4
6154
630.5
643.5
654.3
663.1
670.0
6753
679.1

L. Harr, 1. S. Gallagher, and G. S. Kell, NBS/INRC Steam Tables, Hemisphere Publishing Corp., 1984,

Oxford, 1987.

J. V., Sengersand J, T. R. Watson, Improved international formulations for the viscosity and thermal conductivity of water substan

Chem. Ref. Data, 15, 1291, 1986.

D. G. Archer and P. Wang, The dielectric constant of water and debye-huckel limiting law slopes, J. Pliys. Chem. Ref. Data,

Diel. const,

87.90
83.96
80.20
76.60

7317

69.88
66.73
63.73

60.86
58.12

35.51

. K. N, Marsh, Ed,, Recommended Reference Maierials for the Realization of Pltysicochemical Properties, Blackwell S¢ icmiﬁf:

N. B. Vargaftik, et al., International tables of the surface tension of water, J. Phys. Chem. Ref. Data, 12, 817, 1983,

ENTHALPY OF VAPORIZATION OF
WATER

The enthalpy (heat) of vaporization of water ks tabulated as a fungtion

of temperature on the IPTS-68 scale.

REFERENCE

Marsh, K. N., Ed., Recommended Reference Materials for the Realization

of Physicochemical Properties, Blackwell, Oxford, 1987.

t A H
w kJ/mol
0 45.054
25 43,990
40 43.350
60 42482
80 41.585
100 40.657
120 39.684
140 38.643
160 37518
180 36.304

6-10

AvpH
kJ/mol

34.962
33.468
31.809
29.930
27.795
25.300
22.297
18.502
12,966

2.066

Molar n
Melting
Boiling
Triple g
Triple g
Triple g
Triple ¢
Critical
Critical
Critical
Critical
Maximt
Temper

L. Haar
JL.M.H.

forH
J. Kesti:
1. Kesti:
P.G. Hi
Chem, !

. Sengers and .
bstance, J. Phys. CH

. Matsunaga and 2
. Chem, Ref. D

0.6
1.2

4.2
74
123
19.9
312
474
70.1
101.3
476
1555
3978
8593
16530




FIXED POINT PROPERTIES OF H,0 AND D,0

Unit H,0 D,0
Molar mass g/mol 18.01528 20.02748
Melting point (101.325 kPa) °C 0.00 3.82
Boiling point (101.325 kPa) C 100.00 101.42
Triple point temperature w© 0.01 382
Triple point pressure Pa 611.73 661
Triple point density (f) g/em® 0.99978 1.1055
Triple point density (g) mg/L 4.885 5.75
Critical temperature °C 373.99 370.74
Critical pressure MPa 22.064 21.671
Critical density glem? 0322 0356
Critical specific volume cm’l% 3.1 2.81
Maximum density (saturated liquid) glem 0.99995 1,1053
Temperature of maximum density < 40 11.2
REFERENCES

L. Haar, 1. S, Gallagher, and G. S. Kell, NBS!NRC Steam Tables, Hemisphere Publishing Corp., 1984,

.M, H. Levelt Sengers, J. Straub, K. Watanabe, and P. G. Hill, Assessment of critical parameter values
for H,0 and D,O. 1. Phys. Chem. Ref. Data, 14, 193, 1985.

J. Kestin, et. al., Thermophysical properties of fluid D,0, J. Phys, Chem. Ref. Data, 13, 601, 1984.

J. Kestin, et. al.,, Thermophysical properties of fluid H,0, J. 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.Dara, 11, 1, 1982,

THERMAL CONDUCTIVITY OF SATURATED H,0 AND D,0

l;t: gives the thermal conductivity A for water (H,0 or D,0) in equilibrium with its vapor. Values for the liquid (A,) and vapor
listed, as well as the vapor pressure.

REFERENCES

1) V Sengers and J. T. R. Watson, Improved international formulations for the viscosity and thermal conductivity of water

bstance, J. Phys. Chem. Ref, Data, 15, 1291, 1986.
2 N. Mgmmagn and A, Nagashima, Transport properties of liquid and gaseous D,0 over a wide range of temperature and pressure,
Phys. Chem. Ref. Data, 12, 933, 1983,
:

4 -

HO D,0
A/(mW/K m) A J(mW/K m) P/kPa A/(mW/K m) A /(mW/K m)
561.0 16.49
580.0 17.21 10 575 17.0
5984 17.95 20 589 17.8
6154 18.70 37 600 18.5
630.5 19.48 6.5 610 193
643.5 20.28 1L1 618 20.2
654.3 2110 182 625 210
663.1 21.96 288 629 219
670.0 2286 442 633 228
675.3 23.80 66.1 635 238
679.1 2479 96.2 636 248
682.1 30.77 465 625 30.8
663.4 39.10 1546 592 390
6214 5118 3995 541 520
541.7 7178 8688 473 752
447.6 13459 16820 391 143.0

6-11
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Comsol Multiphysics

Software Revision Number: 4.3

Revision History Log

Revision # Date Description of Revision

0 10/29/12 Initial Issue
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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.

20 SOFTWARE AND PRODUCT IDENTIFICATION

Project Name: Not applicable

Software Product Name: COMSOL Multiphysics

Operating Division: Savannah River National Laboratory

Facility: Applied Computational Engineering and
Statistics

Location of Target System: 703-41A

Software Lead Engineer: 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

40 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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50 TESTING ACTIVITIES

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
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.

Testing Complete:

Owner, S.J. Hensel

Test Engineer, M.R. Kesterson
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

Test results review and approval:

D.A. TamWurello,
Independent Reviewer (IR-2)

Owner Acceptance of Software:

S.J. Hensel, Owner
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7.0

8.0

9.0

BASELINE ESTABLISHED

Test Lead Engineer:

M.R. Kesterson

Design Agency:

M.R. Kesterson

Design Authority:

S.J. Hensel

Date

Date

Date

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.

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
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PROBLEM 1
Infinitely Long Hollow Cylinder with Applied Heat Flux
OPTION(S) TESTED: '_ _
Conduction with heat flux (Stsady-state, British units)
A heat flux (q") is applied at the right wall (r2) and temperature (To) is held

constant at the left wall (r1) . Steady-state temperatures are calculated assuming
an axisymmetric geometry. : :

i )
L
L,
A -
| R
T4 Tk '
l . <— q"
| o
I—T’ L _
‘ Y
I .
. -
Parameters: : : _
q" = 20 Br/hr-ft2 ‘12=3 ft. '
To= 100" F k=1 Bwhr-ft-'F
n=2ft. ' L= length (infinite)
The temperature at the right boundary (r,) can be found from the expression:
| | _ 2xLK(T, ~ T,) -
~ Inlnfy)
Rearranging, _
In(ry/r))q
T=To* —5ma—
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| Bnggaiﬁdni‘ﬂwﬁéatm_(q)mnwmbewﬁ&em .

q = 21“'214
Subsumnng mm the pnmous equatlon yxelds

| InGyr)2mlq”

Tl =To+—3mx

Simplifying and substiruting vagues..givc's- L

Tl =To+ -—(-rf.l-)ﬂ
Tm100s 1n(3/2)(3)(20)'_"5"- N

T,=1oo-+.'2'4.32'8' o

Ty=124328
The temperature at the right wall (ry) is found analytically to be 124,328°F. -

BEEEBB_N.GB. mmmwmumzmmm,nupu&now, _
. New Yotk. 1980, pgSS.
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Infinitely Long Cylinder with Internal Heat Generation and Convection
OPTION(S) TESTED: |

Internal heat generation and convection (Steady-’statc, British units) -

Heatis generawd internally (q"’) throughout the solid and is conducted to the right

wall at temperature Tg where it is transported by convection to the environment at
temperature Teo. The convective heat transfer coefficient is constant. Steady-

state temperatures at the centerline ( T(0) )are calculated assuming an

axisymmetric geometryf :
et o L
?‘ qm | —.'Too
| h
Parameters: ‘ o
q" = 50 Bru/hr-f3 - ro=1f.
h = 1 Btu/hr-ft-°F k = 1 Buw/hr-ft-°F
Too = 100 .F s . ) ’ :
‘The temperature at the outside surface (r,) can be found from Newton's law of ooolmg
q=hA(T,~T.)

whcxeAmdxemnfnoeareaoftlwoumdeofthecyhnder'
A= 21cr°L

" The heat rate (q) in Btu/hr is found from the cylinder volume and volumetric heat
generation (g™):

- q=q"e, L)
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Newmn'u law of eooling and subsutuﬁng the volumetnc heat som'co gives

e A
Ts="-“-+"'ir

o o)
T, =100+-im-_.. N

"_'_'r=125

-

Tbecmmrﬂnewmpetatmﬂ'(o))canbefomdm '_

o L E m) . T(l -—-;;;)...’r. |

- T(O)= D
TO)=125+ 125
T(O) 137.5

+125 .
The temperature at the centerline{ T(0)) is fouad asalytically t be 137.5 °.

REEERENCE: | |
mmmmnmwmzwmnm&kow
New York, 1980, Pg 72. o _
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1D Slab with Internal Heat Generation

‘QPTION(S) TESTED: _
Tempesature dependent conductivity (Steady-state, British units)

Heat is generated internally (@) in a slab with thickness 2L.. The heat is
conducted through the solid slab to a fixed wall temperature of Ty. The.
conductivity is linearly dependent on temperature. Steady-state temperatures at
the centerline (x=0) are calculated assuming a slab geometry. '

I
! |
' ql"
Tole 2L = To
l
| ; :
; !of oo .l — X -..I
" Parameters: To = 100" F - L=1ft
: q" = 500 Btu/hr-ft3 k =ko(1 +bT)

) ko = 1 Bw/hr-ft-°F b=0.1" F'l.
s ‘ . . . . | .
The thermal conductivity is expressed as k =ko(1 + bT)..
The temperature at x=0 can be found from the expression:
(T - To) + S0~ T

2 "': 2

q" L'72ky

Substituting for x = 0 yields

(TO-To+ HTO-13)
- - -=1

=1- LY

q"L3/2k
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T(0) - To+ 2(1%0) ~13) = S
T(O) - 100 + 0.05T°(0) ~500=250

| TO) =

=13 VTT4O0NE50) _ ~1£NTTL -
T = S = 120767, ~140T70

Sioe ~140:770 is  physically meaningless root for this problem, T(0) = 120.767.
The temperature at the centerline (x=0) is found analytically to be 120.767 °F.

REFERENCE: Arpaci, Vedat S. Conduction Heat Transfer, Addison-Wesley Publishing
Oompany, Rcadmg.MA 1966 pg 131. o B v E.
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| Transient Conduction in a Semi-infinite Solid
Transient solution (Transient, British units)
A heat ﬂux (q‘g is conducted mto a semi-infinite solid havmg. an initial

of 100°F. 'Ihetemperatmcatthe surfacex=Oiscalculatedm
_05 tervalafmmOto2hours

A

p 4 - oo
| Parameters: - _ .
- k=1Buw/ft:hrF - To=100"F
cp=1Buwlbm-F  q"=10 Btu/br-ft2
p= 11lbyf3 '
The transient tempcmure at the left boundazy can be found from the expression:
e
2q"( )
T, = To + -t
Subsututmg values glves _ |
'r = 'r0 +20Vtn

Note: In the dtagram, the heat flux is on the edge of the slab The arrow pointmg 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:

emperature at x

100.000
107.979
111.284
113.820 |

§ 115.958

REFERENCE: , .
Incropera, Frank P., and DeWitt, David.P. Fundamentals of Heat Transfer, John

. Wiley & Sons, New York, 1981. pg 205.
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Concentric Cylinders Modeled as 2-D Plates with Radiation
QFPTION(S) TESTED:

Radiation (Transient, British units)
DESCRIPTION: -

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/hr-ft.3, The temperatures at locations T3, T8 and T4 are calculated for times
of 0, 30, and 90 minutes.

-eﬁrﬁfun us
1 —6:9- 4 &
REGION 1 2 15.25
3 21.25
4 21.5

REGION 2

REGION 3

I Matedal ] Conducovity | Specific Heat | nsity
Buirt® | Gubn | byed)

— REQION1 139.7 0.214
REGION 2 26 0.113
REGIONZ _ 26 0113 430 1
o ra—) . . . ” s

\
Note: In the diagram, the radius of region 1 was incorrect in the original print of the test case and was
corrected by hand before the original document submission
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The temperatures at locations T3, T8, and T4 are shown below for times of 0,
30, and %ra utes. _

. Glass, Robert E., : i a]
. WWD Sandxa Nauonal Laboratones,
Albuquerue, NM 87185, February 1988.
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PROBLEM 6 : |
Freezing of a Square Solid - The Two Dimensional Stefdn Problem
OPTION(S) TESTED:
Phase change (Transient, SI units)
DESCRIPTION:

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 -45°, so that the block starts to freeze
from the outside towards the core. The latent heat of freezing (70.26 J/kg) occurs
between the solidus and liquidus temperatures of -0.25° C and -0.15° C,
respectively. The initial temperature of the materiat is 0* C,

The block is a square with a side length of 8 meters. Symmetry 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 fi, below. The ABAQUS element used is type DC2D4 (four-
node, bilinear quameml‘ ).

F

'8 x 8 mesh
of linear '
biquadrilaterals

—-Jk-? L’

T = 435 °C for time >0

Parameters: k= 1.08 W/m-°C . cp=1.0J/kg
p = 1.0 kg/m3

EXPECTED SQLUTION:

Plots of the temperatures computed by COMSOL Multiphysics should be similar to those
computed by ABAQUS.
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“Temperature vs. Time at Node A
-10
©
C
é -20
-
-30
40 g v v - — —
0 1 2 3 4 5
Time (seconds)
Temperature vs. Time at Node B
o
-10
EE’ -20
e -30 )
{ |78 ABAQUS temperajure results}
-40
0 1 2 3 4 5

Timg (seconds)
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PROBLEM :

Insulated Slab with Radiation -

.' g .

DESCRIPTION:

Conduction and radiation (Steady-state, ST units)

4——- — '0.lm———>|

Parameters: Ta=1000K & =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 quadnlateral clements). 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 (Tq) at the left end. Heat is conducted

through the solid to the right end at temperature (T}p) which radiates to an

environment at 300 K. The nght end has an ermssthy (ep). 'I'herc isno mternal
heat generation. .

Th1s is a test recommended by the Nauonal Agency for Finite Element Methods
and Standards (U.K.): Test T2 from NAFEMS publication TNSB, Rev. 3, "The
Standard NAFEMS Benchmarks," Octobcr 1990.  The temperature msults are
compared for point B _

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:
'é‘i'anslex)n analysis using a variable tempcrann'e boundary condition (Transient,
units

A ' — 18

I m———_’l

- Ta 0 C
Tb 100sin(11t/40)° C where t is in seconds
p = 7200 kg/m3
k =35.0 W/m-°C
cp=440.5 J/kg°C

Paramcte_rs:

' This problem is found in ABAQUS V5.2 Verification Manual, pg 6.2.3. The
ABAQUS clement type tested is DC1D3 (l-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 tempcrature (Tg) at the left end and with a varying
temperature (Tp) 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 .

The target solution is 36.60° C at x = 0.08 m and 32 secs .
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f OBLY - ’ : N - .. T N .

| 2-D Slab. with Convection

2D withconvection (Steady-stats, SIunits)
_. TON: .

 Parameters: h =750 W/m' C; To= 100" C; k= 52 W/m" C, T =0"C

| This problcm is found in ABAQUS V5.2 Verification Manual, page 6.2.4. The
1 3 ABAQUS clement type tested is DC3D8 (3-D with 8 nodes per hexagonal
clement). 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. :

Geomet:ry 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 tcmperaun'e (To). Therei isno 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.

i The temperature at point E as computed by ABAQUS is 18.26 °C.
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'PROBLEM 10: ._
IM X 1M Square Aluminum Plate
OPTION(S) TESTED:
" Nodal point heat source (Steady-state, SI units)

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/THE results are compared to ABAQUS results at the
specified coordinates. :
Nodal Point
Heat Source
' 1000 W
1000 K _ \
_ o — 1000 W/m2
(fixed) ' Constant Heat
0.5, 0.5) ' " Fluax

I |
L
0
h=134 WAm2K)  Tconvection= 300K
: Parameters: kaluminum = 293.076 W/mK
EXPECTED SOLUTION:
The temperatures computed by ABAQUS at three coordinatcé are shown below:

Coordinates | Temperature (K)
(1,-1) 108.0906

05,05 |  107.1976
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PROBLEM 11 : _
*Stiff"* Thermal Prob_lem with the Direct Solver

OPTION(S) TESTED:

Numerical convergence (Stcady-statg., SI units)

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 1 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 com| gared to ABAQUS V5.2 temperature results at the
coordinates x-= 1.0 and y =

300°F¥

High k material (1.0 W/m-K)

<t
<—} Heat flux = 1 W/m?

(1.0,9.0)

10m /
iy
@_o 9:\017

Low k material  {0.01 W/m-K)

The uemperature at coordinates (1.0,9. O) is computed by ABAQUS to be
409.690502 K.




COMSOL Multiphysics Version 4.3 B-STP-A-00027

Software Test Documentation Revision 0
Page 29 of 58
PROBLEM 12 :
~ Infinitely Long Hollow Cylinder with Multiple Materials
OPTION(S) TESTED: '

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 339° F and between the stainless steel/fiberglass interface of 190°
F. The objective is find-the temperature at the fiberfrax/stainless steel interface.

- o) -
: 4,125
339°F R (. 1—
Boundary Condition [T Alumina
d Zircar
00— - Inconel
_ ' 1 K3
T ture It i
cmpera resu . SR Fiberfrax
190°F | e Stainless steel
Boundary Condition : Outside ] Air
Parameters: . Ti=339"F To=190°F
1o = 14.275 : 1;=4.125
L= lcngth (infinite)
ateri Y. h )
inches
Alumina 4.455 .
Zircar 5.195 4455
Inconel 3.5 5.195
K3 1125 | 55 2.
Fiberirax - 120 11.23 X
Stainless steel 134 12.0
Alr 13.9
__Stainless steel

The rate of heat transfer by conduction across the materials (q) can be determined

from
2kI(T;-T,) (T;—T,)

G | K
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The rate of heat transfer by conduction across the materials (q) can be determined

from
| 2’:1:1;1.('rl -Ty) (Tj=To)
ThGR R
The total thermal resistance (Ry) is found by the summanon of individual
resistances:
ln(rolrl)
=I5

Substituting values between the 339° F boundary condition (T,) and 190° F
boundary condition (To) ylelds Ry=1.0064. When T; = 339°Fand To = 190°F,q
= 148.0451 Btw/hr. -

The total thermal resistance (Re) between the 190° F boundary condition and the
stainless steel/fiberglass interface is calculated to be 0.3192. Substituting Ry =
0.3192, q = 148.0451, and T = 190° F into the equauon for heat transfer by
conduction gives T, =237.25'F

'g;.t;mperature at the stainless steel/fiberfrax interface is analytically found to be

BEEERES_CE Kreith, Frank, and Black, William Z. Bamgﬂqnﬂmns_fﬂ,Hmper&Row
New York, 1980, pp 55,56. -
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2D Plate with Two Isothermal Boundaries
Spatially dependent temperature boundary condition (Ste&dy_—state‘, ST units)
2D late hasa constant temperature of 0K at the left and right boundaries. A
nt temperature boundary oondmon is lmposed at the top and
bottom of e plate as shown below:

T(x,y)=x 0<xg1
T(x,y-)==2-x - l<xs2.

ratures are calculated analytically at three randomly selected nodal
loca ons: (1.45, 1. 1), (085 1. 5),and(0 15, 0.7).

x, 0sxsg1
2%, 1<x$2
had ' . i . I .
" [©.2) @2
| ) @0 |
I |
] "
x, 0sx<l1
2-x, 1<x<€2
" Parameters: 3 -
5 _ a =2 m (plate length) _ b =2 m (plate width)

' Thetemperatmeatany (x.y)ooordmaw mthmthedommneanbefoundfmm

n -s sm(mcﬂ)[ )y+smh[—-(b y)] L
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The solution is fdund fmm the followmg FORTRAN program and output after -
| substituting values for the plate length and width and summing the first 35 terms.

| Temperatures are calculated at the three arbitrarily selecwd points within the
domain; (145 11),(085 lS),and(OlS 07) : R

IBRQQRAM

program sum

'Enter X:
xa:
pnn ter y
read (%, )y,

C tsum =0, 0
| E ' pi=3.14159265
; . do10n=1,35 .
' at=n* 1/2 0 -
gin = (smh(at*y) + smh(at“(Z-y)))lsmh(n*pl)
sum = gin(at)/n**2 * gin * sm(at"'x)
. tsum = tsum '+ sum
10 contmue

: : (v
o ( wnte (*, ‘) sum =", 8. 0*tsum/p1“'"‘2
e ¢
_ st
- en

! 77 sum.f
: - . S%aout
Enterx :
145
Entery :
1.1
sum = 02477080
- %aout - _
" Enterx:
0.85
- -Entery: .. -
1.5
sum= 04228634
 %aout .
. _Bnterx
- 015
Enwry _
0.7 L
sumaa 8. 1770860E02__ o
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The temperatures calculated at the three points are shown below :

Node| Coordinates | Temperature (X)

1
472 | (145.10) | 02477080 i
1419| ©85.15 | 0422863

1145 | (0.15,0.7) 0.081771 H

Powers.. David L. Boundary Value Problems, Clarkson,College of Technology,
Academic Press, Inc., 1979. pp 182, 183.



COMSOL Multiphysics Version 4.3 B-STP-A-00027
Software Test Documentation Revision 0

Page 34 of 58

Radiation Exchange between Two Infinitely 'I.ong'Cylind'.ers and Space
OPTION(S) TESTED: ' |
Radiation view factor calculations (Steady-state, SI units)

To test performance of P3/THERMAL's integrated mwfactorlradlauon 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/m?2 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 te Tg:rature gradient small so that the analytical solution can be easily
shown. surface emissivity is 1.0. The space temperature (Too) 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 pro accuracy for a
complicated view factor problem as well as the capability of the solver to model
.. the radiation nctwork.

1000 W/m? 1000 W/m2

1——-2.25m———"

Parameters: D=025m R=1m
| -q" = 1000 W/m? | 0=5.7(10)8 Wjm2-K4

The net heat flux between surface 1 and the environment is
q"1-3=0F1.3( T14- T3%)

The Vi_ewfgctors (F) for this arrangement can be expressed as

F12+F1.3=10. '_

" whth
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with -

F,_z_.-—.l-[ x2- 1)"2+ = —cos ( x) ]

whemX=1+%

- Evaluating, F1.2 = 0.30895 and Fy.3 = 0.69105.

Substituting these values into the expressxon for the net heat flux Q1.3 yields Ty =
399.700K. -

" The temperature of thé;cyiinder surface is analytically found to be 399.700 K.

Siegel, Robert and Howell, John. Thermal Radiation Heat Transfer, 2nd. ed.,
Hemisphere Publishing Co., 1981. pg 205.
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: 3-D Brick wnh Heat Flux, Convection, and Temperature Boundary' Conditions
OPTION(S) TESTED: | |
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/m?2 is applied at the plane z = 1. Convection (q o)
with a convective heat transfer coefficient of 180 W/mK occurs to an environment
_ atZSOKatthe%abnex=2 The boundary aty = 0 is-held at a constant
- mgue:a K. The remaining boundaries are insulated. The thermal
_ conductivity of the brick is 40 W/mK. _

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 arbm'anly selected nodal locations within the bnck. _

0,1,1

. q"f=245-0 W/mz (0,1,0)
N !
l
AT 000 -
a( @10) ~ | z |
P . -
X : X )
/ .
N ™ o
o @ony
| | 2

The temperatures at three nodes are found by ABAQUS as shown below:

Coordinates (x,y,z) Temperature (K)

1 30s | (14,0608 | 287566078 |
1 227 | (1.2,04,06) 203.430702 ||
0.8,0.2, 0.2 }

298.230642
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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 (r>)

COMSOL 4.3 (°F) | Analytical (°F) | Error (%)
124.33 124.328 <0.01

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 (r,)

COMSOL 4.3 | Analytical (°F) | Error (%)
CF)
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=0):

COMSOL 4.3 | Analytical (°F) Error (%)
CF)
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) (°F) (°F)

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 | 4178 | 2786 | 399.2 | 4175 | 0.07% | 0.20% | 0.07%
30 1273.2 | 710.2 | 505.5 | 1272.2 | 708.8 | 5054 | 0.08% | 0.20% | 0.02%
90 398.7 | 569.5 | 5962 | 3974 | 5684 | 5954 | 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, 3.2¢, 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, 3.2¢, 3.2d, 3.1, 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 (°C) | Error (%)
(WY)
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, 3.2¢, 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 (%)
(&S)
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 1M Square Aluminum Plate

Results: The temperatures at three nodes are:




COMSOL Multiphysics Version 4.3 B-STP-A-00027
Software Test Documentation Revision 0
Page 41 of 58

Node | Coordinates | COMSOL 4.3 | ABAQUS Error (%)
(’K) X)
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 43 | ABAQUS (°K) | Error (%)
CK)
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, 3.2f, 3.3, 3.4b,
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:

COMSOL 4.3 | Analytical (°F) Error (%)
(F)
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, 3.2f, 3.3, 3.4b,
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:

Node Coordinates | COMSOL 4.3 Analytical Error
(°K) X) (o)

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 ’
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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




COMSOL Multiphysics Version 4.3 B-STP-A-00027
Software Test Documentation Revision 0
Page 52 of 58

Surface: Temperature (K}

A11218

0.9+

0.8

0.7

0.6

05

0.4

02

01

L L 1
0.1 o 0.1 0.2 0.3 o4 0S5 06 07 0.8 0.9 1 11 vioe

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 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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Nomenclature and Units

= Convection Heat Transfer Coefficient (Btu/hr-ﬂ2-°F)
= Thermal Conductivity (Btu/hr-ft-°F)

p= Density (Ib/ft)

Specific Heat (Btu/lIb-°F)

= Characteristic Length (ft)

= Temperature (°F)

Acronyms and Abbreviations

CCSS Configuration Control Support Structure

CCV Contamination Control Vessel

CoC Certificate of Compliance

Ccv Containment Vessel

DOT Department of Transportation

BTSP Bulk Tritium Shipping Package

HAC Hypothetical Accident Conditions

HAC/Solar  Hypothetical Accident Conditions (Steady State) with Insolation
HSV Hydride Storage Vessel

HTV Hydride Transport Vessel

MC5PV Mound Configuration 5 Process Vessel

NCT Normal Conditions of Transport

NCT/Solar  Normal Conditions of Transport with Insolation
NCT/Shade Normal Conditions of Transport without Insolation
PV Product Vessel

SARP Safety Analysis Report for Packaging

SRNL Savannah River National Laboratory

SS 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 ! Figure 1 shows a
schematic of the BTSP package with a generic PV content. This calculation evaluates the
MCS5PV within the BTSP. The MCS5PV was previously authorized for shipment in the AL-M1
Nuclear Packaging (DOE CoC No. USA/9507/BLF)"?!. The general configuration of the MC5PV
in a BTSP is shown in Figure 1 and a photo of the MCS5PV are shown in Figure 2.

«— 28 5

50127

Figure 1 Schematic and dimensions of the BTSP package containing the CV.
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lran

Figure 2 Sketch and Photo of the MCSPV Product Vessel

Technical specifications for the BTSP packaging components are provided on the BTSP
engineering drawings".. 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-19™ Block insulation. The drum assembly bottom is welded
closed with a SS plate after the volume is fitted with a cylinder of the TR-19™ block insulation.
The assembly construction details are defined on Drawings R-R4-G-00040, R-R3-G-00049 and
R-R3-G-00051."
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Compressed F iberfrax®, Last-A-Foam® and Vermiculite TR-19

Three layers of Fiberfrax® insulation blanket with density 7-10 Ib/ft® are wrapped around outside
of the drum liner. The drum fabrication process has liquid General Plastics Manufacturing
Company Last-A-Foam® FR-3710M 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 Ib/ft’. The expanding foam compresses the 1.5 inch
layer of Fiberfrax® to approximately % 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 ). Details are
shown in Drawin§ R-R2-G-00051."] The Vermiculite TR-19 is block insulation with a bulk
density of 23 Ib/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 IlI, 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.) The CV Lid has a I-inch
valve assembly protected by a valve cap attached with cap screws. Valve assembly and the C-
rings® that fit into these grooves complete the leaktight closure assembly. The construction
details[gre given in Drawings R-R1-G-00024, R-R3-G-00013, R-R4-G-00037, and R-R4-G-
00038.

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-00054.8) 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-00039.7!

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."]

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 seals. The pad is made of KAO-Tex Superwool insulation made by Thermal
Ceramics. The design details are given in the drawing R-R2-G-00069."1 The pads thermal
properties are assumed to be the same as the Fiberfrax® insulation blanket due to their similarity
in materials and construction.

Insulating
Pad

Fiberglass Coated Honeycomb Cylinder 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!'! 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 ..

The thermal conductivity of the compressed Fiberfrax® insulation blanket surrounding the liner
is based on testing at SRNL.™®) 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® on aluminum 5052 honeycomb samples having appropriate cell size
and foil thickness and a density of 12 Ib/ft’. 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.
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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 ©l. 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 SA 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 used!'?). The heat generation of the contents is assumed to be the
content maximum of 3.3 Watts 2. 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 (2 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 MCSPV. The space between the CV
and the MCSPV is evacuated and filled with helium during the CV loading. The helium gas
pressure is 1 to 5 psi ['") 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-°F) P, (]b/ft3) Cp, (Btu/lb-°F)
Fiberfrax (compressed) Insulation 2.14E-02 @ 70.0°F
Blanket (Values are based on 2.25E-02 @ 122.0°F 20 027
tests at SRNL) ¥ 2.43E-02 @ 185.0°F '
(Same for Insulating Pad)
Vermiculite TR-19 Block 6.33E-02 @ 400.0°F
Insulation'?! 6.67E-02 @ 600.0°F
7.00E-02 @ 800.0°F
7.33E-02 @ 1000.0°F 23 0-20
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 @ 140.7°F 10 0.353
(During NCT and pre-fire)!"! 3.285E-02 @ 248.4°F )

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, (Ab/fE) Cp, (Btu/lb-°F)
Honeycomb Cylinder (Radial a
plane) (Aluminum 5052)" 0.196 15.22 0.22
Honeycomb Cylinder (Axial 0.0982 15.22° 0.22

plane) (Aluminum 5052)"®
Aluminum Foam Spacers
(Radial) — Assumed same as 0.196 16.9° 0.22
honeycomb cylinder

Aluminum Foam Spacers

(Axial) - Assumed same as 0.0982 16.9° 0.22
honeycomb cylinder
?r';;'zga T 90.0 169.3 0216
304L Stainless Steel™* 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@80°F 3.419@80°F
(Hydrogen property values 0.119@170°F 4.38E-03@170°F 3.448@170°F
are used)””! 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
Helium™ 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™ 1.516E-02@80°F 0.240@80°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@1520°F

Molecular Sieve SA 0.48 44 0.19

(Contents)!""

Silicone Pad®! 0.18 91.73 0.35

Aluminum shells"" 0.185 28 0.22

Note: The numbers in brackets are the references at the end of the calculation.
* 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 packages!'! 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
CvV 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 .
(NCT & pre-fire) 304L Stainless Steel 0.21
Exterior of Drum .
(during HAC post-fire) 304L Stainless Steel 0.80
S‘“CO“E Pad (grey soft Silicone Rubber Pad 0.86
rubber)
Insulating Pad (Kao- .
Tex with cover)2 Fiberglass Cloth Cover 0.77
Twww.infraed-thermography.com/material-1.htm
2 www.ib.cnea.gov.ar/~experim2/Cosas/omega/emisivity.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 or = 0.50) are based on the detailed
analysis for different types of drum surfaces.””! 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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2.3 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 MCSPV 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.l'") This computer code meets site nuclear safety QA requirements.!'”!
Work was performed in accordance with the WSRC E7 manual.'®

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 10CFR71.71.1'") 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 ) 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 SA molecular sieve!'” 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 MCSPV 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-
M1 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

Fiberfrax
. Insulating Pad
> FR-3710 Foam
e Helium Liner
o8] Honeycomb Cylinder
o] Molecular Sieve
of] CV Body
o Aluminum Foam Spacer
0.7] D
Silicone Pad rum
TR-19 Block Insulation Air

0.7 Tos 0.5 0.4 0.3 0.2 Tox 0 o1 "0.2 o3 0.4 05 0.6 0.7 08 ‘0.9 1

Figure 4 - Material Representation for BTSP with MCSPV.

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. 10CFR 71.71
prescribes a total insolation energy of 800 cal/cm?® over a period of 12 hours on a horizontal
surface and 400 cal/cm? 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/ft>-hr on the top
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of the package and 122.88 Btu/ft>-hr on the side of the package. The applied solar fluxes using
absorptivity of 0.50 are 122.88 Btu/ft’-hr on the top of the package and 61.44 Btu/ft>-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.

The ambient temperature is 100°F.

6. Insolation is applied as solar heat flux. The applied solar fluxes are 122.88 Btu/ft*-hr on
the top of the package and 61.44 Btu/ft’-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.

wn

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

The drum is in an upright position.

The drum bottom surface is adiabatic.

There is radiation heat transfer from the sides and top of the drum to the ambient.

There is natural convection heat transfer from the drum sides and top to the ambient.

The ambient temperature is 100°F in shade

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.

AN

3.3 HAC 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 HAC/Solar Fire Model

SRl M

The drum is in an upright position with contents.

The drum bottom surface is adiabatic.

There is radiation heat transfer from the sides and top of the drum to the ambient.
There is natural convection heat transfer from the drum sides and top to the ambient.
The ambient temperature is 1475°F.

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/ft>-hr on the top
of the package and 110.59 Btu/ft’-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.

Thermal properties for air are used in place of the polyurethane foam. This is due to
charring of the foam during the fire phase.

The Content decay heat is 3.3 Watts.

Description of the HAC/Solar Model

SNk =

The drum is in an upright position with contents.

The drum bottom surface is adiabatic.

There is radiation heat transfer from the sides and top of the drum to the ambient.

There is natural convection heat transfer from the drum sides and top to the ambient.

The ambient temperature is 100°F.

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/ft>-hr on the top
of the package and 110.59 Btu/ft*-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.

Pristine foam (10 Ib/ft’) 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.

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 (°F)

BSTP/MCSPV | Temperature

Component Model Limit

CPH cH

CV wall 112 400
CV C-ring 105 1200
Cap C-Ring 106 1200
Bellows Valve 106 400
Honeycomb Cylinder 111 350
MCS5PV 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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Figure 5 MCSPV Prefire Temperature Profiles for NCT/Shade
4.2  NCT/Solar Model Results

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)

Conipoot BTSP/MCSPV Model Temperature Limit

CF) CF
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.

0.7 06 0.5 0.4 -0.3 -0.2 0.1 o 01 02 03 04 05 0.6 0.7 0.8 0.9 1 w4267

Figure 6 MCS5PV 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/MCSPV | Temperature

Component Model Limit

CF) CF
CV Wwall 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/MCS5PV | Temperature

Component Model Limit

(°F) (°F)
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

Clonnpunent BTSP/MCSPV Model Temperature Limit
CF) CF)
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
Air post fire) NA
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 maxinum of 600°F 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 1b/ft’ 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 Ib/ft> ?!'}, Since k of the foam increases
with the density, the actual £ would be higher.!” For the NCT steady state analysis, higher &
results in lower CV temperatures and therefore actual foam & does not impact the NCT analysis
results. For the HAC analyses, higher density foam has lower thermal diffusivity than the lower
density foam' and hence lower CV temperatures during HAC fire event.

The model was evaluated replacing the thermal properties of the SA 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 Ib/ft’) 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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9.6 m Empirical Correlations: External Free Convection Flows 605

where the Rayleigh number,

.-
Ra, = Gr Pr= —gE(—%&———)—- (9.25)
is based on the characteristic length L of the geometry. Typically, n = ; and ; for laminar
and turbulent flows, respectively. For turbulent flow it then follows that 4, is independent

of L. Note that all properties are evaluated at the film temperature, 7; = (7| + T.)/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 (10* < Ra, < 10°), C = 0.59 and n = 1/4, and for turbulent flow
(10° < Ra; = 10"), C =0.10 and n = 1/3. A correlation that may be applied over the
entire range of Ra; has been recommended by Churchill and Chu [8] and is of the form

1/6 2
0.387 Ra } 9.26)

Nu, = 10.825 +
k { [1 + (0.492/Pr)"6 ]
Although Equation 9.26 is suitable for most engineering calculations, slightly better accu-
racy may be obtained for laminar flow by using [8]

0.670 Ra!"*

Nu, — 0.68 +
7 [1 + (0.492/Pr)*161%

Ra, < 10° 9.27)

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
0.825% = 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 7). If the surface condition is, instead, one of uniform heat flux (constant
q5), the temperature difference (7, — 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 Nu, correlations obtained for the isothermal plate may still be used to an excel-
lent approximation, if Nu; and Ra, are defined in terms of the temperature difference at the
midpoint of the plate, AT,,, = T(L/2) — T . Hence, with h = ¢[/AT,, a correlation such as
Equation 9.27 could be used to determine AT}, (for example, using a trial-and-error tech-
nique), and hence the midpoint surface temperature 7' (L/2). If it is assumed that Nu o Ra!*
over the entire plate, it follows that

n
x
qs* AT V34

kAT
or

AT o xl/S
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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]: ‘
Nu, = 0.54 Ra}* (10" =< Ra, <107, Pr=0.7) (9-30)
Nu; = 0.15Ra}® (10’ Ra;, < 10", all Pr) 9.31)

Lower Surface of Hot Plate or Upper Surface of Cold Plate [20]:
Nu, = 0.52Ral® (10*< Ra; <10°, Pr=0.7) (9.32)

Additional correlations can be found in [21].

ExAmMPLE 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.
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Natural-Convection Heat Transfer in
Liquids Confined by Two Horizontal Plates
and Heated From Below

This paper presents results of an experimental investigalion of conveclive heal trans-
fer in liguids placed between two horizontal plates and heated from below. The liguids
used were waler, silicone oils of 1.5, 50, and 1000 centistoke kinematic viscosities, and
mercury.

The experiments covered a range of Rayleigh numbers between 1.51(10)* and 6.76(10)8,
and Prandtl numbers between 0.02 and §750.

Tests were made in cylindrical containers having copper tops and bottems and in-
sulating walls. For waier and silicone oils the container was 5 in. tn diam and 2 in.
high. [For mercury, lwo containers were used, both 5.28 in, in diameter, but one 1.39 in.
high and another 2.62 in. high. In all cases the bottom plates were heated by electric
heaters. The top plates were air-cooled for the water and silicone-oil experiments and
waler-cooled for the mercury tests. To prevent amalgamation, the copper plales of the
mercury container were chromium plated.

Surface temperatures were measured by thermocouples embedded in the plates.
The test resulls indicate that the heal-transfer coefficients for all liquids investigated
may be delermined from the relationship

Nu = 0.069(Ra)"/*(Pryns

In this equalion the Nusseli and Rayleigh nwumbers are based on the distance between

the copper plates.

The results of this experiment are in reasonable agreement with the dala reporied by
others who used larger containers and different fluids.

0N CERTAIN engineering projects it is sometimes

necessary to prediet the heat-transfer rates by convection in
liquids confined between two horizontal plates and heated from
below. The search of published literature reveals that such in-
formation is scarce. The two important papers that are available
on this subject are limited in their scope. They do not possess
the desired range of physical properties to justify a derivation of
a general equation. The work of Mull and Reiher, as reported by
Jakob [1]* was done on air, while Malkus [2] used water and
acetone in his experiments.

1 Numbers in brackets designate References at end of paper.

Contributed by the Heat Transfer Division of Tas AMERICAN
SocIETY oF MECHANIOAL ENGINEERS and presented at the Heat
Téggsfer and Fluid Mechanies Institute, Berkeley, Calif., June 19-21,
1968.

Nore: Statements and opinions advanced in papers are to be
understood as individual expressions of their authors and not those

of the Society. Manuscript received at ASME Headquarters, July
21, 1958,

In the first case, the Prandtl number was practically constant
because it is known that for air the variation of Prandtl number
with changes in temperature is negligible; in the second case,
Malkus purposely kept the mean temperature of the water and
acetone at a constant value.

The Prandtl number, however, may be an important factor in
a mathematical expression from which heat-transfer rates are
computed.

Thus this lack of confidence that an equation derived from the
available data will apply to liquids with widely different physical
properties suggested the work presented in this paper.

The main purpose of this investigation was to obtain data and,
if possible, develop a mathematieal relationship from which
reliable beat-transfer coefficients for confined liquid heated from
below could be determined.

To obtain this goal, five liquids with dissimilar properties were
chosen for these tests.

Nomenclature
C, = specific heat at constant pressure, ‘k = thermal conduetivity, Btu/(br)- g = rate of heat flow per unit area,
Btu/(1b)(F) (f8) (™ Btu/(hr)(ft?)
C = constant, dimensionless L = height of container, ft Ra = Raérle%;h number, dimensionless,
J = function : g = Hrj‘rf, i volumetric ex
g = acceleration of gravity, ft/(hr)* "% = exponents - cozio:le;’/Fo TOmEIE e
Gr = Grashof number, dimensionless, Nu = Nuslselt number, dimensionless, Al = temper"ature difference between
Lip2g A1/t h'L/k the top and bottom plate, F
i' = special convective heat transfer Pr = Prandtl number, dimensionless, 4 = dynamic viscosity, 1b/(ft)(hr)
coefficient, Btu/(hr)(it?)(F) Conlk p = liquid density, Ib/ft3
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The liquids used were water, silicone oils of 1.5, 50, and 1000
centistokes kinematic viscosity, and mercury.

Procedure

The heat-transfer coefficient in geometrically similar containers
was assumed t0 be subject to the generally accepted factors that
influence convection, with the exception of L and A¢. The dimen-
sion L, the distance between the plates, was used as the charac-
teristic distance, and Af was used as the difference in temperature
hetween the plates. Thus

b= f[L: P; K, C))) kr At; (69)] (D

Without much difficulty we may derive by dimensional analysis
the relationship

WL _ (L______°”’9'3A‘CP ‘_‘Q’) e

k sk ok

Assuming the functional relationship to be given by a product
of powers we geb

Nu = C RamPr» 3)

The Nusselt number here defined is an indicator of how effec-
tively heat is transferred by convection as compared to that of
conduction. When the Nusselt number is equal to 1, convection
does not exist and heat is transferred by conduction.

The constant C and exponents m and n were determined from
appropriate graphs of the test results.

The exponent m was determined from the plot of log N'u versus
log Ra at a constant Prandtl number. Then all test data were
plotted as log Nu/Ra™ versus log Pr, and the exponent n and
the constant C were found from the plot.

The physieal properties of the liquids which were needed to
compute the dimensionless numbers were determined at the mean
temperatures of the upper and lower copper plates. For silicone
oils, water, and mercury, the properties were taken from Dow
Corning [3], Brown and Marco [4], and Liquid Metals Handbook
[5], respectively.

All data were recorded when steady-state conditions were
established, It was assumed that steady state was obtained
when all readings remained constant for more than one hour.

For each run the electrical heat input to the lower plate, the
temperatures of the two copper plates, and the temperature dif-

" ferences between the plates were measured.
The following experimental range was covered:

Prandt]l number from 0.02 to 8750

Rayleigh number from 1.51(10)¢ to 6.76(10)®

Nusselt number from 1.9 to 66.9

Temperature difference between the hot and cold copper plates
from 2 to 8O F
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Temperature of the hot copper plate from 75 to 198 F.

Apparatus

The test apparatus used in these experiments consisted of
right-cireular hollow cylinders with !/-in-thick copper plates at
the top and bottom, and insulating walls.

As shown in Fig. 1, the liquid container for the water and
silicone-oil tests had an ID of 5 in. and a clear distance of 2 in.
between plates. The cylindrical wall was made of plexiglas and
attached to the plates with O-ring seals so that no leakage
occurred. The heat from the upper plate was removed by blow-
ing air over its surface. In order to improve the heat-transfer
rate, the upper surface of the top plate was finned. The upper
plate was also drilled and tapped, and connected with a ?/e-in.
nipple to an expansion chamber.

The temperatures of the plate surfaces were measured by
copper-constantan thermocouples. The thermocouple junctions
were located at the center of the plates and approximately 0.03
in. from the liquid surfaces. The wiring connections were such
that the temperature differences as well as the individual tem-~
peratures of each plate could be determined. The thermocouples
were connected to a recording potentiometer and a portable pre-
cision potentiometer. The recording potentiometer was used to
indicate the time when steady state was established.

The mercury container is shown in Fig. 2. Two different
heights were used: 1.39 and 2.62 in. The ID for both heights
was 5.28 in. The side walls were made of pyrex glass and the
copper-plate surfaces were chromium plated to prevent amalga-
mation of the copper. O-ring seals were used at the interface of
the glass and copper plates, and the plates were bolted together
through a transite ring. To remove the heat from the top plate
a chamber was constructed above this plate and cold water was
circulated through it. Provision was also made for the expansion
of mercury. The overflow chamber, located off center, can be
seen in Fig. 2.

As in the water and oil containers, temperatures were deter-
mined by the use of copper-constantan thermocouples and po-
tentiometers. However, the thermocouples were connected so
that only individual readings could be made. Direct reading of
At was not possible because of the electrical path through the
mercury,

An electric heater was used to supply the heat to the con-
tainers. In the early experiments a laboratory hot plate was
used. Later, a heater was constructed from an element used in
an electric cooking range and a 3/rin-thick aluminum plate
attached at its top surface. The aluminum was used to assure
even heat distribution.

The electrical input to the heaters was measured by a voltmeter
and ammeter, A voltage regulator, connected in the electric eir-
cuit, insured constant voltage.
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Method of Tests

The container was filled with the appropriate liquid and then
placed in an evacuated chamber to eliminate any gas entrain-
ment. When evolution of gas bubbles ceased, the container was
put on the electric heater. This assembly was then placed in a
large box and surrounded by about 3 in. of mineral wool.

The electrical input was adjusted to a predetermined value and
the recording potentiometer connected to the thermocouples.

When the temperstures remained constant for one or more
hours, the precision potentiometer was connected and used to
determine the temperatures. For the experiments with mercury,
in the region where the temperatures fluctuated, the recording
potentiometer was used to estimate the average temperatures as
well as the magnitudes of the fluctuations. The voltage and

. amperage to the heater were also recorded.

Resuits and Discussion

An analysis of the variation of the physical properties with
temperature revesled that the Prandtl number for mercury re-
mained practically unchanged within the experimental range of
temperatures. This fact led to the logarithmic graph shown in
Fig. 3. The straight line may be expressed by

Nu = 0.05L(Ra)"? (4)

Tt should be noted that in Fig. 3, NuRa instead of Nu was used.
This was done to improve the accuracy of the graph since the
largest source of error is At, The convective-heat-transfer co-
efficient A’ is determined from the relationship

g = h'At (5
The Nusselt number may be written as
. gL
Ny = -—
u v )
The Rayleigh number is
L3p%gBAL
Ra, = L2BALC, e

uk

Thus an error in A¢ creates errors of opposite sign in Nu and Ra.
The product of the Nusselt and Rayleigh numbers is

Nu Ra = 1EP%98C,

e ®)
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The Nu Ra may be considered a dimensionless heat flux while £
Ra is a dimensionless At. Nu Ra is independent of At, but de- |
pendent on g, which was known very precisely from the electrical 4
readings. Fig. 3 is in effect a graph of heat transfer as a function 3
of temperature difference and any possible error in At is nof mag-
nified because it appears only in Ra. E:

The fact that the exponent m is L/ suggests that the natural §
convection is in the turbulent region. The point at which turbu- 4
lence starts is a matter of some disagreement asmong various ob
servers. Schmidt and Saunders [6], working with water, ob-
served a transition to turbulence when Ra = 45,000. Jakob {1]
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only two observations below 300,000. It may, therefore, be
safely said that the results in this paper pertain to the turbulent
region.

With the exponent m determined, we may now evaluate ex-
Ponentn. Thisis done by plotting on logarithmic paper Nu/Ra'/
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correlating the date of Mull and Reiher on ajr sets the transition in tempersture. We know that water is more temperature-
B point at about Ra = 280,000. Malkus [2] in experiments with  sensitive than the other liquids tested. It is probable that deter-
water and acetone observed changes at several different values of mining physical properties at the arithmetic mean temperature
h Rayleigh numbers. His lowest value of Ra is about 50,000. of the t{wo plates is only an approximation to the correct repre-
B The smallest value of Ra reported here is 151,000 and there were  sentation of convective heat transfer in a fluid whose properties

change with temperature.

Equation (9) is in fairly good agreement with the results pre-
seated by the two previously mentioned observers. Jakob {1]
in his analysis of the data of Mull and Reiber on air gives the re-
lationship

against Pr for all gbservations recorded in these tests.
) '1_'he graph of this type is shown in Fig. 4. The slope of the line
Indicates that n = 0.074 and the resulting equation is

Nu = 0.068(Gr)"s (10) i

Assuming for air a Prandt] number of 0.71, Equation (9) simplifiea

At, but de- 1§
& electricnl{,i i
'8 function_l'i ] to ]

Nu = 0.069(R,a.)'/=(P,_-)o.o74 9)

Nu = 0.060(Gr)"" (1)

Malkus (2], basing his relationship on the data of water and
acetone at room temperature, proposed the expression

Nu = 0.085(Ra)"-3

The graph of equation (9) is shown in Fig. 5. The computed
values for the five liquids are superimposed on this plot to show
their deviations. It is seen that the points for water deviate
EI‘thly more than the points for other liquids. The reason for
this is Probably the sensitivity of physical properties to changes

various ob-}; ]
water, ob-:E
Jakob [1] 1§
& Journal of Heat Transfer

[s

(12)

for the turbulent region.
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The Prandtl number for water at 70 ¥ is 6.8. Using this value
in Equation (9), we get

Nu = 0.080(Ra)¥* (13)

It is pertinent to point out here that the authors are convinced
that the size of the containers used for the experiments reported
in this paper had no bearing on the heat-transfer rates obtained.
This conviction is based on the fact that for the mercury tests two
containers were used with radically different ratios of diameter
to height of liquid. Although the ratio was changed by a factor
of almost two, in the region of overlap thers appeared to be no
difference in the results, and outside the overlap the observation
fits the same relationship,

The data of Mull and Reiher and especially those of Malkus
corroborate this conclusion. Malkus experimented with con-
tainers 4 in. in diam and from 0.05 to 3.2 in. in height, His
conclusion was that the departure of the heat-transfer rate from a
model of infinite horizontal extent is negligible.

In the experiments on mercury, turbulent fluctuations of tem-
perature were observed at Rayleigh numbers above 10, These
fluctuations appeared at both the upper and the lower plates.
They increased in magnitude with increase in Rayleigh number
and attained their largest value at Ra = 3(10)¢, ' Beyvond this
Rayleigh number, there was noinerease of temperature fluctuation
as a percentage of At. The largest possible fluctuation of A
would oceur when the individual plate fluctuations were out of
phase. Thus the maximum difference between At for the lower-
plate maximum temperature and upper-plate minimum tempera-
ture and A¢ for the lower-plate minimum temperature and upper
plate maximum temperature was found to be between =10 per
cent of the average At. It is reasonable to assume that the net
fluctuations in At were smaller than this, but since there was only
one recorder, it was not possible to determine their true variations.

To investigate the possibility of lateral temperature gradients,
a second thermocouple was attached to the lower plate. This
thermocouple was located 11/, in. away from the center of the
plate and was used to determine temperatures at Rayleigh num-
bers above 10% The results showed that there was a negligible
difference in temperature readings between the centrally located

28 / FEBRUARY 1959
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thermocouple and the one 1!/; in. away. The temperature
fluctuations were similar in magnitude at the two points measured
on the lower plate.

Conclusion

A mathematical expression has been developed for computing
heat-transfer coefficients when liquids are heated from below,
This equation is based on experimental data of liquids for a range
of Prandt! numbers between 0.02 and 8750, and Rayleigh numbers
between 1.5(10)5 and 6.8(10)8. The expression is

Nu = 0.069%(Ra)"/¥(Pr)o

The Nusselt and Rayleigh numbers include the thickness of the
liquid layer as the characteristic geometric factor.
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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.

C,
9:
S{Pr},

F{m},

Ra,

NOMENCLATURE
arbitrary exponent;
dimensionless coefficient;
arbitrary exponent;
dimensionless coefficient;
diffusivity [m?/s]; :

dimensionless function of Pr in

equation (2);
dimensionless function of power-law
coefficient in equation (16);
acceleration due to gravity [m/s?];
local heat-transfer coefficient [J/m?.s.°K];
mean heat-transfer coefficient over 0~z
[I/m?.s.°K];
thermal conductivity [J/m.s.°K];
local mass-transfer coefficient [s™!];
mean mass-transfer coefficient over 0-z
7'
coefficient defined by equation (15)
[kg/m-s>m];
exponent defined by equation (15);
exponent in equation (1);
hz/k, local Nusselt number at z;
hz/k, mean Nusselt number over 0-z;
v/a, Prandtl number;
heat flux density [J/m?-s];
gB(T,— T;)z*/va, Rayleigh number;
g7(w, —w,)z3 /v, Rayleigh number for mass
transfer;
9Bqz*/kva, modified Rayleigh number based
on heat flux density;
v/9, Schmidt number; :
k'z/9, local Sherwood number;
K z/®, mean Sherwood number over 0-z;
temperature [°K];
independent variable [m];
dependent variable [m];
distance up plate [m].

Greek symbols
o, thermal diffusivity [m?/s];
B, thermal coefficient of expansion [°K™'];
7, dimensionless coefficient for expansion due
to change in composition;
, mass fraction;
v, kinematic viscosity [m2/s];

¢{Pr}, dimensionless function of Prin
equation (8);

6, angle of inclination of the plate from the
vertical;
T, shear stress [kg/m-s*].
Subscripts
b, bulk;
S, surface;
0, limiting behavior for small z;

0, 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 Prandt! (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]:

iz} = yalz) +yiz) )

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'/*f{Pr} @)

where f{Pr} 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
of f{Pr}. This expression can be rewritten as follows
in terms of Nu:

Nu = 0-670Ra'4/[ 1+ (0-492/Pr)*'°1%5,  (3)

Equation (3) represents the various computed values
within 1 per cent from Pr=0to Pr=co and is in
general agreement for 10° < Ra < 10° 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 Nu = 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 of equation
(3) for y.{z} in equation (1) yields the following test
expression for the entire laminar regime;

0-670Ra*/*

Nu" =068"+(

[+ (0-492/}’1)9"‘]"9) -4

A test plot of representative experimental data [2-13]
in the form proposed by Churchill and Usagi [1]

STUART W. CHuURcHiLL and HumBERT H. S. CHU

indicates that n = | is a reasonable choice, yielding

0:670Ra’*
[1+(0492/PrT 1%
Equation (5) is seen in Fig. | to provide a good
representation for all Ra < 10° while equation (3} is
seen to be increasingly in error for Ra < 10°.

Nu = 068 +

(3

LAMINAR PLUS TURBULENT REGIME
An asymptotic solution is not available for Ra — o,
but Churchill [ 147 has asserted on the basis of dimen-
sional analysis that

Nu —+ ARa' 3@ {Pr} (6)

where 4 is an empirical constant and ¢@{Pr} is a
function which approaches unity for Pr— oo and is
proportional to Pr'/? 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

Nu" = 068"+ [ARa'*p{Pr}]". M

Equation (7) provides a dependence of Nu on Raq 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:

o{Pr} = ([1+(0-492/ Pr)*1 6]~ 4oy¥13
= [1+(0492/Pr)/16]-127  (g)

The expression resulting from insertion of equation (8)
in (7) also conforms to the asserted dependence for
Pr—0and o as Ra— .

Bosworth [15] proposed an equation of the form of
equation (7) with @{Pr} = 1-0 and n = 12 for Nu 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 4 = 0150 and hence
the final correlation:

0-387Ra"®

Nl = 0825 .
“ 8+ T 0492/ o o

)

This value of 4 is in reasonable accord with the value
of Ap{Pr} =010, hence 4 = 012, derived by Bayley
[16] for air and also with the value of 0-13 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 > 19°
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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F1G. 2. Comparison of correlating equations with experimental data for isothermal, vertical plates.

INTERPRETATION

Computed values of f{Pr} and ¢{Pr} for rep-
resentative fluids are given in Table 1. The significant
deviations for air and water from the limiting depen-
dence for Pr— oo indicate why the customary em-
pirical equations of the form of equation (2) with
S{Pr} = 1-0 and equation (6) with ¢{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—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:

Nu = CRa°P¥ (10)

cannot

range of Ra or Pr. Instead, the deviations from the
correlations in the literature must be due in part to
the choice of tt-*~ 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).
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Table 1. Correction factor for various fluids from asymptotic behavior

Pr Fluid Jer o{Pr} (0-492/Pr)"*f{Prt  (0:492/Pr)!p{Pr}
x 1-000 1-000
100 oil 0978 0971 0-259 0:165
70 water 0914 0-887 0-471 0-366
070 air 0-766 0701 0-702 0623
0-024 mercury, 0-436 0-331 0-928 0-905
50°F
0-004 sodium, 0292 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)*1614°.  (11)

It may be noted that for Pr — co 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)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
coeflicient 0-670 by (6/5)%/4/2/* giving 0-708 and to the
one for the integrated mean heat-transfer coefficient by
multiplying by (5/4)%4/2'/* 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'*
[1+(0-437/Pr)°18]43"
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

Nu = 0-68 + (12)

Nug = 068, 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:

AlIZRallb
[1+(0:437/Pr)i]527

Nu'’? = 0825+ (13)

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'/®

Nul2 = 0825 + .
* [T+ ©437/Pno e

(14)

Churchill [14] has asserted that Nu for fully
developed turbulent motion (Ra — o0) 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'/? 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 Re* 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 T, — T, with g/h, hence Ra with Ra*/Nu.
However, this re-expression disguises the important
result that the dependence of Nu 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 ¢.
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F1G. 3. Comparison of correlating equations with experimental data for uniformly heated, vertical plates.

MASS TRANSFER

Equations (5) and (9) with Sh substituted for Nu,
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 (x(w,~wy)/B(T,—T;)—0
and Pr/Sc »0) Sh can be substituted for Nu and
Ra(Sc/Pr)** for Ra in equation (9).

Also, on the basis of the results of Saville and
Churchill [27] for simultaneous heat and mass transfer,
Nu and Sh can be calculated from equation (9) for the
special case of Sc = Pr merely by substituting Ra+ Ra’
for Ra. For Sc # 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:
du|™" ' du
dyl &

Acrivos [30] has derived for Pr— cc the following
generalized form of equation (2):

pgﬁ(n_ n)22m+1 1/(3m+1)
Nu = F{m}( Karp ) (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 <10
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

t=-K (15)

(9) with ¢{Pr} = 1 should be applicable for such fluids
if (0B(T,— T)z*™* ! /[Ka™)*3m*1 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 oo 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
Sh, Ra' and Sc substituted for Nu, Ra and Pr and can
be applied for simultancous heat and mass transfer for
the special case of Pr = Sc if Ra+ Rd' 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 gsing
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 — oo is applicable to non-
Newtonian fluids whose behavior can be represented

by

a power-law if (pgB(T,— T;)z2m*'[Kam)¥3m+! s

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 cc.

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.

1.

13.

14,
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LOIS DE CORRELATION EN CONVECTION NATURELLE LAMINAIRE
ET TURBULENTE SUR UNE PLAQUE VERTICALE

Résumé — Une expression simple pour le nombre de Nusselt (ou de Sherwood) moyen est obtenue a l'aide
du modéle de Churchill et Usagi pour tout nombre de Rayleigh et de Prandtl (ou de Schmidt). Au cours
des développements il est fait usage de valeurs expérimentales du nombre de Rayleigh tendant vers zéro
ou vers 'infini et de solutions théoriques obtenues en théorie de la couche limite laminaire. L’expression
est applicable au transfert thermique a flux constant aussi bien qu’a température constante ainsi qu'au
transfert de masse et au transfert simultané de chaleur et de masse. La loi de corrélation fournit une
base de calcul des taux de transfert pour des fluides non newtoniens et pour des plaques inclinées. Des
expressions tout aussi simples sont développées pour des domaines limités correspondant a des conditions
particuliéres. Les expressions d’application générale et d’application restreinte sont comparées aux



Laminar and turbulent free convection from a vertical plate

données expérimentales représentatives. La structure de équation de corrélation fait apparaitre la
raison pour laquelle les lois habituelles de type puissance ne peuvent s’appliquer sur un domaine étendu
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 fiir
mittlere Nu-Zahlen (oder Sh) fiir alle Ra und Pr (oder Sc) entwickelt. Es sind dazu experimentelle Werte
fiir Ra die gegen Null und unendlich gehen herangezogen und theoretische Losungen, wie sie aus der
Grenzschichttheorie erhalten werden. Die Beziehung ist anwendbar fiir gleichférmige Heizung, einheitliche
Wandtemperatur, fiir Stoffiibergang und gleichzeitigen Wirme- und Stoffiibergang. Die Korrelation
vermittelt eine Grundlage zur Bestimmung des Ubergangs bei nichtnewtonischen Flissigkeiten und fiir
geneigte Platten. Fiir bestimmte Anwendungsbereiche werden einfachere Beziehungen angegeben. Die
alligemeine Gleichung und die spezielle Beziechung werden vergliechen mit reprisentativen experimentellen
Daten. Die Struktur der Korrelationsbeziehung gibt AufschluB iiber das Versagen der allgemeinen
Exponential-Gleichungen fiir einen ausgedehnten Bereich von Ra und Pr.

KOPPEJISILVOHHBIE VPABHEHUS IS OMMUCAHUSA JIAMUHAPHON U
TYPBYJIEHTHOH CBOBOJHOW KOHBEKLIMU OKOJIO BEPTUKAJBEHOM
TUTACTHHBI

Annoramms — C nomoursio Mogen Yepuniis 1 Y3aru nonayueHo npocTOe BhIPaXERUe ANA OCpen-
HEHHOrO IO TIPOCTPARCTBY 3HaYEHUs YHcna Nu (Man Sh) npm molGsix 3HaYEHHAX ducen Ra u Pr (mnu
Sc). Tips BLIBOAE UCTIONB3OBANKCH 3KCMEPHMEHTANbHBIE NaHHbie Ans uucna Ra, cTpeMsulerocs K
Hynto U 6eCKOHEYHOCTH, H aHAJIHTHYECKHE DEMIEHHA, NOJiyYeHHbIe Ha OCHOBE TEOPHH NNaMUHAPHOTO
HOTPAHHYHOrO €104, BuipaxeHHe NPHMEHHMO K CjlyYasM NOCTOAHHOIO TENJIOBOTO NOTOKA, MNOCTOAH-
HOR TeMIepaTypbl CTEHKH, a TaKkKe AJI1 ONMCAHHA TNPOUECCOB MaccOOGMEHAa M OMHOBPEHEMHOTO
Temio- H MaccoobMena. Koppensuns 1aer BO3MOXHOCTb PACCYHTATL CKOPOCTH NIEPEHOCA B HEHBIOTO-
HOCKHX XHAKOCTAX U B CNyYyae HAK/IIOHHBIX ITACTHH. AHANIOTHYHBIE, HO 0Ollee NPOCTLie BBIPAKEHUS
TIONY4eHB! AT OTPAHHUYEHHAIX HANA30HOB ycnosui. Obulee W acTHBIE BHIPAKEHKR CPABHURAIOTCS
Ha JAOCTOBCPHBIX IKCOCPHMEHTANBHBIX HAHHBIX. CTIPYKTYpa KOPPENALHONHOIO YPaBHEHHA No-
3BoJIsieT OOBACHATH TOT (AKT, NOUEMY OOLIMHLIE YDABHEHMS THNA CTENEHHBIX 3aBHCHMOCTEH He
MOTYT YCIEIUHO NMPUMEHATHCA NpH GONBIINX AHanNa3oHax 3HaYeHuil Ra u Pr.

1329



WVMP SAR Reference 3-33
“Natural Convection Adjacent to Horizontal Surface of
Various Platforms,” Lloyd, J.R. and W. R. Moran, J. Heat
Transf., 96(4), 1974.

Pages 443 through 447



Natural Convection Adjacent tu |
Horizontal Surface of Various Planfonns

Natural convection adjacent to hormmtal 5ur[aces ul cucular. squarc, reclangular. and
right triangular planforms has been studied experimentally. Electrochemical technigues
were employed involving a fluid with a Schmidt number of about 22K0. The results en-
compasy o wide range of Ravle:gh numbers thus providing information an both the lami-
nar and the turbulent regimes. The data for all plan[armn are reduced to a single ‘corre-
lation in the laminar and turbulent regimes using the characteristic length, as recom-
mended by Goldstein, .Sparrou., and Jones, L* = A/p, where A is the surface area and p

i the surface perimeter. The laminar data for all planforms arc correlated by the expres. .
sign : : :

P J. R. Lioyd
n Ansoc. Prolatses.
Univeraity of Nolie Dsme,

Notre Dame, Ind.
Assoc. Mem. ABME

W. R. Moran
Geaduale Assistamt,

Unlveraily of Notre Dame.
Notre Dame. Ind.

Sh.s= 0.54Ra!/!(2.2 x 10' = Ra = 8 x 10%)
and the dota for the turbulent regime are correlated by the expression

Sh = 0.15Ra!/*(8 x 10° = 1.6 x 10%

Transition is found to occur at about Ka = 8 % 108; 1'he prnent wark thus ugmlu‘unfh
extends the Rayleigh number range of Lnlldll\ for the use of L* thraugh the ¥ power
laminar regime into the turbulent % power regime. It also demonstrates the validity of
the use of L* to correlate natural convection transfer cuefficients for highly unsymmetri-
cal planforms, which heretofore had nat been demonstrated. Comparisons to analytical
salutions and other experimental heat and mass transfer data are presented.

) -

for high Prandtl number fluids is the fact that the property varia-
tions for the mass transfer experiments are essentially zern.
whereas the corresponding heat transfer experiments exhibit large

ln_lroductiou

This paper presenls'vah\ experimentsl investigation of natural

..

_. _:Joumnl ol Hoal Ttanstor ;Q N

convection adjacent to harizontal surfaces of various planforms.
The résults encompass a wide range of Rayleigh numbers, includ-
ing the laminar and turbulent flow regimes, for circular, square,
rectangular, and right ‘triangular planforms. An electrochemical

. technique was emploved to obtain the natural convection mass

transfer measurements:. This technique has been used by many
investigalors in recent years 1o study mass transfer, #s evidenced
by the recently published review by Mizushina {1].2 The electro-

‘lyte employed in the present investigation was an squeous solu-

tion of cuptic sulphate and sulphuric acid, wherein the Cu*~ ions
were the transferred ions and the sulphuric acid served as the
supporting electrolyte. The boundary condition for these experi.

counterpart of uniform surface temperature in the corresponding
heat transfer problem. The Schmidt numbers were on the order of
2200 su that these results apply - to the analogous high Prandtl

. ments.was. uniform concentration at.the test surface, which is the .

number heat transfer problem. One of the advantages of using the

present-mass transfer technique over heat transfi: experiments

’ Pmnl address: Pratt and. Whitney Aircraft, Enst Hartford, Conn,. =
2 Numbers in brackeis designate References at end of poper. . -

- Contributed by the Heat Tranafer Divisiun and presented at the Winter
~ Annual Meeting, New York, N. Y., Novembér 17-22, 1874, of THE AMERT-

CAN SOCIETY OF MECHANICAL ENGINEERS. Manuscript received hy
ho Hest Tnml‘cr Division April 8, 1974, Plpzr No, 14-WAIHT£6

variation in properties. The present resuits apply to either the
heated upward facing heat transfer surfece or (he cooled . down-

.ward facing heat transfer surface.

A review of the literature reveals both analytical and experi-
mental investigations of horizontal sutfaces of various planforms.
Analyses of the natural convection {2. 3, 4, 5] generally employ a
boundary:layer model applied to the two-dimensional problem of
long thin rectangles. Surisno and Yang [6] solved the problem nu--

“merically for smal) and moderate Grashof numbers. It should be -~

noted that the analyses give a %-power dependence of the dimen-

sinnless transfer coeffi clems on the anlexgh numher for the laml- T,
nar regime. S0

- Expérimentally, both heat'und mm “veansfer invesuguuonn'
have been presented for horizontal surfaces e.x.. [7-16). The cof-_
relation between Nusselt number: and: Rayleigh nimber for the
heat transfer problem which is the most widely accepted is that
of Fishenden and Saunders [7). Their. experiments involved
square planforms situated in air. The temperature dlﬂ‘erences in.

. volved were as high as 1000°F indicsting extreme property varia-
- tions and radiation corrections. Bosworth {8) provides very little -

information on" his experiments, and Mikheyev (9] apparently

: used. rectangular planforms, although this is not certain. Fujii' -
--and Imura [10] and Hassan and Moliamed {11] ¢onsidered the

horizontal upward facing surface ns pnn of Iurger atudles of heat
trnnsl’et to inclined surfaces. . .
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) : Mass lra’nsfér natural convection experiments are provided by

Fenech and Tnblaa [12], Wragg [13], Wragg and Loomba (14, Tu-
~bias and Boeffard 115] and Goldstein, Sparrow, and Jones [16]. -
References’ |l2-lo] used the same electrochemics, technique em-
- ployed herein: Feech and Tobias |12} used electrodes embedded

" In the flonr of the test cell. The electrodes had various widths and'

. the length of each (-Iec!rode stretched from one wall of the test

" cell 10 the other. Due'to expenmemal difficulties only their wider

test strips were- used iri"their correlation and thus their results

were. only for the turbulent regime., Wragg {13} and Wragg and

Loomba |14} used circular disks, but again embedded them flush
_in-a surrourding collar. Tobias and Boeffard [15}. studled both
" cireular and rectangular horizontal electrodes surrounded by sude
- walls. The side walls were both vertical and corlanar in nnture
The object of this study was 1o determine the effect of the side
walls and to determme the effect of electrode size.un the mass
transfer.

- -The work by Goldstein, Sparrou nnd Jones {16] deserve special

- attention. They performed - their expesiments using naphthalene*

‘vapor sublimation. They' investigated unshrouded circles.
squares, and equilateral triangles, and proposed a characteristic
- length so that the results from these planforms.could be correlat-
ed by 8 common expression. Heretofore this had not been possi.
bie. Unfortunately, their results did not span. the full Rayleigh
numbes range of the laminar flow regime, and did not contain
_any irreular or nnnuymmemcal planforms.
The present results, to the best of the authors’ knowledge pro-
-vide the only electrachemical mass transfer data for any free-
standing. unshrouded planform. The results of the investigation
are also the {irst 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 % 10% to 1.55 > 109, 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 elecirochemical mass transfer experiments, the
total mass transfer rate of copper ions to the test surface was a
result of three basic transfer mechanisms {21]: migumon convec-
tion, and diffusion :
N o= A\.',,, - N.c +' N, (1)
" The three fluxes can be defined by the following relations which
. .are all evaluated at the test surlace

. agp

N, chf (2)
1;7, = r¢ (3)

Ny = - 05-‘7 @

The relame importance of each mechanism is revealed b} exam-

. ining their magnisudes under limiting current conditions. As ex-

plained " in reference [1], under certain aperating conditions,
‘ termed limiting cursent conditions, the concentration:.of the
translerred species is essentially zero at the test surface.

Considering fiest the migration term, it is seen that Nr conte
tains the transferred species conentration, Since this concentra-

‘tion is essentially zero at the surface. the entire term is, whileint
presence of the suppomng etectrolyte wherc ad/u\ is small negl
gibly small,

Next, consider the convection and . dll‘l’usmn terms together.
Mudeling the electrolyte solution as a binary mixture of copper
iony a8 one component and the rest as the other companent, refer-
ence {30) shows that ¢ = DJ(1 = ¢/p)-ilefn) tiy. Realizing that the
concentration of the transferred species is approximately zero, the
following is obtained .

: Y c/p .
.V,+N,‘=- (—1%+1) D _-D- (5)
“Thus
N = N oz - D—- {8)
3'
The total rate of ion transfer is gwen in'reference |21 ] as
V=L (7
N=1F

. Itis thus clear that the surface mass tronsfer is diffusive in na-
ture which cstablishes the analogy between’the present mass
transler experiments and the corresponding heat transfer prob-
lem.

It is possible now to define the mass transfer coefficient & in the
same manner a8 is done in the analogous heat transfer problem

. i - d
= WFlc, = o = aFc.

(8)

The dimensionless mass transfer number {analogous to the Nus-
selt number for the correaponding hent transfer problem) is given
by the Sherwood number )

‘ (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 {16] is

A .
.= 10
L 3 {10)
wheré A is the transfer area of the test surface and P is the per-
imeter. The Rayleigh number is
- s o
[§E(§- - Cv)L' ]Sc o (1)

where Sc is the Schmidt number (analogous to the Prandtl num-

- Nomenclature
A =__surflceareaot tunsfeuurface ‘ N = rateof mass transfer
c.= transferred species conceotration ~_p = perimeter of transfer surface
" D = diffusion coefficient of transfened -Pr = Prandtl number
. . species. - : Ra - Rayl_eighnumher
'F = Faraday humber - Sc @ Schmidt number
£ = gravitational accelerauon : Sh = Sherwood number
. . ¢ = transference number
i'= cumntdenstty - o
} U = jon mobility -
& = mass tronsfer coefficient. v = convection velocity normal to test
. L*.= characteristiclength L®* =A/p . surface.
n‘=”valence ol‘tunslenedspecies ) -y = distance normal to test surface
444 / NOVEMBER 1974"

g = viscosity
- ¢-= density- _
.- ¢ = electric field potential -

Sulucrlpts
e = duetoconvecuon
d = duemdiﬂ'usion
.m- = dueto migration
w = sutface conditions

. mm bulkcondmons . .
' - Transactlons of the ASME




‘ L - Varigbte ' mensions. Each cnthode was com:uucted of G, 6.!5 em thick cnp'.
v 7 TResisfof " - . per. To the back side af each of the surfaces wax attached a lead
1 H - i 3 wire which connected to the main electrical circuit, The back and
! : B3 . : mdes of the test pieces were. carefully imulated with epoxy and
7| Polntometer (‘-I;ptal (an insulating paint). The test surface was held in posi-.
: / tion by a plexiglass holder. The lead wire was connecied to a 12¢ e
" Cusrens V. ."g) automotive storage battery to provnde the electric power, The po- ) "5—_
Shumt tentinl of the cathode was measured relative. to.a_reference-elec:~— " =
| ' trode which consisted of a bare copper wire inserted into a glass.
A . tube, The glass tube had-a sSmall Hole.in the botiom . to provide
: electrical contact between the reference electrode and the electro-
_ T,,,,':n,m‘ lvte solution. The patential was controlled with a series of preci. -
‘ I . st N E sion variable resistors. The current flowing in the circuit, which is
n " / ) duectly proportional to the mass transfer rate, was obtained by .
Colnade, measuring the potential drop across e calibrated precision resis.
tor, called a current shumt, with a Leeds and Northrup 8686 po-
tentiometer. The anode was a large thin copper sheet 50 cm X 50
cm (length by widih). It was purposely larger. ‘than the cathode so
that the reaction would he totally contmlled by conditions at the
cathode.
To ohiain a datum point the following procedute was followed.
Prior to esch test run the anode and cathode were carefully resur.

Ret -
Electrode

" Fig.1 Schemauc of exparimental apparatus

Table 1 Charactenstnc dlmensions of various

lanforms LT ’ faced and cleaned. essentially as described in references (17}, and
p : then placed in the tank. The cathode was carefully leveled to pro-
PLANCEIM CHARACTRHISTIC DIMENGIONG, ¢ vide a horizontal surface located about 15 cm off the bottom of

SR © ste the tank, and time was-allowed for the system to come to com-.

plete equilibrium. Limiting currents, where the concentration of

o8t the transferred species is zero at the test surface {21}, were deter.

.27 mined in each run by noting the characteristic plateau in the cur-

50 B rent.potential curves in the voltage range between 0.40¥ and 0.50

0,38 ’ as will be discussed further in a later section. The copper ion and

— P sulphuric acid concentrations of the bulk solution were deter.
1 onmh x Wian} . I mined for each run by standard spectrometric and titration

methods {18, 19). Vertical bulk concentration gradients ‘at ‘the

. _ R time of data acquisition were determined for each run to insure
ngc:'rl-,r::.‘wisw“m TN s 1,28 that all data would not be influenced by stratification. Finally, it
IRt should be noted that the length of each run ‘was critical since it
Adx 1,27 was necessary to operate long encugh to insure steady operating
’ASy 127 conditions, but nat so long as to generate any recirculation effects
- on the transfer at l.he. a_urface'.'All data were .taken s0 as to insure
2riaa - steady operating conditions without recirculation effects.
. 12.7x R Results and Discussiun

R]G"T TRIANGH.| l ] 1.9152.54x 2. 18 - i

s & 1EIR & Ty pavruw b17x Lot e 3.29 Befure discussing the results of the experiments, a short discus-

sion of the characteristic length is presented. The characteristic
length employed in this investigation is that proposed by Gold-
stein, Sparrow, and Jones {16}. It was their “expectation” that '
this particular characteristic length would enable all horizontal
planforms to exhibit a common cofrelation. Unfortunately, they .
investigated a more_limited- ‘number. of planforms and.smaller
e . o . Rayleigh numbers than in the present investigation. The present
ber) p/tD; p, £, and D are viscosity, density, and diffusion coeffi-  investigation should serve to prove or disprove their expectations.
cienl. respectively, at the average concentrations; snd {_, and {w As discussed earlier, limiting current-voltage curves as shown
are the fluid densities in the bulk and at the test surface, respec-  in Fig, 2 were genersted in each run. Plotted in the figure on rec-
tively, The properties were evaluated using the data of references ‘tangular coordinates ia the current density at the cathode versus

[22-28], as described in relerence [17). As noted previously, prop-:  the cathode voltage. As indicated in the figure, the plateau, sig-

_ enty variations were practically nonexistent being 3 percent maxi-  nifying limiting curzent conditions,’ was reached in several steps.-

: mum, This i is where this electrochemical technique has its major ~ At each step, the systém was allowed to reach steady conditions..

. udvnntage over hlgh Pmndu number heat zrlnsfer experiments. All data were taken at cathode voltages of 0. 40" to 0.50¥ to insire -
i e S et that Jimiting conditions had been reached. Current shunt signals
Experimenul Appuntus nnd Menurement 'l‘ecluuque for.the laminar flow regime were very steady and could be read -

-A schematic of the experimental apnaratua is presented in Fig. directly.. In the turbulent régime the shunt signals- fluctunted _
1. A 30 gal polyethelene tank 61 cm X 45.6 cm' X 45.6 cm (length  making it necessary to time average the data over a period ofap- *
%X width » depth) served-as the test chamber. The tank con-~ Proximately two minutes, which was determined’ in the present
‘tained the electrolyte which.was made up using reagent grade investigation to be sufficient to oblain accurate time nvenueo
chcmiuls‘ .The electrolyte solution was approximately 0.035' M- without encountering stratification effects. This time averaging
CuSQq as the transfesred speclu and 1.6 M H:SO¢ asthe sup- was accomplished by recording the data digitally on the tape unit

7.02x 10,17 x 12.7
B x20,1x 25,4

.. porting electrolyte. . . of a Hewlett Packard 2019A Data Acquuitlon Synem and ‘then
- The test surface was the cadlode in’ the circuit. Table 1 pro- . statistically averaging them on & computer. -

wdea ) liotin; o(‘ the plunfotms tesled nnd their chnnctensuc di- Fig. 3 presents the data for the laminar flow teglme The Sher-
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Flg. 2 _t._knnlnq currant plateau
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B CIRCULAR PLANFORM 4 ] var : Fraenden 8-
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g 02 3 ’ !'"”f. ‘ . o
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-]
-

10* 10? “to®
RAYLEIGH NUMBER

Fig. 3 Laminar mass iransler results

wood number is plotted as a function of the Rayleigh number an

comner of the figure. It is immediately obviaus that within the
scatter of the data, approximately & 5 percent, the data from all
planforms are correlated through the use of L®, including the
nonsymmetric_right triangle planform. This confirms the expec-
- tations of Goldstem, Sparrow, and Jon!s A: least squares ﬁt
l.hmugh thedata vielda the nlatmn '

“$h = 0.50 Ral-2s5

Fomng a slope of %, a5 h&a been reported in the literature I'or the
heat lnnsl‘er experiments, one finds the relation - -

. Sh = 0.54Ral/¢ |

- for the data in the Raytelgll number nnge from 2 6 X IO‘ to 8 x"
108..

other published experimental resilts can’ ‘be appropriately modi-
ﬂ!d and. compated- to’the present work. The data' of Wragg and"-
Loomba’ mmnd Wragg [13] can be compared directly- to"the
present-work -since the same electrochemical tech;qu was em-
ployed. Wragi and Loomba, it should be noted, is &' ‘revision of
Wragg.- They concerned’ themselves with circular surfaces which
had a fush fitting collar surrounding their free-standing test sur.
" face. - The: revised” data- of - ang and-Loomha fall 10 percent
‘below the present results. This difference coulid be LY resuit, at
o lensl in pan. l'rom the pcesence of l.hc sunoundlng colhr

P

D el 8
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logarithmic coordinates. The shape of the_symhols reflect-the -
planforras of the various surfaces as indicated in the upper left -

Since L* appears to: con-elale nll ‘the homomnl planforms..

~ing fluid are perhaps.the most interesting heat transfer dats for
- cumpanmn to the present work. They, pmem two Nuueh. num-

AUYTYT T T T Y T Y T TTTTTY T T
20
« Wm“
~ Y00 Fenech B Tobios McAdoms
- : Fishenden & 3
2 80: Wragg 8 Loomba _ Saunders .
a SO B A Fujii 8 imura -
e r PRESENT WORK -
£ ]
’ “:-' @ SUUARE -
& F a RECTANGLE
- 0 CIRCLE ]
" 8 RIGHT TRIANGLE
oLl W I R Y NN R L
10’ 10° - :

RAYLEIGH NUMBER -

Fig. 4 - Turbulant mass (ranstes results

The prediction of Goldstein, Sparrow, and Jones alsa invoived
‘mass transfer but at a much lower S¢hmidt 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-
tigation falls very close to the present result. This would indicate
that 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 as a function of the Rayleigh dumbei on:

logarithmic coordinates. As in Fig. 3 the symbols reflect the plan-
forms of the various surfaces. Theu does not appear. to be’ any
differerice in the data for the various planforins. A least squares
fit through the data for Rayleigh numbers creaur thnn 8 x 10% -
provide the l‘ollowmg correlanon _ _

' Sh = 0. lesna°-‘" o
Ifa ’/: dope is enforced (he best fit expressnon becomes

. = 0, 15Ral/?

Wuh t!\e excoption of two dnu points, the dnm mtter t'l per- :

- cent about this correlation, . : SN

The results of other’ mvntigntots Are ulao presemed The heat -
transfer correlations of Fishinden and Saunders [7) and McAdarms
[29] are seen to fall 4 to 12 percent. lower than the prelent investi. ‘
gation. The data of Fujii and Imura (10| using water as ‘the work-
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ber expressions, for the turbulent regime. Both have the form Nu
2 C Ra''%, but the value for C is 0.13 for Ra less than § x 10
and 0.16 for Ra greater than 2 % 10% The difference, thev state, is
due to edge elfects on \he surfece. These experimenal cesults
using water as the surrounding medium have, within experimen.
tal scatter, essentially the same correlation as the present work
when their edge cffects are minimal. This wouyld indicate again
that the uge of the Rayleigh number may be sufficient to secount
for Prandt! or Schmidt number effects,

The data of Fenech and Tobias {12). Wragg [13). and Wragg
and Loomba {14) emploved the same electrochemical technigques
but with the previnusly discussed differences in the experimental
setup. The dala of Fenech and Tobias fall about 12 percent high-
er than the present data, This difference is in all prohahility due
to the differences in the experimental setup as have been dis-
cossed earlier. The data of Wragg snd Loomba are about 8 per-
cent higher-than the prexent work. It j is important’ to note, how-
ever, that the correlation of Wragg and Loomba is a revised ver-
sion of Wragg, due to the use of different physical- properues, and
that the correlation of Wragg, which uses almost the same valuex
for praperties a3 the present work, falls within the scatier of the

present. data. In this regune‘ ‘the effect of the surrounding collar, -

appeans to be nagligible; based on comparisons of Wragg's data-to
the present investigation.

Finally, the work of Tobias and Baeffard {15] deserves upecml.
mention. Thev considered the effect of ‘both vertical and caplanar

surrounding walls on the mass transfer to horizontal surfaces
using the same experimental techniques. They found that the
surrounding walls had no effect on the mass tranéfér corrélition 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 is 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 the laminar range. Indeed, if one takes
Schmidt and Grashof numbers characteristic of the present data
and use their expression to predict the Sherwoud numher for the
turbulent regime, it is found that their prediction falls within the
scatter of the present lurbulent data. If one consic oz the small

electrodes found in the laminar regime of the present work and

applies the dn correction discussed in their work, their Sherwood

number prediction falls approximately within the scatter of the

present wark. 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 !urbulenl Now regimes discussed
in the present work.

.

Concludinz Remarks
The present data are the first electrochemxcnl mass transﬁ:r in.
vestigations of truly free.standing ‘unshrouded hurizontal surfaces.

They also prcsem 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 be made that the experimentally

determined laminar correlation involves the ¥ power of the Ray. °
leigh number whereas the laminar boundary layer analyses indi--

cate a % power dependence. This is probabiy the result of using a
boundary layer approach in the analyses. '

* It is highly encouraging to see data from circular, square, rec-
tangular, and right wiangular planforms exhibit a common corre-
fation through:the use of. the characteristic len th proposed by
Goldstein, Sparrow, and Jones, There are indications that the use
of the.Rayleigh number in the mass or heat transfer relations is
sufficient to account for Schmidt or Prandtl number variations.
These observations. based on the experimental data,. will enable
calculation of transfer rates .invelving.any shaped upward facing
horizontal surface provided the transfer surface area and perimeter
are known,

[ : R o
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utility than other expressions for the heat-

more familiar) form of dimensionless
the Nusselt number hD/k, the Prandtl
nolds number DG/u. The L/D and vis-
for Reynolds number <<10,000) also
ions are usually expansions of the dimen-
ch the terms are in more convenient units
I factors are grouped together into a single
; instances, the combined physical prop-
linear function of temperature, and the
lves into an equation containing only one

; when a solid surface is in contact with a
ture from the surface. Density differences
red to move the fluid. Theoretical anal-
require the simultaneous solution of the
on and energy. Details of theoretical stud-
al general references (Brown and Marco,
Transfer, 3d ed., McGraw-Hill, New York,
Transfer, Wiley, New York, vol. 1, 1949; vol.
ly been applied successfully to the simple
tion of the motion and energy equations
velocity fields from which heat-transfer coef-
. The general type of equation obtained is the
on:

8.2 n
a(—————L £ ﬁf as c—:) (10-324)
= a(NgNp)"™ (10-32b)

Yarious Geometries Natural-convection
bodies may be predicted from Eq. (10-32).
.values of a ans m have been determined
iven in Table 10-1. Fluid properties are
+ )/2. For vertical plates and cylinders and
0, Nishiwaki, and Hirata [Int. J. Heat Mass
recommend the relations

 ="0.138NE¥(NSI™S — 0.55) (10-334)
NEPNE [Np/(0.861 + Np)I™®  (10-33b)

sional Equations Equation (10-32) is a
nd any consistent set of units may be used.

NATURAL CONVECTION  10-13

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 = bat)ymL*™! (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 (h. + h,). In Fig. 10-7 values of the film
coefficient for radiation h, are plotted against the two surface tem-
peratures for emissivity = 1.0.

Table 10-2 shows values of (h. + h,) from single horizontal oxi-
dized pipe surfaces.
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FIG. 10-7 Radiation coefficients of heat transfer h,. To convert British ther-
mal units per hour-square foot-degrees Fahrenheit to joules per square meter—
second-kelvins, multiply by 5.6783; °C = (°F — 32)/1.8.

. b, organic
b, air at b, water at liquid at
guration Y = Ng:Np a m 2I°C T0°F 21°C 70°F 21°C 70°F
faces <10* 136 %
cal dimension <3 ft 10 < Y < 10° 059 % 137 028 127 26 59 12
. >10° 013 % 124 018 :
<107% 049 0
10 %<y<10"® 071 s
10%<y<1 1.09 %o
1<Y<10* 109 %
10' <Y < 10° 053 % 132 027
>1 013 % 124 018
ntal flat surface 10° < Y < 2 X 10'(FU) 054 % 186 038
2X 100 <Y<3X10FU) 014 %
3X10°<Y<3XI10FD) 027 % 088 018

y units, in °F column.

OTE: FU = facing upward; FD = facing downward. b in SI units is given in °C column; b in U.S.






