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FULL-SCALE MCASUREMENTS OF SMOKE TRANSPORT
AND DEPOSITION IN VENTILATION SYSTEM DUCTWORK

Dy
R. A. Martin and D. L. Fenton

ABSTRACT

This study is part of an effort to obtain experimental
data in support of the fire accident analysis computer code
FIRAC, which was developed at the Los Alamos National Labo-
ratory. FIRAC can predict tne transient movement of aero-
solized or gaseous material throughout the complex ventila-
tion systems of nuclear fuel cycle facilities. We conducted
a preliminary set of full-scale material depletion/modifica-
tion experiments to help assess the accuracy »f the code's
aerosol depletion model. Such tests were performed under
realistic conditions using real combustion products in full-
sized ducts at typical airflow rates. To produce a combus-
tion aerosol, we burned both polystyrene and polymethyl meth-
acrylate, the most and least smoky fuels typically found in
fuel cycle plants, under varied ventilation (oxygen-lean and
oxygen-rich) conditions.

Aerosol mass deposition, size, and concentration mea-
surements were performed. We found that as much as ~25% of
polystyrene smoke mass and as little as 2% of the polymethyl
methacrylate generated at the entrance to a 15.2-m duct is
deposited on the duct walls. We also compared our experi-
mental results with theoretical equations currently used in
FIRAC.

INTRODUCTION

Background

lease or source-term characteristics at a facility's atmospheric bouncary.”’
These toois are intended to improve current safety analysis review techniques.

The Los Alamos National Laboratory is participating in a nuclear fuel cy-
cle facility safety analysis program wnhose objective is to develop user-oriented
tools for making better estimates of accident-induced radioactive aerc .. re-

1,2
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The plants being considered in this program include fuel fabrication, fuel re-
processing, waste solidification, fuel storage, and UF6 production facilicies.
The types of accidents being considered include fires, explosions, spills, equip-
ment failures, criticalities, and tornadoes.

Los Alamos developed the fire accident analysis computer code FIRAC to help
3 FIRAC was
designed to predict transient fire-induced flows, temperatures, and material

evaluate the consequences of fire accidents in fuel cycle plants.

transport within facilities. FIRAC can model an interconnected network of rooms
and typical ventilation system components such as ducts, fans, dampers, and pro-
tective high-efficiency particulate air (HEPA) filters.

The objective of the material transport portion of FIRAC is to estimate the
movement >f material (aerosol or gas) in an interconnected network of ventila-
tion system components representing a given fuel cycle facility. Using this
material transport capability, the code can calculate material concentrations
and mass flow rates at any location in the network. Furthermore, the code will
perform these transport calculations for various gas-dynamic transients, [t
solves the entire network for transient flow and in so doing takes into account
system interactions.

A genera! zed treatment of material transport under fire-induced accident
conditions ¢ . |d become very complex because several different types of materi-
als could o transported. Also, more than one phase could be involved (includ-
ing solids, liquids, and gases with phase transitions), and chemical reactions
ieading to the formation of now species could occur during transport., Further,
for each type of material there w'll be a size distribution that varies with
time and position depending on the relative importance of effects such as homo-
geneous nucleation, coagulation 'material interaction), diffusion (both by
Brownian motion and turbulence), and gravitational sedimentation. wWe know of
no codes that can model transient flow-induced material transport in a network
system subject to the possibility of all of these complications, and the trans-
port portion of the FIRAC code does not include this level of generality either.
However, this version of the code dozs provide a simple material transport capa-
bility. The material transport components of FIRAC consist of

1. material characteristics,

. transport initiation,

~N

3. convective transport,









TABLE 1
TYPICAL FUEL MIXTURE COMPOSITIONZ

Component Composition (%)
Polymethylmethacrylate 45
Cellulosic 26
£ lastomer 18
Polyvinyl Chloride 8
Hydra .iic Fluids 2
Polystyrene

Finally, we needed special experimental apparatus suitable for making surface
measurements of total aerosol mass deposition,

A test facility was constructed by New Mexico State University (NMSU) and
Los Alamos on the NMSU campus at Las Cruces, New Mexico. [t had the dual pur-
pose of allowing for the current studies and allowing for studies of HEPA filter
plugging response to simulated fire accidents.7”9’12 The facility described
in Refs. 8 and 12 was modified to facilitate the current aerosol deposition/ -
modification experiments. The major modifications included

1. coupling to a specially designed comtustion chawber,

2. the design and installation of a biplanar grid of round tubes to pro-

mote turbulent mixing,

3. the construction of a metal hot duct, and

4, adding extra ductwork to bring the test section length for deposition

up to ~15.24 m,

The proposed deposition/modification test series included a matrix of two
pure materials (PS and PMMA) burned a*t two mass-burning (or smoke-generating)
rates, high and low. The two materials were selected from Table I. Although
PS is not found in as large proportions in nuclear fuel cycle facilities as is
PMMA, PS is the most severe smoke producer in Table [. On the other hand, PMMA
produces relatively low quantities of smoke per the amount of mass burned.

Thus, by selecting these two fuels we attempted to bracket the extremes of smoke
generation (the mass fraction of solid or liquid fuel that converts to smoke)
expected in plants. For liquid PS and PMMA burned at over-ventilated condi-
tions, Tewarson13 experimentally measured smoke mass fractions (YS = ms/mb)

and got 0.33 and 0.021, respectively, where both the soot and low vapor pressure



liquids are included in the aerosolized combustion products or "smoke." The
quantities m
spectively.

. and m, are mass of smoke produced and mass of fuel burned, re-
A special combustor was designed and manufactured by Battelle Pacific North-

west Laboratory (PNL) to burn the fuels and conirol tne burning efficiency. The

two mass burning rates were achieved by controlling the inlet air supply rate.

tach burning rate was repeated two times for a total of four tests. The repeti-

tions were used to assess the reproducibility of our test results. Appropriate

instrumentation was set up and calibrated to ob*ain the following measurements.
1. Ambient pressure and temperature

. Average or bulk volumetric airflow rate in the duct

. Air temperature at four locations

Relative humidity

. Fuel mass burning rate

1= IR L I L S
.

Smoke mass concentration using cascade impactors at two locations on
the duct centerline (downstream of the mixing grid and 13.9 m further
downstream)

7. Smoke size distribution using eight-stage cascade impactors to obtain
the mass median aerodynamic diameter and geometric standard deviation
(for a log-normally distributed aerosol)

8. Total mass deposition at one downstream location but on three surfaces
(ceiling, one side wall, and floor) at the 13.9 m downstream mass con-
centration measurement location (See item 6.)

de emphasize that the current study was useful but highly preliminary.

Only a Timited number of measurements have been made to date. Also, although
much care was taken in the experimental procedures, relatively crude equipment
was used to collect smoke deposits. Consequently, our deposition results must
be viewed as qualitative. However, as we will discuss in Sec. IV, we believe
that our deposition measurements are conservative and useful as such.

II. AEROSOL DEPOSITION THECRY
A. Existing FIRAC Capability

Because the flow Reynolds number will be greater than about 2100 for all
cases of interest here (airflow in nuclear fuel cycle facilities), the flow al-
ways will be turbulent. wWe will assume that all flows are fully developed so
that boundary layer or duct velocity profile shapes are constant with distance.
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However, this will be true in most cases only sufficiently far downstream from
the inlets (20 to 50 hydraulic diameters).

Under these conditions, not all of the material that is made airborne at
the location of material transport initiation will survive convective transport
to the filtration system's or facility's boundary. Oepending on the aerosol
aerodynamic characteristics and passage geometry, there may be a sizadble reduc-
tion in aerosol concentration. As such, an enclosure or duct acts as an aerosol
filter.

A user can calculate the aeroso!l losses caused by gravitational sedimenta-
tion in rooms, cells, and horizontal, rectanquler ducts in the current version
of fIRAC.3 The deposition module can be turned on for horizontal ducts and
rooms and turned off for vertical ducts by adjusting input flags. Aerosol de-
pletion for any number of species and/or size distributions can be calculated
throughout the network during transient flow. The theory is based on gquasi-
steady-state settling, with the terminal settling velocity corrected by the :
Cunningham slip factor. The flow in ducts and rooms is assumed to be well-mixed
so that the aerosol concentration is uniform within the volume. More detail and
references are discussed below. The user supplies only the aezospl diameter and
density to this model. The aerosols may consist of solid particles or liquid
droplets.

Future versions of the material transport module will account for combined
molecular and turbulent diffusion as well as for aerosol interactions, uLut the
current version is restricted tc gravitational sedimentation. The particle flux
JD resulting from gravitational sedimentation is14

J =u._n_ , (1)

where Jp is particles per unit area per unit time, ups is the terminal settling
velocity, and np is the local aerosol number concentration in particles per
unit volume for the homogeneous aerosol. [f we multiply both sides of Eq. (1)
by the homogeneous particulate mass mp (assuming that we know this guantity

or can calculate it from a measured aerosol size and mass density), then

J;',:u 0. % (2)



where the units of Jp are mass per unit area per unit time and op * npmp
is the aerosol mass concentration per unit volume. The terminal settling velo-
city is calculated from14

2
4 = opdp® | (3)
184

where

aerosol density,
aerosol particle diameter,
gravitational acceleration,

Q ©
O LY vV
]

Cunningham slip correction factor, and

=
il

fluid dynam.. viscosity.

The code input variables for material depletion are °n and dp. These variables
may be assumed by the user. We recommend that the user select aerodynamic diam-
eter with the unit density or Stokes diameter with the material bulk density.
This selection was discussed earlier in this section. To calculate the slip

correction factor, the code uses14

Ce1+ 2/d [Al + A, exp(- A3DDIL)] i (4)

where L is the gas molecular mean free path and the A's are dimensionless con-
stants based on experimental measurements of small particle drag. The code uses
L = 0.065 ym ,

A1 = 1.257 ,
A2 = 0.400 ,
A3 = 0.550 ,
2
g = 98l cm/s™, and
uw = 0.0001781 g/cm-s ,

where L, u, and g are taken at standard sea-level conditions.
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We know % from the material transport mass balance calculation for the
previous time step for each node {volume or duct). Then, knowing Uys and the
projected floor area for sedimentation A, we can compute the sink (or mass loss)

term using Eq. (2),

My = 'J"’A = - uDS“DA " (5)

which has the units grams per second. Because aerosol depletion is a sink term,
we have used a minus sign in Eq. (5). Aerosol depletion by sedimentation may
be selected for all volumes and ducts and is calculated in the same manner.

B. Future [Improvements to F[RAC

Aerosols moving tarough passages that are horizontal (or not exactly ver-
tical) can be deposited because of gravitational settling. However, a number
of otner processes that can cause aerosol depletion and contribute to a material
transport sink term should be considered.14”20 Particles tnat come sufficient-
ly close to surfaces can be intercepted mecﬁanically and stuck. Particles with

enough inertia can deviate from the flow streamlines, impact, and stick to rough
elements, obstacles, or bends. Particles less than about 1 um in size can be
transported to surfaces by both turbulent {[eddy) and molecular (Brownian) diffu-
sion. Particles greater than about 1 um in size and being transported parallel
to surfaces can be deposited because of the fluctuating velocity components nor-
mal to the surface (turbulent inertial deposition). Lower flow velocities en-
hance deposition caused by molecular diffusion and sedimentation. Unless the
surfaces are sticky, the net rate of deposition will depend on the relative
rates of transport and reentrainment. Zxcept for fibrous particles or very
light particles, interception may he neglected because particles large enough
to be intercepted will most Tikely be deposited as a result of inert,:] effects
or sedimentation.

Under certain conditions, other effects may become important for the small-
est particles. These effects include thermophoresis, diffusiophoresis, and pho-
tophoresis migration, which are discussed in Refs. 14 and 17. Tney are believed

to be relatively unimportant here compared with other effects.




Friedlander's boox14 provides an excellent introduction to deposition by

convective diffusion and inertial deposition. Here the concept of a particle
transfer coefficient Kp is introduced such that

JD = Kp np > (6)

where Jp is the particle deposition flux (particles per square centimete.-
second) at a given location in a tude and np is the local average sarticle num-
ber concentration [particles per cubic centimeter) in the ma.nstream at tnat
cross section., Thus, the transfer coefficient ‘p nas units of centimeters per
second and may be considered an effective deposition velocity. cxperimental
measurements of xp for ligquid droplets and solid particles were oog:iggd for
turbulent flow in vertical tubes at Reynolds numbers up to 50 000.°"* Sev-
eral theories for predicting Kp for turbulent deposition are based on the diffu-
sion free-flight model., Particles are assumed to be transgpurted by turbulent
diffusion to within one stopping distance from the wall, at which point the par-
ticles make a free flight to tne wall. Tne stopping distance is

- -
Sp: Vp&pa opdpvalBu - (7)

-

where ‘o is tne particle relaxation time and vp is the assumed free-flight
velocity. »

Bealzj nas developed an analytical method for predicting <p for turbulent
flow in vertical tubes. 3eal's method combines the apyroaches.taken in Ref. 21
and Ref. 24 and applies tnem to particles ranging from molecular size to about
100 um. This theory accounts for the deposition mechanisms of 8rownian and tur-
pulent diffusion and turpulent inertial deposition but not gravitaticnal sat-
tling. 3eal's approacn is to integrate the particle flux equation,

dno
o= (0% gy (8)



across the concentration boundary layer. Here Dp is the particle coefficient
of molecular diffusion and cp is the particle eddy diffusivity [both have units
of square centimeters per seccnd). In the derivative, y represents distance in
centimeters perpendicular to th2 surface. In his paper, Beal23 states his as-
sumptions for Dp and o in specific regions of the turbulent boundary layer

and derives equations for kp.

The authors of Ref. 25 have developed a method for predicting Kp for tur-
bulent flow in horizontal tubes. This method applies to particles with a size
greater than about 1 um because it accounts for the deposition mechanisms of
turbulent diffusion and gravitational settling but does not account for Brownian
diffusion. Reference 25 also considers the effect of pipe wall roughness and
provides experimental verification for particles with sizes from about 1 to
4 um.

The equations for kp presented in Refs. 23 and 25 were incorporated into
a computer code called DUCT8 that estimates aerosol depletion under steady €'ow
conditions in a given duct segment. We propose to include these equatinns as an
improvement to the aerosol depletion modules in the Los Alamos tornade and explo-

C26 and EXPAC.27 respectively, as well as

sion accident analysis codes TORA
FIRAC. (See also Refs. 1 and 4.)
Experimental data are needed to check aerosol depletion calculations for
losses encountered in fuel cycle facilities, particularly for fire conditions,
and such data are being sought in the current fuel cycle safety program. Anoth-
er area needing improvement is accounting for the effects of other ventilation
system components (besides filters) on aerosol removal. The other components

include blowers, dampers, bends, and flow restrictions.

C. Calculation of Integrated Material Losses Because of Sedimentation in a Duct

Equation (1) predicts the local flux of particles falling onto a horizontal
unit surface area per unit time. We use the term "local" because to use Eq. (1)
(in principle), we must know the aerosal concentration close to the surface.
This local concentration of aerosol supplies particles for deposition. This is
not a serious problem because turbulence effectively mixes the aerosol at a giv-
en duct cross-section except for a relatively thin (but important) region near
the duct waHs.l4 Wwe also use the term local to remind ourselves that the aer-
0sol concentration can ch.nge in the streamwise direction as well as in the
transverse directions at a given duct cross-section. Further, to use Eq. (3)
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to calculate the sedimentation transfer coefficient (settling velocity) ups’

we must assume either that our aerosol i3 monodisperse (dp = constant) and homo-
geneous (op = constant) or that our real aeroscl can oe adequately character-
ized by its median aerodynamic equivalent size (even though some variation in
size and density exists from particle to particlz). We have measured the mass
median aerodynamic diameter (MMAD) of smoke using cascade impactors and found
that the proper value of density for us to use in Eq. (3) is gy m 1.C g/cm3.
(See Ref. 19.)

How can we calculate the total loss of aerosol material because of deposi-
tion that occurs from the inlet to the exit of a duct? For steady-state condi-
tions, we expect this loss to be a function of the volume of aerosol-laden air
that moves through the du-t and the difference in concentration from inlet to
outlet in a given time interval. Thus, by conservation of mass (or conservation
of number of particles) we expect

N, = (particles in) - (particles out) |, (9)

where Np is the total number of particles left behind in the duct (a loss, or
sink, term). Equation (9) may hbe written as

Np = NpoQat - nQat = (npo-np)oat - (10a)

where np° and np are the duct upstreain (at the source) and downstream parti-
cle number concentrations, respectively; Q is the constant air volumetric flow
rate; and st is the time interval over which deposition takes place. We assume
that npo is greater than np.

For clarity, we will develop the simple expression for the concentration
ratio, np/npo = °D/°oo’ corresponding tc deposition from an a2rosoal moving in
a rectangular duct. This equation is given and discussed in Refs. 17 and 28.

However, we follow the reasoning agiven by Fuchs15 to derive the equation for
a duct with a circular cross section. Consider an aerosol flowing in a con-

12



stant-area rectangular duct of neight h and width w and assume that we Know
enough about the aerosol and the flow properties to calculate Us
Eg. (3). Assume further that tne airflow is fully developed and turbulent and
moves at oulk velocity U. Finally, assume that downstream distance is measured
in x direction with np = npo given at x = 0. We are interested in calculating

using

n at a downstream location x = L.

Our attention now is focusec on a segment of duct of lengtn ax with cross-
sectional dimension: w by h., The projected area for vertical settling of parti-
cles in ax is wax. We 2lso «now that the well-mixed volume of aerosol-laden
air in the segment is hwax. Thzrefore, using £q. (1), the number of particles
depositing onto area wax in time at = ax/U is using £q. (2)

(4 . ’
ANp - Jp {area)(at) = npups ‘wax)(ax/U) . (10b)

[f we let Anp be the incremental change in concentration of particles per
unit volume of air in the segment, then

w (Ax)zlhwaxu "

an_ * AN /hwax = n_u
P D/ . P ps

Because Anp = npz-np1 <0 for ax = Xp=%q >0, we can write

-AN = n
A plax n ups/U -

p

ar, in differential form (in the limit as ax goes to zero),




fhis is a simple first-order ordinary differential equation for the variation

of n with x. The known boundary condition is np = npo when x

the variables in £q. (1l) we get
dnp,' p = '(UDSIU") dx

Integrating using the dummy variables np and x', we have

j/” iy o J//'x ( Lo
dn_/n_=J - (u__/Uh) dx ,
n pp o ps

po

sn
N o )
n np 2 = =l eX /U : .
op
and
[ﬂ (nplnpo) = -\.bsX/Uh

Finally,

-(u__x/Uh)
lnp/npo = e ‘'ps

Equation (12) gives the reduction in number concentration from n
distance x down the duct. Thus, for constant, known values of u

14

0.

po
ps’

Separating

(12)

n_in
to 0

h, and U,



the concentration falls off exponentialiy from its initial values. Notice from
Eq. (12) that increasing Vs and x will enhance sedimentation, as will decreas-
ing U and h.

As we can now calculate the local concent~:tion np at x from £q. (12), we
can calculate the deposition flux at x using Eq. (l) te be

J =u n =u n e U/ (13)
P pS D DS po

Using Eq. (13) we can calculate the integrated or total particulate deposition
rate (in units of particles/s) up to x = L as

L L ,
- - =(u  x/Uh) o _={u_ L/Uh)
thotA L Jpwdx L upsnpoe ps wdx npohwu l-e ' “pw , (14)

where A is the duct floor area. Q = hwt is the duct flow rate in Eq. (14), and
"poQ = naohwu is the aerosol source strength in units of particles per second.
For a time interval at, the total number of particles deposited in the duct may
be calculated using Eqs. (14) and (12) and will he

Ned

o = Jptothet = ("po'"p)QAt : (15)

Equation (15) gives the same result as £q. (10), which followed from our heuris-
tic thinking. For homogeneous particles of mass mp, £q. (15) gives the total

mass deposition,

my = mpra (°po - o;)QAt . (16)
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TABLE I
VARIATION OF PARTICULATE MASS CONCENTRATION BY TRANSPORTA

! . &~ !
Mass (Concentration Mass Concentration ) e
; 3 3
Foel Combust ion Condition opol /4] _*pol9/™) P9 %enp P9/tneo
ps nigh 0.2027 0.1415 0.70 0.81
L high 0.1765 0. 1566 0.89 0.89
Ps Tow 0.0526 0.0594 1.13 0.83
L Tow G.008% 0.0681 0.9 0.8
B over-vent i lated 0.0045 0.0038 0.84 0.89
PMMA over-ventilated 0.0051 0.0048 0.9 0.75
PaMA over-vent ilated 0.0154 0.0150 0.97 0.75
L Y over-ventilated 0.0202 0.0157 0.78 0.8

St Tength (from impactor-to-impactor) was 131.9 m,

Figures 7 and 8 show the volumes of soot particles generated by the burn-
er for the two fuels as measured by an optical particle counter (Royco Model
225/518). The main features to note are the large variations of soot particle

-2 -3
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: % eel’
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: O Low Burn Raote - o Q Low Buwrr Rate
a O Low Bure Rate : 0 Low Burn Rote
L @ Higr Bun Bats L @ High Burn Rate
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o8 i A L i i I w’ " L " L i A
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FUEL BURN TIME (minutes) FUEL BUAN TIME (mingtes)
Fig. 7. Fig. 8.

Variation of particulate volume con- variation of particulate volume concen-
centration for polystryene combustion tration for polymethyl methacrylate com-
smoke during fuel sample burns. bustion smoke during fuel sample burns.
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output rates and the va. iation from burn to burn under the same conditions.
Additionally, peak volrmetric output rates for the PS and PMMA fuels vary by
more than an order of magnitude.

B. Smoke Particle Wall Deposition

Table III summarizes the numerical data obtained during the duct wall dep-
osition tests. In these tests, the accumulated particulate mass on the HEPA
filters and the actual particulate mass deposits at the duct wall were measured

in addition to the physical characteristics of tne airborne particles as already
described. The values reported for the duct volumetric flow rate are arithmet-
ic averages of the flow at the initiation and conclusion uf each test.

First, the experimental deposition results are given in Table [V. The im-
portant operational conditions are given in order to identify each test. Under
the columns labeled as "Experimental Data," t'ie experimental results alone are
presented where the final result is a particulate mass ratio, md/mb, and is the
mass deposited on duct walls divided by the mass of unburned fuel. The mass
deposited on the walls, My is given by

my = Ysmb-mf . (18)

where Me is the accumulated particulate mass on the HEPA filter for the fuel
burned. This ratio identifies that portion of the fuel mass that was deposited
on the walls., This calculation assumes the appropriate constant value of YS
(0.33 for PS and 0.021 for PMMA) regardless of the burning condition. This ex-
perimental mass-balance technique was not sufficiently sensitive to discern wall
mass deposition at the under-ventilated PMMA burn rate.

Applying the gravitational settling theory requires calculating two vari-
ables related to the combustion particles. These are the particle settling
velocity, ups. and the upstream particulate mass concentration, o ob? at the
burner, Because the quantity mpdp is the particulate mass flux, using Eq. (1)
gives

ups _m : _m J ) (19)
™% %
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Fuel

PS

PS

PS

PS

PMMA

A

TABLE T11
DUCT WALL DEPOSITION EXPERIMENTAL DATA

Fuel Mass Upstream Downstream
Burn Rate, Volumetric Duct Impactor Conc. Impactor Conc,
Burn Fuel Mass  Total Test ar Atrflow Rate 9 9
Condition burned (g) Time (min) min Q (m'/h) __m m

1.7 »3/n Combustion Air 200.7 21.9 9.16 1642 0.0526 0.0594
Low . irn Rate,
Underventilated
1.7 m3/h Combustion Air 250.0 29.7 B.9% 1470 0.068% 0.0681
Low Burn Ra.e,
Underventilated
6.8 »3/n Combustion Air 250.0 1a.3s 17.42 1589 0.2027 0.1415
High Burn Rate,
Underventilated
6.8m3/n Combustion Air 250.3 131.60 18,40 1439 0.1765% 0.1566
High Burn Rate,
Underventilated
3.4 mi/n Combustion Air 600.5 50.1 12.0 1607 0.0154 0.0150
Low Burn Rate,
Underventilated
3.4 m3/n Combustion Air 600.0 524 11.48 1448 0.02n2 0.0157
Low Burn Rate,
Underventilated
8.5 m3/h Combustion Air 1000, 3 81.9 12.26 T 1w 0.004% 00,0018
Hign Burn Rate,
Overventilated
8.5 m3/n Combustion Air 1000.0 B5.6 11.70 1530 0.0051 0.0048

High Burn Rate,
Overvent i lated

Accumulated
HEPA Mass

Soin (g)

14.76

65.0

22.9

13.0

Wall Nuclepore

Filter l:uu Deposit
Top  Side Bottom
0.2 0.2 1.1
0.1 0.1 0.8
0.2 0.3 1.5
0.2 0.4 1.4
0.1 0 0.4
0.0 0.1 0.8
0.1 0.1 0.4
0.0 0.1 0.3



——

8¢

(l.anp

Fuel Mass

Burn —F—

Condition Surted. ®(q) n
Low 200.7 2.66
Low 250.0 .43
High 250.0 5.5
High 750.3 5.44
Low 600.5 0.422
Low 600.0 0. 808
Hign 1000.3 0.258
High 1000.0 0.185%

TABLE 1V

CAPERIMENTAL DEPOSITION RESULTS USING GRAVITATIONAL SETTLING THEORY

44.8
21.0
9.1
KR

28.1
51.5
67.9
38.5

2

1. 10x10°}
1211071
2.1t
2.55;10°1

9.42x1073
9.9x1073
9.06x10-3
9.66:10-3

Gravitational Settling Theory

Apparent
MOt L e
. %9 l (g) Ysa
14.8 17.8 0.0887 32.6 0.16
23 13.4  0.0536 45.7 0.18
7.0 20.4 ©.08l6 9.4 0.3
65.0 20,0 0.0799 85.0 0.34
22.9 2.31 0.00385 25.2 0.042
13.0 4.24 0.00707 17.2 0.029
5.43 7.76 0.00776 13.2 0.013
5.64 $5.21 0.00531 1.0 0.0il

Experimental Data

s % Vm %

66.2 51.4
82.5 50.2
82.5 1.5
82.6 17.6
12.6 -10.3
12.6 -0.4
21.0 15.6
21.0 15.4

Pl

0.25
0.201
0.045
0.070

0.015%
0.0154

R



where °p is the duct centerline particulate mass concentration and was mea-
sured at the downstream impactor. The particulate mass wall flux also was mea-
sured at the downstream impactor, and thus the ups calculated here is the down-
stream value. In this analysis, the Ups values are assumed to be constant over
the duct length. Values of upS on the mean aero<,.amic particle diameter as
determined by the impacters are on the order of 1 m/m or less for the two fue's.
Because these values for ups do not reflect the realistic values shown in

Table IV as determined above, the mean aerodynamic particle diameter was not
used and thus not recommended for particle deposition calculations associated
with combustion aerosols.

The second variable, °pob' is obtained from

+ (20

where Q is the duct volumetric airflow rate (cubic meters per hour). Finally,
modifying Eq. (14) gives the particulate mass deposit considering only
gravitational settling:

)
l-e Uh At

m ; (21)

dg = °pon

where L is the straight duct length between the burner and downstream impactor
(19.63 m) and at is the test duration (in hours). The results from Eq. (21)
and the mass ratio mdg/mb are given in Table IV,

Compariag the predicted and experimental PS combustion aerosol deposition
quantities suggests that, within a factor of 2 or 3, the values of mdg/mb agree.
This level of agreement weakly supports the gravitational settling theory.
Additionally, the calculated or apparent PS soot fraction, Ysa’ is within 12%
of the 0.33 value at the high burn rate tests, thus indicating the correctness
of YS for the PS fuel at these conditions. For the low burn rate conditions,
the YSa values are significantly lower than the assumed YS value of 0.33.
Already argued is the consistency of YS based on the fuel mass burn rate; and
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downstream particle concentrations. Consequently, the gravitational settling
theory underestimates the mass deposit for the 7S low burn rate conditions.
With the PMMA tests, comparisions can be made only for the over-ventilated com-
bustion condition; my is negative for the under-ventilated conditions. Again,
the mass ratios and soot fractions agree to a factor of 3 or less. However,
the consistency of Ysa data suggests that YS is indeed different for the two
conditions--by a factor of at least 2 for these experiments.

jravitational settling is accompanied by other deposition mechanisms in a
horizontal duct and include turbulent diffusion, inertial impaction, and elec-
trostatic effects. for tne horizontal straight duct used in these experiments,
inertial and electrostatic effects were not significant.* To use the wall par-
ticulate mass flux measurements made in the vertical and top walls of the duct
at the downstream impactor, an expression for the deposited particulate mass
flux by turbulent diffusion must be developed regarding the flux measurements
made. Rewriting Eq. (5) and incorporating the four sides of the duct (bottom,
top, and two sides), we have

4
= , = . b
Jp npi:lkp1 (ZKos + ot + Kp])np L (22)

where <p is the particle mass transfer coefficient for turbulent diffusion (cen-
timeters per second) and the subs~ripts s, t, and 1 refer to the sides, top,

and lower surface, respectively. Proceeding as before with gravitational set-
tling alone, the downstream to upstream particle number concentration ratio as-

suming constant Kpi is

R [zKps + ot " K"]] .
_22 = e Tpw n (23)

*For long and complex duct geometrics, both particle inertial and elecrostatic
effects are likely important.
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Fuel

PS
PS
PS
Ps

Fuel Mass
Burn Only Gravitational
Type Condition Suraed, 'n(q) Settling (mg)
Low 200.7 0.9
Low 250.0 0.7
High 250.0 1.2
High 250.3 1.1
Low 800.5 0.3
Low 600.0 0.7
High 1000.3 0.3
High 1000.0 0.2

EEE

TABLE ¥

EXPERIMENTAL DEPOSITION RESULTS USING TURBULENT DIFFUSION AND GRAVITATIONAL SETTLING THEORY

Gravitational Settling

Bottom «all
Nuc lepore Filter
®ass Deposit for

"’
()

2.17

1.25
4.42
.27

0.317
0.0707
0.194
0.12¢

ups

m
i
36.5
18.4
31.2
27.3

21.1
45.0
si.1
25.8

owc
(5)

1.10x10-}

1.21x10-1

2.17x10-)
2.53x10-}

9.42x10-3
9.96x10-3
9.06x10-3
9.66x 103

n :'
W
14.9 8.13
1.8 2.61
16.7 1.8%
16.2 9.96
.78 1.07
3.79 6.43
6.16 17.0
3.72 12,9

Turbulent Diffusion

7.07
0.00

i7.0

0.00

7.07

6.43
17.0
12.9

ar
(9

14.6
7.31

6.8

20.7

2.50
14.5

9.15
26.9

(9)

29.5
18.9
33.5
36.93

4.28
i8.3
15.3
30.6

a
e

0.14700
0.0756
0.134
0.147

0.00713
0.0305
0.0153
0.0306

(s)

51.4
50.2
11.5
17.6

15.6
15.4

0.0158
0.0154



gravitational settling theory currentiy used in FIRAC is not conservative but
rather significantly underpredicts the actual particulate mass deposition rates
by the combustion aerosols tested. Successful particle deposition studies in
which theory and experimental results are mutually supportive will require im-
proved theoretical developments incorporating additional deposition mechanisms
and improved experimental technigues and procedures.

IV, CONCLUSIONS AND RcCOMMENDATIONS

We developed the following conclusions from experimental work involving
the combustion products of PS and PMMA fuel.

1. Particulate mass deposition is an important feature associated with

the flow of combustion products and, even for short duct lengths (31
hydraulic diameters), may reach 25% of the unburned fuel as with PS.

2. Physical changes associated with the transport of the particulate com-
bustion products include a 10 to 30% reduction in mass concentration
and a small (=l-um) reduction in particle size only observable for the
PS combustion particles with an aerodynamic diameter greater than
2.0 ym,

3. Comparisons of the experimental results with the theory incorporating
gravitational settling provide some checks but cannot be considered
supportive. Extending the theory to include turbulent diffusion and
gravitational settling provides improvement for one experimental con-
dition—over-ventilated PMMA combustion--but worsens the agreement for
the high PS burn rate condition.

4. The experimental techrique: used in this effort are not sufficiently
sensitive to verify the depositio,. models described.

Because HEPA filter plugging rates and efficiencies depend on the airborne
particulate mass and size distributions arriving at the filter, deposition is
an important consideration. The experimental work performed here establishes
some support for the theory developed and used in FIRAC. However, improved
experiments directed at the deposition problem alone are required to establish
the important deposition mechanisms that should be included in the FIRAC code.
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rather significantly undcrpredicts the actual particulate mass deposition rates
by the combustion aerosols tested. Successful particle deposition studies in
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IV, CONCLUSIONS AND RCCOMMENDATIONS

We developed the following conclusions from experimental work involving
the combustion products of PS and PMMA fuel.

1. Particulate mass deposition is an important feature associated with

the flow of combustion products and, even for short duct lengths (31
hydraulic diameters), may reach 25% of the unburned fuel as with PS.

2. Physical changes associated with the transport of the particulate com-
bustion products include a 10 to 30% reduction in mass concentration
and a small (=l-um) reduction in particle size only observable for the
PS combustion particles with an aerodynamic diameter greater than
2.0 um,

3. Comparisons of the experimental results with the theory incorporating
gravitational s+ 'ing provide some checks but cannot be considered
supportive. Extending the theory to include turbulent diffusion and
gravitational settling provides improvement for one experimental con-
dition—over-ventilated PMMA combustion--but worsens the agreement for
the high PS burn rate condition.

4. The experimental techniques used in this effort are not sufficiently
sensitive to verify the deposition models described.

Because HEPA filter plugging rates and efficiencies depend on the airborne
particulate mass and size distributions arriving at the filter, deposition is
an important consideration. The experimental work performed here establishes
some support for the theory developed and used in FIRAC. However, improved
experiments directed at the deposition problem alone are required to establish
the important deposition mechanisms that should be included in the FIRAC code.
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