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ABSTRACT 
A three-dimensional (3-D) computational fluid dynamics (CFD) model 

has been developed using CFDS-FLOW3D Version 3.3 to model the 
transport of aerosol products formed during a release of uranium 
hexafluoride (UFJ into a gaseous diffusion plant (GDP) process 
building. As part of a facility-wide safety evaluation, a one-dimensional 
(1-D) analysis of aerosol/vapor transport following such an hypothesized 
severe accident is being performed. The objective of this study is to 
supplement the 1-D analysis with more detailed 3-D results. 
Specifically, the goal is to quantify the distribution of aerosol passing out 
of the process building during the hypothetical accident. This work 
demonstrates a useful role for CFD in large 3-D problems, where some 
experimental data are available for calibrating key parameters and the 
desired results are global (total time-integrated aerosol flow rates across 
a few boundary surfaces) as opposed to local velocities, temperatures, or 
heat transfer coefficients. 

NOMENCLATURE 
Svmbol Description Units 
A Cell-wall leakage area m 2 

K Form loss coefficient -
m Mass flow kg/s 
P, Pressure internal to cell wall Pa 
PE Pressure external to cell wall Pa 
P Density kg/m3 

K Turbulent kinetic energy m 2/s 2 

€ Eddy dissipation m 2/s 3 

INTRODUCTION 
In the United States, the gaseous diffusion process is used to produce 

enriched uranium for power generation and defense purposes. The 
process uses large quantities of the hazardous material uranium 

hexafluoride (UF6) that is piped throughout the plant through large 
process lines. In the event of a double-ended guillotine break of a UF 6 

line, the UF 6 will immediately undergo an exothermic chemical reaction 
(producing very high temperatures) with the moisture (H 20) in the air to 
form hydrogen fluoride (HF) and aerosolized uranyl fluoride (U0 2F 2) 
that could then be spread inside and outside of the process building. As 
part of the facility-wide safety evaluation, a one-dimensional (1-D) 
analysis of aerosol/vapor transport following such an hypothesized 
severe accident is being performed (Kim et al., 1996). The objective of 
this study is to supplement the 1-D analysis with more detailed three-
dimensional (3-D) results. Specifically, the goal is to quantify the 
distribution of aerosol passing out of the process building during the 
hypothetical accident. 

A U.S. gaseous diffusion plant (GDP) contains multiple process 
buildings. Each process building of the plant currently under 
consideration contains six "units." A unit is a group of ten sheet-metal 
enclosures called "cells." These enclosures are not air tight, but allow 
substantial leakage through openings and panel seams. A single cell 
contains eight axial-flow compressors that pump gaseous UF 6 through 
large cylindrical steel vessels called "converters." Figure 1 shows the 
geometry of the cell with the eight trapezoidal protrusions to 
accommodate the eight compressors, each attached by a shaft passing 
through the cell wall to one of eight compressor motors located outside 
of the enclosure. The upper portion within the sheet-metal enclosure (on 
the level above the trapezoidal protrusions) is referred to as the 
penthouse. Within each unit, air is circulated by the combined action of 
(1) the air supply blowers (three per cell) that pump air into the building, 
(2) the compressor motor suctions (eight per cell) that pull air out of the 
building, and (3) the roof vent exhaust that allows air flow in either 
direction, but will typically vent the remainder of air out of the building. 

A computational 3-D fluid dynamics (CFD) model has been developed 
using CFDS-FLOW3D2 Version 3.3 to model the transport of aerosol 
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Fig. 1. Geometry of the gaseous diffusion cell with 
computational domain including the surrounding process 
building air. 

products formed during a release of UF 6 into the cell housing. Because 
the flow domain is large (dimensions of 53 m long x 26 m wide x 16 m 
high), it was recognized from the beginning that a very coarse 
discretization was required to obtain a solution with existing 
computational resources (IBM RISC 6000 Model 580 with 128 Mbytes 
of RAM). Using such a coarse discretization would necessarily 
compromise the physical accuracy of the simulations. However, it is the 
relative distribution of aerosol flow at the boundaries of the problem that 
was desired, not specific local velocities and temperatures widiin the 
unit. Existing temperature and flow distribution data were also used to 
calibrate the steady-state solution, thus improving the accuracy of the 
predictions. 

MODEL DESCRIPTION 
An input model was developed for the CFDS-FLOW3D solver by 

defining the computational domain and discretization, boundary 
conditions, fluid properties, and solution strategy. The geometry of the 
problem was defined using the CFDS-FLOW3D mesh generator 
SOPHIA that allows the user to define 1-D edges, extrude these into two-
dimensional (2-D) faces, and subsequently extrude the faces into 3-D 
blocks that are then discretized. The computational flow domain is 
shown in Fig. 1, with the rectangular holes in the floor corresponding to 
the locations of the two air-supply blowers that are interior to the 
computational domain and the eight compressor motor exhaust ducts 
(only five of which are visible in the figure). The blowers and motors are 
represented by rectangular hexahedra located as shown in Figs. 2 and 3. 
Approximately 50,000 control volumes were used in the discretization. 

Although not shown in Fig. 1, the cell housing internals were also 
discretized for the flow solution. The equipment contained within the 
cell housing was estimated to fill between 50 and 60% of the cell 
volume. Refining the details of the air flow in and around this equipment 
is intractable, due to the large number of computational cells required, 
and unnecessary, since the details of the flow inside the cell housing are 
unimportant. However, it was still desired that the model contain the 
correct total mass of air inside the cell and maintain fairly well-mixed 
conditions, since the equipment is actually distributed throughout the 
cell. A simple solution to this dilemma is to represent the cell internals 
as a porous media. By using the CFDS-FLOW3D porous media model, 

Motor Surlion Area = 0 3 in 

X 1 

Fig. 2. Typical motor air suction boundary condition (one 
of eight). 

BLOWER 5 Area = 1.67 m 8 
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Fig. 3. Air supply blower as modeled in CFDS-FLOW3D 
simulations. 

the cell volume was defined to contain 56% solid equipment and 44% 
air. The porous media model allows the user to provide additional flow 
resistance to account for small-scale momentum losses; however, no 
additional flow resistance was added since it was anticipated that these 
momentum losses would be very small. 

The air was treated as incompressible, with a buoyancy force added 
through the linearized Boussinesq approximation, because 
compressibility effects are small. Six solid hexahedra were defined to 
represent the hot equipment inside the cell housing. A fixed boundary 
temperature was assigned to the surfaces of the hexahedra. This surface 
temperature was then adjusted during the steady-state solution process 
until the measured penthouse air temperature was matched by the 
computed flow solution. To match the measured penthouse air 
temperature, the total amount of heat transfer from the equipment to the 
air must be accurate. To transfer the correct amount of heat, the 
equipment temperature must be increased above the measured average 
equipment temperature. This increase is necessary because the heat 
transfer area of the six solid hexahedra is significantly less than the true 
equipment surface area. 



The temperature of the air exiting the roof vent was also known from 
measurements taken during plant operation. This measurement was 
matched by specifying a heat flux on the exterior of the cell wall passing 
into the exterior air. This heat flux represents heat that is transmitted by 
conduction through the thin sheet metal wall. 

To accommodate leakage of mass, enthalpy, and aerosol through 
openings (seams) in the sheet metal walls, 129 pairs of sources and sinks 
on either side of the cell wall were specified. Two "patches" are defined 
on each of the 129 quadrilateral surfaces comprising the discretized sheet 
metal cell wall that separates the heated air inside the cell housing from 
the forced-convected air outside. A patch is merely a CFDS-FLOW3D 
label for a 2-D segment attached to the computational domain which can 
be used in the user FORTRAN to identify certain computational cells. 
One patch was specified for the inside wall of each segment, and one for 
the outside. 

A substantial amount of FORTRAN coding was supplied to the 
CFDS-FLOW3D steady-state simulation to simulate the leakage through 
the cell wall of mass and energy. Specifically, the user FORTRAN was 
written to accomplish the following purposes: 
• Determine the magnitude of leakage mass flow through the cell wall 

based on the local pressure difference. 
• Generate source/sink terms for the pressure (mass continuity), 

enthalpy and user scalar (aerosol) equations consistent with the 
calculated leakage through the cell wall. 

• Monitor the mass flow and aerosol flow at the wall, cell door, blower 
exits, and motor suction locations. 
At each of the wall 129 segments, an average internal pressure, P„ and 

average external pressure, PE, are calculated by considering the pressures 
in each of the computational cells bordering the wall segment. The 
leakage mass flow rate for one segment, m , is then calculated using the 
simple form-loss relationship 

2pA\P, - PB) 
K 

(1) 

where p is the density, A is the leakage area, and K is the form-loss 
coefficient. The total leakage mass flow rate through the cell wall has 
been measured, and this information was used to calibrate the loss 
coefficient K. 

The available plant data that were used in developing the 
computational model are given in Table 1. Some of these values could 
have been computed directly by the CFD model. Instead of doing so, 
however, the measured values are used as calibration points to minimize 
the inaccuracy that accompanies the use of such a coarse discretization. 

STEADY-STATE SOLUTION 
The flow field within the cell, through the cell wall (via various 

leakage pathways, including an open door and gaps between sheet metal 
pieces comprising the wall), and outside the cell (but within the unit) was 
calculated. The usual equations for transport of mass, momentum (three 
directions), enthalpy, and aerosol mass, as well as two additional 
equations used for k-e turbulence closure, were then solved. The particle 
transport model in CFDS-FLOW3D does not allow transient 
computations, hence the aerosol mass was represented as a user scalar 
variable, and deposition of aerosol by settling was neglected. 

The turbulent Schmidt number is assumed to be 0.9 (default value in 
CFDS-FLOW3D), and a very low laminar diffusivity is used (i.e., 
diffusion of the aerosol occurs via turbulent transport only). 

The first solution obtained with the model assumed a steady-state at 
typical operating temperatures and flow rates. During the typical steady 
state, air is drawn into the cell near the base of the cell wall and through 
the door, then heated and pushed out through the seams in the top of the 
cell housing. Hence, a steady circulation through the cell occurs. The 
objective of this initial steady-state simulation was to determine the 
typical flow pattern (to be used as an initial condition for a transient 
simulation), and to determine the fate of the air that is passed through the 
cell. 

Table 1. Assumed data used in calibrating 
the steady state and defining geometry 

and boundary conditions. 

Parameter Value 

Motor suction area 

Motor suction velocity 

Air supply blower area 

Air supply temperature 

Air supply blower flow rate 

Air temperature near top of cell 
housing (penthouse) 

Total leakage flow through cell 
wall 

Roof vent exit air temperature 

0.3 m 2 

11.18 m/s 

1.672 m 2 (3 ft x 6 ft) 

310 K 

15.57 m3/s (33,000 cfm) 

360 K 

9.0 mVs (19,000 cfm) 

330 K 

A unit source of 1 kg/s of aerosol (defined by a user scalar variable) 
was released inside the cell housing, distributed uniformly, and the 
steady-state solution was obtained. For the steady-state solution, no heat 
source is included to represent the reaction following the release of UF 6. 
This solution was calibrated to the measured through-cell circulation air 

„ ^ * v . 

Fig. 4. Isothermal surface showing developed thermal 
plume during typical steady-state. 



flow rate (19,000 cfm), cell internal air temperature (360 K), and roof 
exhaust temperature (330 K) by adjusting leakage area, equipment 
temperature, and cell wall exterior converted heat flow. 

The steady-state velocity vectors and one isothermal surface are shown 
in Fig. 4. The surface, at 330 K, shows the plume of hot air leaving the 
cell housing and rising to the process building ceiling. The surface also 
corresponds closely to a constant-user-scalar (aerosol concentration) 
surface since the aerosol rides along with the hot air that has left the cell 
housing. Results showed that 50% of the aerosol released is exhausted 
out the roof vent. The remaining 50% of the aerosol exits the unit 
building through the motor exhaust, or is passed out of the computational 
domain to an adjacent cell. A very small amount (less than 1%) of the 
circulated air is re-entrained into the cell housing. 

After calibration, the calculated steady-state volumetric flow rate 
through the cell wall is 8.94 m3/s, the steady-state penthouse temperature 
is 360.7 K, and the average temperature of air passing through the roof 
vent is 329.0 K. These quantities were calibrated to the measurements 
in Table 1 by adjusting the equipment surface temperature and the 
available cell-wall leakage area. The resulting mass flow and user-scalar 
transport balance is shown in Table 2. 

Table 2. Results of steady-state calculation, 
mass and aerosol inventory, negative value 
indicates loss from computational domain. 

assumed the actual heat source, and a net amount of 300 kg of user scalar 
(representing the aerosol) was released into the cell housing over the 
300-s period. The aerosol and heat sources were again uniformly 
distributed through the cell internals. 

The time step was fixed to 0.5 s for a requested 1500 s transient, the 
first 300 s of which would represent the release of aerosol into the cell 
environment. The simulation was terminated after only 521 s of problem 
time, due to a pressing deadline. These 521 s of problem time required 
10 d of IBM RISC6000 Model 580 processing time. At this time, only 
about half of the 300 kg of user scalar (aerosol) released during the first 
300 s had passed out of the computational domain. Of that aerosol that 
had passed out of the domain, 69% was exhausted through the roof vent 
boundary. 

The resulting aerosol mass flow through the cell wall and out each of 
the boundaries during the transient is shown in Fig. 5. At about 330 s 
large oscillations in the mass flow in and out of the cell housing are 
observed. This is caused by poor convergence at the requested 0.5-s time 
step. However, the oscillations appear in the mass flow through the cell 
wall and not in the boundary mass flows. Also, the trend in the aerosol 
flow rate at the boundaries appears to be a reasonable continuation of the 
results before the oscillations began. Table 3 shows the fate of the 300 
kg of user scalar as of 521.5 s of simulation time. Figure 6 shows the 
ratio between aerosol mass passing through the motor exhaust and total 
aerosol mass passing out of the computational domain as a function of 
time. 

Location 

TOTAL 

Cell Wall 

Cell Door 

Mass Flow 
(kg/s) 

0.00 

10.21 

1.98 

Aerosol Flow 
(kg/s) 

Motor Suction -30.64 -0.3617 

Roof Vent -22.71 -0.4992 

Blower 1 17.81 0.00 

Blower 2 -8.88 -0.069 

Blower 3 17.76 0.00 

Blower 4 -8.91 -0.072 

Blower 5 17.78 0.00 

Blower 6 17.78 0.00 

-1.00 

1.007 

0.013* 
* This number is not exact due to the method of calculation for flow 
through an interior surface such as the cell door. 

TRANSIENT SOLUTION 
A transient solution was obtained by starting from the steady-state 

flow field and a zero initial condition assumed for the aerosol 
concentration. The hypothetical accident was defined by a release of 
26.458 kg/s of aerosol into the cell, accompanied by a heat-of-reaction 
source of 9.635 x 106 W, lasting 5 min (300 s). The transient simulation 
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Fig. 5. Fraction of aerosol lost from the computational 

domain that passes through the motor exhaust as a function 
of time. 

CONCLUSIONS 
The results indicated that in the event of a double-ended guillotine 

break of a UF6 line in the gaseous diffusion cell, at least 69% of the 
aerosol produced from the UFG/F^O reaction would wind up being 
exhausted out of the roof vent in the process building. 

This work demonstrates a useful role for CFD in large 3-D problems, 
where some experimental data are available for calibrating key 
parameters and the desired results are global (total time-integrated 
aerosol flow rates across a few boundary surfaces) as opposed to local 
velocities, temperatures, or heat transfer coefficients. A coarse 
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Fig. 6. Aerosol mass flow (total generated is 1 kg/s) 
through cell wall and mass flow boundaries during the 
transient simulation. 

discretization and large time step were required to meet the work 
schedule demands. All of the essential physics were included in the 
simulation except particle settling. This aspect was neglected due to the 
limitation of the CFDS-FLOW3D particle dynamics model. Some 
difficulties were encountered with convergence at the 0.5-s time step; 
however, the simulation was judged to be adequate for its purpose in 
providing the supplemental results to the 1-D severe accident 
simulations. 

Table 3. Fate of aerosol contaminants 
up until 521.5 s of transient simulation. 

Percent of 
Percent of Flow out of 

Location Total Mass (kg) Release Domain 

Out through Motor 
Exhaust 28.5 9.5 20.1 

Out through Roof 
Vent 98.1 32.7 69.3 

Out through Blower 
Boundaries 14.9 5.0 10.6 

Remaining in Cell 9.4 3.1 

Remaining in Unit 149.1 49.7 

Total 300 100.0 100.0 
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This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe
cific commercial product, process, or service by trade name, trademark, manufac
turer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 


