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AbBtract

The FIRAC computer code predicts fire-induced transients in nu-
clear fuel cycle facility ventilation 6ystemt3. FIRAC calculates si-
multaneously the gas-dynamic, ❑aterial transport, and heat transport
transients that occur in any arbitrarily connected network system sub-
jected to a fire. The network system may include ventilation compo-
nents such as filters, dampers, ducts, and blowers. These components
are connected to rooms and corridors to complete the network for mov-
ing air through the facility.

An experimental ventilation system has been constructed to veri-
fy FIRAC and other accident analyela codes. The design emphasizes
network ay~tem characteristics and includes multiple chambers, ducts,
blowers, dampers, and filters. A large industrial heater and a com-
mercial dust feeder are used to inject thermal energy and aerosol
mass. The facility is instrumented to measure volumetric flow rate,
temperature, pressure, and aerosol concentration throughout the syB-
tem. Aerosol telease rates and mass accumulation on filters also are
measured.

We have performed a series of experiments in which a known rate
of thermal energy is injected into the system. We then simulated thie
experiment with the FIRAC code. This paper compares and discusses the
gas-dynamic and heat transport data obtained from the ventilation sys-
tem experiments with those predicted by the FIRAC code. The numeri-
cally predicted data generally are within 10* of the experimental
data.

Introduction

FIRAC is one of a family of computer codes that hati been devel-
oped at the Los Alam06 National Laboratory to predict the effects of
fires, explosions, and tornadoes in nuclear fuel cycle facilities.(l)
The FIRAC code waR designed to numerically model fire-induced flows,
heat transfer, and material transport within ventilation systems and
other airflow pathways. Fires ❑ay be represented irl the code either
parametrically or by a fire compartment model FIRIN1, which was de-
veloped at the Pacific Northwest Laboratory(2~.

FIRAC ●nd the other accident analysis codes need to be validated.
Therefore, a ventilation system model has been constructed at the
New Mexico State University (NMSU) to obtain the necessary experimen-
tal data. We have performed a series of experiments in which a known
rate of thermal energy iO injected into the system ●nd have uimulated
the~e experiments with FIRAC. In the second part of this paper, we
describe the expezimantal facility and its instrumentation, ●nd in the
third part, we prefient the numerical model and discuss its salient
features. In the last part, we diecuas the gas-dynamic and heat
tranaport data obtained from the ventilation system experiments and
compare them with those predicted by the FIRAC code.
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Experimental Facility

The multicompartment ventilation system model is installed in a
prestressed concrete building that provides environmental control; the
building is at the Mechanical Engineering Test Site on the NMSU cam-
pus. The model ventilation system i~ designed to accommodate thermal,
pressure, and aero801 inputs. The thermal inputs are generated by a
commercially available duct heater rated at 92 000 kcal/h fired by
natural gas and limited to a maximum of 3000C. The duct heater is on
casters, which allows thermal input from different locations of the
model system. Pressure pulses are limited to a 140-kPa overpressure
and must originate in the rectangular volume shown in Fig. 1. The
pipe and square ducts are designed to have a mechanical safety factor
of 3. The particulate mass input is provided by a commercial dust
feeder having variable supply rates between 1 and 40 g/rein (particu-
late material density = 1 g/cm3). lhe maximum particulate mass con-
centration is approximately 1.4 g/m3 for unit-density particulate
material.

The model v~ntilation system’s arrangement of ducts and volumes
is shown in Fig. 1. For economy, 30.5-cm-diam Schedule 20 pipe is
used for the bypaus loop around the two volumes and for the connec-
tions between the two volumes. The 0.6-m-sguare ducts were made from
0.64-cm steel plate and were used for the remainder O: the ventila-
‘ ion system. The system’s straight length is approximately 24.4 m.
lhe inlet and outlet round duct connections are within the lower third
of the rectangular tank and differ in height hy 0.69 m vertically.
Figure 1 shows one circular duct connecting at the top of the cylin-
drical volume and the other circular duct connecting at the side of

Figure 1. Schematic of the ventilation system model,
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the volume (lowest possible location). The centerline distance of
both the round and square ducts above the floor is 1.1 m.

The two volumes are steel tanks modified as shown in Fig. 1.
The rectangular tank (17.0 m3 in volume) has 5-cm-thick walls and can
withstand the largest pressure pulses. The remainder of the system
limits the maximum pressure

!
ulse to about 140 kPa over-pressure.

The cylindrical tank (22.6 m in volume and 4.6 m high) is upright to
provide the maximum pcssible stratification and serves as a location
for thermal and/or particulate mass input. The two fans in the facil-
ity provide positive or negative pressures in the model ventilation
system.

The round-duct dampers are numbered in Fig. 1 al~d are reversible
1.27-cm steel plates secured by the pipe flanges. These dampers are
either full open or closed. Additionally, three dampers are located
in the square duct between the high-efficiency particulate air (HEPA)
filter gravimetric balance and fan, upstream from the square-duct tee,
and downstream from the square-duct tee. Dampers 9 and 10 are commer-
cial models and thus are adjustable, but damper 11 is conceptually
similar to the round-duct dampers. Numerous model system configura-
tions can be obtained by opening and closing the dampers. The HEPA
filte: gravimetric balance is designed especially to measure the col-
lected mass on a HEPA filter installed in the system. The balance
uses a null technique and an electronic force transducer to achieve a
resolution of 2 g.

This model ventilation system is three-dimensional because of
the vertical height associated with the cylindrical volume. Thus ,
thermal loads or “test fires” (possibly in conjunction with a parti-
culate mass) can be input to the base of the cylindrical volume, and
the transport of both thermal energy and particulate material can be
observed in the model ventilation system. Ac?ditionally, the gravi-
metric balance can determine the collected particulate mass on the
HEPA filter. Careful collection of particulate material on the in-
ternal surfaces yields information on total deposition.

The thermal tests reported in this paper used only a portion of
the ventilation system model shown in Fig. 1. The subsystem used
comprises the section of 30.5-cm-diam pipe between dampers 5 and 7
(indicated on Fig. 1), the pipe tee joint adjacent LO dampers 7 and
8, and the entire section of the 0.6-m-square duct. The gravimetric
balance and the exhaust fan are net included. The commercial duct
heater, which includes the supply blower, injects thermal energy into
the system at damper 5. DamperS 4, 6, and 8 are closed for these
tests.

The internal and external wall temperatures are measured at the
longitudinal center of each segment of pipe and duct. The thermo-
couple generally is placed on the vertical center of one wall. In
one section of duct, thermocouples are placed on each vertical wall,
in the top, and in the bottom of the duct to measure any thermal gra-
dients in the duct tress section. Pipe and duct wall temperature
measurements are maie at 15 locations. In addition to the wall tem-
perature measuremenua, the gas flow temperature is measured at the
center of each seg]~ent of the 0.6-m-square duct. Twenty gage, type J
thermocouple wire was used for these measurements, and the external
and interual wall thermocouples were mounted by peening. The internal
gas flow th~rmocouple assemblies were made of a 0.64-cm-diam stainleBs
steel sheath with an aluminum head and with a type J thermocouple.
All internal thermocouple wire insulation was replaced by a fiberglass



19th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE

sleeve. The gas flow was obtained by a p~tot tube in a five-section
traverse of equal concentric areas at the system outlet duct with the
pressure readings made with an inclined manometer.

The pressure is measured with a 0.0- to 62.3-Pa manometer at the
center of each segment of the 0.6-m-square duct and other selected
locations, such as on each side of the 90” elbow and on each side of
the Commercial damperE. These locations were chosen to provide data
spatially compatible with data output by the FIRAC code.

The Numerical Model

The FIRAC computer code initially was designed to predict fire-
induced transients in nuclear fuel cycle facility ventilation systems.
FIRAC simultaneously calculates the gas-dynamic, material transport,
and heat transport transients that occur in any arbitrarily connected
network system subjected to a fire. The network system includes ven-
tilation system components such as filters, dampers. ducts. and blow-
erb. These components are connected to the rooms and corridors to
complete the network for moving air through the facility.

we used the lumped-parameter method to describe the airflow sys-
tem. NO spatial distribution of parameters within the network com-
ponents Is included In this approach. Network theory defines system
elements that exhibit flow resistance and inertia, or flow potential,
as branches. The ventilation system components contained in branches
include dampers, ducts, valves, filters, and blowers. The connecting
points of branches are network system elements called nodes and always
ilave a finite valume. No~es Include specific network components that
have finite volumes, such as rooms, gloveboxes, and plenums, or the
node may contain only the volume of the connecting Dranchee. In addi-
tion. system boundaries, where the volume is practically infinite, are
specified aa nodes. Fluid masfi and energy storage at the internal
nodes is taken into account by using the equations for conservation of
mass and energy. The conservation equations are applied to the room
nodes using the lumped-parameter formulation assuming a homogeneous
mixture and a thermodynamic equilibrium. An implicit numerical scheme
is used to solve for the pressure and density at each node. In the
solution algorithm, the flow rate through branches is modeled as u
function of the differential pressure and friction factors.

The material transport model in the code estimates the movement
of material through the network of ventilation system components. The
code calculates material concentrations and material mass flow rates
●t any location in the network. This model includes convective trans-
port, depletion by gravitational settling, entrainment from ducts, and
filtration. No phase transitions or chemical reactions are modeled.

The code’s heat transfer model predicts how the combustion gas
in the system cools as it flows through the network ducts. The model
predicts the temperature of the gas lea-ping any tiectlon of the duct
If the Inlet temperature and gas properties ● re known. The following
heat transfer processes ● re modeled.

● Forced convection between the ga6 ●nd the inside duct walls
● Radiation between the gas and the side duct wall
@ Heat conduction through the duct wall
● Natural convection from the outside duct wall to the

surrounding air
● Radiation from the outside duct wall to the atmosphere



The total amount of energy removed from the gas as it flows through
the duct is given by the solution of a set of four coupled nonlinear
algebraic e uations.

?
These equations are solved using an iterative

procedure.( )
The n-twork system model of the experimental system is shown in

Fig. 2. The model consists of 25 no?es (including 2 boundary nodes)
and 24 branches. We divided the 30.5-cm-diam pipe into 4 branches and
the duct into 14 branches (typically 2.44-m segments). We modeled
each tee joint and bend as a separate branch because this allows an
accurate determination of the resistance coefficients for these
branches. The heater Is simulated by a temperature-time and mass-time
history input at Node 8.

Discussion of Experimental and Commtational Results

The experimental sequence began with the duct heater blower
running until steady-state flow was reached. with the blower con-
tinuing to run, a 30-min heat pulse then was injected into the sys-
tem at a predetermined thermal rate. The blower then remained on,
and the system returned to ambient conditions. Gas flow and wall
temperatures typically were recorded by the data acquisition system
at 40-s intervals throughout the experiment. and pressures and flow
rates were measured manually during each phase of the experiment.
The steady-state volumetric flow rate measured before the heat pulse
was 0.085 m3/s, and the pressure drop across the system was about
30 PJ. At the end of the 30-min heat pulse, the flow rate was
0.179 m3/s with a pressure drop across the system of 100 Pa. As the
system cooled, the measured flow rate decreased to 0.080 m3/s.

(I) @) (3) (4) (8) (0) (?)

10

(10)

)
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Bum mm @W?LR DLDTER
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Figure 2. Network system model of the experimental system.



18th 120E/NRC NUCLEAR AIR CLEANING CONFERENCE

The numerical simulation of the experiment using FIRAC began
with the experimentally determined steady-state flow, temperature,
and pressure as initial conditions. A temperature-time function
representing the measured temperature during and after the heat pulse
was input into the network model node 8 (Fig. 2), which corresponds
to the temperature at the center of the first section of the
0.6-m-square duct. This is the section of duct connected to the
30.5-cm-Jiam pipe.

A comparison of the experimental and the FIRAC-generated tem-
peratures as a function of time and space showed generally good
agreement. In Fig. 3, the gas flow temperature as a function of
time is shown for nodes 11, 14, and 22. (In Fig. 1, node 11 is in
the center of the section of duct downstream of the 90° bend, node
14 is in the center of the section of duct upstream of commercial
damper 9, and node 22 is in the center of the section of duct just
upstream of the filter and gravimetric balance). The code predic-
tions for the temperatures at nodes 11 and 22 are within 5% of the
experimental data during the heat pulse and consequent rise in tem-
perature. The node 11 error increases to nearly 12% as the tempera-
ture decreases. Because the nodes with the highest and lowest tem-
peratures agree relatively well with the experimental values during
the heat pulse, we were surprised that node 14 showed a larger
error-- about 12% at the peak temperature. We checked the nodes ad-
jacent to node 14, and this indeed is the error pattern, which is
shown in Fig. 4. Here the temperature is plotted as a function of
duct length at three selected times: at the end of the heat pulse,
150 s after the heat pulse, and 830 s after the heat pulse. Tl?e
largest errors (up to 12%) are between 9 and 18 m, which corresponds
to the locations of nodes 11 through ?.6.

The FIRAC code duct heat transfer model simulates the amount of
thermal energy the gas loses as it passes through a section of duct.
This energy loss is a function of radiation and convective processes
on the inside and outside of the duct wall and heat conduction
through the wall. The computed temperature loss is directly propor-
tional to the energy loss and inversely proportional to the mass flow
rate. Heat loss is not modeled at branches other than ducts. The
model for heat conduction through the duct wall is based on standard
models such as Patankar’s. (3) Terape:atures at several nodal points
through the wall can be calculated wit]A this model. Because the wall
is only 0.64 cm thick, the measured temperature differential across
the wall is always less than l.O°C. Therefore, we modeled the wall
with only one nodal point: thus, the calculated temperature is the
average duct wall temperature.

The measured temperature-time history for the internal duct
walls at node 14 is shown in Fig. 5. The g~?neral temperature dif-
ference at the walls Is the pattern expected; however, the magnitude
of the temperature difference (23°C) between the top and bottom walls
of the duct is larger than expected. The front and back (vertical)
walls should have the bame value and are within 20C at all times.
The four wall temperatures at node 14 were averaged to compare them
with the computed average. The experimental and computed tempera-
tures as a function of time are shown in Fig. 6. The slope of the
computed curve is less than that of the experimental curve both dur-
ing and after the heat pulse. A maximum error of about 10t iti seen
at late times.
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TIME (s)

Figure 3. Experimental and FIRAC generated gas flow
temperature-time histories for network system
nodes 11, 14, and 22.
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Conclusion

The FIRAC computer code has successfully simulated the heat
transfer measured in a single experiment with the ventilation system
model at NMSU. This suggests that the heat transport model in FIRAC
is a reasonable one; however, we need to perform additional experi–
ments at different flow rates and thermal injection rates to further
test this model. We then need to verify the other code capabilities,
specifically, the material transport model.
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