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ABSTRACT

A fire In a nuclear power plant (NPP) can damage
equipment needed to safely operate the plant and therey
by either directly cause an accident or else reduce the
plant's margin of safety. The developnent of a field-
model fire code to analyze the probable fire environ-
ments encountered within NPP Is discussed. A set of
fire tests carried out under the aegis of the U.S.
Nuclear Regulatory Commission (NRC) is described. The
results of these tests are then utilized to validate
the field model.

INrRODUCTION

Fire In NPFs can damage equipment needed to oper-
ate or to safely shut down the plant, and thereby
either directly cause an accident or reduce the plant's
margin of safety. Following a serious fire In the
cable spreading room of the Browns Ferry Nuclear Fower
Plant, in which numerous safety-related systems were
lost, the NRC embarked upon an extensive research pro-
gram for establishing fire safety guidelines and crite-
ria. For example, the present NRC separation require-
ment for redundant divisions of safety related cables
is that they be a minimum of 20 ft apart. Also, recent
probabilistic safety studies of NPP operation addressed
the likelihood of core melt-down resulting from fires
damaging engineered safety systems. In order to ad-
dress fire safety both determlnistlcally and probabil-
istically, the NRC recognized a need to model the burn-
Ing of electric cables within the complex enclosures
and environments of NPPs. To meet this need, Brook-
haven National Laboratory (BNL) and Its subcontractor,
CHAM, have been engaged in a program to model fires in-
digenous to enclosures found In NPPs.

This paper summarizes the adaptation of the CHAM-
developed fluid mechanics computer code, PHOENICS, for
implementation within NPP enclosures as a deterministic
field-model fire code. The computational model con-
sists of a finite difference solution of the set of
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elliptic partial differential equations expressing the
conservation of mass, momentum, energy and other fluid
variables in three dimensions. The code generates lo-
cal predictions of temperature, velocity, species con-
centrations, and pressure. The validation of the model
utilizing data from a series of enclosure fire experi-
ments2 conducted to investigate the 20 ft separation
criterion is described. These tests were carried out
jointly by Sandla National Laboratories (SNL) and
Underwriters Laboratories (UL). Experiments were con-
ducted utilizing both heptane pool flies and burning
electrical cables with varying degrees of natural ven-
tilation. Measurements of temperatures and heat fluxes
were made at various locations throughout the test en-
closure, and flow velocities were measured at doorway
locations. Calculations of the total heat release
rates were performed subsequent to the experiments.
These calculated values were utilized as input to the
code along with details of enclosure geometry.

The temperatures and velocities calculated by the
code show physically plausible trends. The agreement
between calculated and measured gas temperatures Is
generally good at all locations other than near the
flame and on the redundant cable skin; these areas of
difference are expected due to effects of flame radia-
tion and cable thermal inertia on the measuring de-
vices. Overall, the results are excellent in both sets
of tests performed.

MODEL

For purposes of the following analysis, a field
model baaed on the solution of governing partial-
differential conservation equations of mass, momentum,
and energy is used. Gas flow is treated as three-
dimensional, transient, and elliptic. The fluid is as-
sumed to be a perfect gas with constant physical prop-
erties pertinent to that of air. Density is calculated
as a function of local temperature. Buoyancy effects
are accounted for by using local densities In all terms
of the conservation equations, i.e., the Bous'lnetq ap-
proximation is ooc used. The turbulence effects are
accounted for by using the two-equation k-E model of
turbulence,1* with known refinements for buoyant
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flows.s"7 Cable tray assemblies are simulated as com-
binations of perforated plates and blocks. The porosi-
ties of these plates and blocks are determined from the
available information on packing of cables. Thus, the
presence of a cable tray disrupts the flow. Heat
transfer to and from the redundant (target) cable trays
Is neglected. The calculation domain includes the
whole room and some volume outside the door so as to
account for the effects of the canopy over the door and
Co avoid the need of prescribing boundary conditions at
the doorway. The fire heat source and wall heat losses
are prescribed as functions of time. Further specific
details of boundary conditions are presented later
along with the discretization details.

The independent variables are three coordinates
(x,y,z) of a cartesian coordinate syscem and time, t.
Dependent variables include the three velocity compo-
nents (u,v,w), the pressure (p), the enthalpy (h), the
turbulence kinetic energy (k), and its dissipation rate
(e). The conservation equations are expressed in the
following general time averaged form:

Table 1. Exchange Coefficient (r^) and Source Terms
(S+) for Different + Variables

div (pi* (1)

where 4 stands for a general conserved property (u,v,w,

h,k, etc.) and p, u, J^, S$ are density, velocity
vector, diffusive flux vector, and source term for +
per unit volume, respectively. The diffusive flux,
J+, is given by:

J - -r grad +, • (2)

where r eff^ is the effectivs exchange coefficient
for the transport of property 4. The values of reff
and S for different f 9 are listed in Table 1.
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The buoyancy production tern, GDI represents the
generation/suppression of turbulence due to buoyancy.
In stable stratification (fire enclosures), 3p/3z is
negative; hence G(, becomes a sink tern, and the tur-
bulent mixing Is reduced. The turbulence model con-
tains six empirical constants which are assigned the
following standard values'*: Cj-1.44, C2-1.92, Cu-0.09,
Ofc-1.0, o£"1.3, and an • 0.35.

VALIDATION

Reference 2 describes a full-scale fire test pro-
gran carried out by SNL/UL to exanine the 20 ft separa-
tion criterion for redundant divisions of safety-relat-
ed cable trays iu NFFs. Figure 1 shows a schematic of
the test enclosure. The enclosure was 14 ft wide, 25
ft long, and 10 ft high, with a doorway in one of the
14x10 feet walls. Four preliminary experiments and six
tests were conducted. Measured data consisted of wall
and gas temperatures and heat fluxes at various loca-
tions. Vertical thermocouple rakes were installed at
predominately three locations: 4 ft, 20 ft, and 25 ft
fron the wall near the source fire. Fuel mass and heat
release rates were not measured. Subsequently, In or-
der to use the test data for the verification of numer-
ical models heat release rates were calculated for
four cases: Experiments 2 and 3 and Tests 1 and 2.
These calculations were performed using celling and
wall surface temperatures together with mass loss rates
and temperatures measured at the doorway. Measured
values of gas temperatures within the room volume were
not utilized. In this present analysis all four cases
have been simulated numerically only by using the cal-
culated heat-release rates as prescribed input. The
salient features of these four cases are described
below.
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Fig. 1. Fire Enclosure Details: Preliminary Fire Experiments Number 2 and 3 and Full-Scale Tests 1 and 2

In Experiment 2 the doorway was 8x8 ft while in
the other three cases the doorway widen was 4 ft. Ex-
periments 2 and 3 involved 10 gal heptane pool fires
with no other combustibles. The pool was rectangular
(1x5 ft) and was placed along the wall opposite the
doorway. Tests 1 and 2 each had a 5 gal heptane pool
fire with electrical cables as an additional combusti-
ble, all placed against the wall opposite the door.
The cables were placed In two vertical trays, suspended
above the heptane pool, each loaded with 43 10-ft
lengths of cable (12.5Z full). This amount of cable
was estimated to equal 5 gal of heptane in total heat
release. Two horizontal cable trays (the redundant
division) were also located near the celling and 20 ft
away from the fire source. In Test 1 all cables were
unqualified and unprotected. In Test 2 the cables were
IEEErqut .ifled but remained unprotected.

Because of thp geometrical symmetry of the problem
considered, only half of the room was simulated. As
illustrated in Figure 2, a total of 950 control cells,
with 5, 19, and 10 cells in the x, y, and z directions
respectively were used for all four cases. The grid
distributions are non-uniform in each coordinate direc-
tion, permitting good resolution of the solution in the
particular area of interest. It is recognized that the
solutions are not necessarily grid independent; how-
ever, due to equal or greater importance of other sim-
plifications, e.g., In the calculation of heat release
rates and in the prescription of heat source and heat
loss distributions, no grid-sensitivity analysis was
performed for these tests. No-slip boundary conditions
ate applied at all solid surfaces, while st the calcul-
ation-domain boundaries outside the room, free boundary
or constant-pressure conditions are applied. Heat
source variations with time as determined In Reference

3 are shown in Figure 3. Figure 4 depicts heat release
and loss rates for Experiment 2. Similar data are
available for other cases.

Assimed distribution of heat sources and losses
are illustrated Figure 5.

All computations reported have been performed with
the aid of a general purpose finite-difference flow
analysis computer code, PHOENICS1. An implicit, suc-
cessive substitution algorithm, SIMPLEST8, has been em-
ployed. SIMPLEST is a modified form of the SIMPLE
algorithm. In both cases the continuity is satisfied
through solution of a Poisson-type pressure correction
equation.

Computations for Experiments 2 and 3 were perform-
ed up to 960 s in nine time steps with Ac-60 s for the
first two time steps and AC-120 s for the last seven
time steps. For full scale Tests 1 and 2, smaller time
steps (At-60 s vs At»120 s) were used since transient
heat release rates were larger and steeper than those
of Experiments 2 and 3. All computations were perform-
ed on a 32-bit mini computer (Perkin Elmer 3251), which
is about ten times slower than a CDC-76OO or at lease
twenty timer slower than a CRAT-1. For each time step
100 overalx iterations (sweeps) were performed. All
solutions were well converged, i.e., residuals were re-
duced by at least two orders of magnitude, and all flow
variables settled within IX. Computer time requirement
w«s about 30 min per time step on the mini computer. •

RESULTS

Figure 6 illustrates predicted transient develop-
ment of doorway velocity and temperature profiles for
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Experiment 3. At t-960 s these profiles are veil de-
veloped. The fire strength at this tine is 548 kW. In
order Co assess the similarity of profiles, data from
Steckler's NBS room fire experiments9 are shown in Fig-
ure 7. The comparison of Figures 6 and 7 provides a
qualitative verification of the calculated profiles.
Figure S shows the comparison of predicted tenperature
near the horizontal (redundant) trays with the data of
Experiments 2 and 3. The agreement is most satisfacto-
ry. There Is a measurable Increase in temperature of
the environment when the door width is decreased fron 8
ft (Expt. 2) to 4 ft (Expt. 3). Figure 9 shows the
comparison of predicted temperature variations within
the stratified hot layer as a function of distance be-
low the celling for Experiment 3 data. The stratified
layer structure observed in Experiment 3 is well pre-
dicted by the present model. Comparisons between pre-
dictions and measurements of temperatures recorded at
several vertical locations, 4 ft and 20 ft fron the
fire source, are shown in Figures 10 and 11, respec-
tively. The agreement is quite good In Figure 11.
Figure 10 illustrates a combination of two effects: 1)
thermocouples, which were not shielded from flame radi-
ation, indicated higher gas temperatures than actually
present, and 2) numerical approximations made in the
calculation of the heat release rate have their great-
est effect close to the source fire.

To illustrate the overall flow pattern, a calcu-
lated velocity field for Experiment 2 at t-360 s is
presented in Figure 12 in two longitudinal vertical
planes.

Inspection of the velocity fields which are gener-
ated by the code reveals the following:

• Strong upflow motion, Induced by the fire
source, impinges on the ceiling and is deflect-
ed outward along the celling.

• The hotter air is removed from the enclosure
through the upper part of the doorway.

• Cold air is drawn into the enclosure through
the lower section of the doorway. As expected,
a recirculatlon eddy is observed between the
door and the side wall.

Full scale Tests I and 2 were similar to Experi-
ment 3 in all respects except for the presence of ver-
tical cables above the heptane pool. These cables also
.burned, and as a result the heat release rates were
higher and steeper than those of Experiments 2 and 3
(Figure 3). Figures 13 through 18 show the comparisons
of calculated and meuured temperatures at various hor-
izontal and vertical locations. The difference between
predicted gas tenperature near the cable and the
measured temperature (the thermocouples were located on
the cable skin) shown in Figures 14 and 16 is plausible
since it is is due to the thermal inertia of the ca-
bles, which has-not been included in the computational
model. As expected, the predicted tenperature is high-
er during ths fire development period and lower there-
after. In general, the predicted temperatures conform
to the measured ones. Early in the burn the hot layer
is seen to develop very rapidly due to highly non-
linear heat release fron the cable burning (Figure 3).
Near the end of the tests the hot layer temperatures
reduce significantly due to the diminishing fire
strength.
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Graphical representations of selected Isothermal
surfaces for Experiment 3 and Test 1 are displayed in
Figures 19 and 20. The progressive emergences of hot
stratified layers are clearly observed. These results
show physically plausible trends, e.g., early in the
burn higher tenperatures are developed in Test 1 com-
pared to Experiment 3. Similarly, near the end of the
tests, a lower temperature environment Is observed for
Test 1.

CONCLUSIONS

Calculated flow fields and temperatures are physi-
cally plausible. Velocity and tenperature profiles
across the doorway are similar to those reported by
Steckler9 for similar tests. In most respects, agree-
ment between the calculated and measured temperatures
Is excellent. Differences in agreement are due to the
effects of using unshielded temperature probes in areas
dominated by radiative heat flux. In addition, no
quantitative values of uncertainties were given for the
experiments2 in question, thus nor direct statements
regarding the numerical accuracy of the comparisons are
offered. Scientifically, it is difficult to assess the
value of the code/model at this point in overall analy-
sis. However, the exercise has demonstrated the engi-
neering capability of this field model for prediction
of the thermal environment within enclosures subjected
to pool/cable fires.
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