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SUMMARY

This paper describes the application of a fire field model based on the PHOENCIS CFD software
to the simulation of fire induced flows in domestic-sized rooms. Several scenarios are examined

consisting of various fire sizes, fire locations, and door sizes. Comparisons are based on upper-
layer room temperatures, mass fluxes in and out of the fire compartment, and door-way vertical
and horizontal temperature and velocity profiles. For most cases, the model agrees reasonably
well with the observed trends. However, significant smearing is observed in predicted tempera-
ture profiles in the vicinity of the confining walls. A close examination of the horizontal doorway
velocity profiles highlights the need for careful modelling and experimental practices.

INTRODUCTION
The use of mathematical models for the
simulation of fire phenomena within com-
partments dates back some 30 years’, to a
time before the common use of electronic

computers. These early models were the
precursors of the now commonly accepted
zone models2. The past 30 years of zone
model evolution has seen considerable de-

velopment in their sophistication and the
establishment of a convincing battery of
comparisons between model predictions and
experimental data.

The systematic comparison of prediction
with experiment (commonly termed &dquo;vali-

dation&dquo;) is a crucial step in the general
acceptance of model predications and in
determining the scope of their applica-
tion. While no degree of successful valida-
tion will prove a fire model correct, confi-
dence in the technique is established the
more frequently it is shown to be success-
ful in as wide a range of applications as
possible.

In contrast to zone models, fire field models’
have been under development for only about
15 years3,4 and consequently, considerably
less &dquo;validation&dquo; has been completed. However,
the &dquo;validation&dquo; of fire field model predic-
tions is essential to the continued devel-

opment and acceptance of this complex
procedure.

Furthermore, as the number and variety
of fire field models increases3-&dquo;, it be-
comes necessary to provide a discriminat-
ing basis for comparison. Success at a wide
range of standard &dquo;validation&dquo; exercises

provides one means to this end. However,
little effort has been invested in the sys-
tematic comparison of various fire models
with common experimental data.

This is due for the most part to the lack of
suitable experimental benchmark fire data.
The majority of fire experiments are not
conducted for model validation purposes,
and a significant number of those that are,
are specifically designed for the &dquo;valida-

tion&dquo; of the less demanding zone models.
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In most of these cases, insufficient data is
recorded to allow a detailed &dquo;validation&dquo; of
field models.

The &dquo;validation&dquo; process is a non-trivial
task as even the simplest steady-state field
model typically involves in excess of 40,000
degrees of freedom with many more for
transient models. A thorough validation
would require each degree of freedom to be
compared with a corresponding measure-
ment. Clearly, this is not practical and so
in practice any validation exercise involves
a series of compromises.

The authors have undertaken a detailed

comparison of two CFD codes commonly
used for fire field modelling-FLOW3D 12
and PHOENICS’3-with experimental data.
In this paper a comparison is made of field
model predications based on PHOENICS
with experimental data. The ability of
the code to model a series of room fire

experiments&dquo; is examined and a further
comparison is made with earlier studies

produced using JASMINE,&dquo; and the

Hadjisophocleous and Cacambouras code 1°.
The results of the FLOW3D prediction are
the subject of another publication’5.

THE EXPERIMENTS
A series of 45 experiments were conducted
by Steckler et.al. 14 to investigate fire in-
duced flows in a compartment measuring
2.8 m x 2.8 m in plane and 2.18 m in

height. The walls were 0.1 m thick, and
the walls and ceiling were covered with
a lightweight ceramic fibre insulation
board. The series of experiments consisted
of a gas burner placed systematically in
eight different floor locations with a vari-
ety of single compartment openings rang-
ing from small windows to wide doors. The
0.3 m diameter burner was supplied with
commercial grade methane at a fixed rate
producing constant fire strengths of 31.6,
62.9, 105.3, and 158 kW. Near steady-state
conditions were achieved within 30 minutes.

An array of bi-directional velocity probes
and bare-wire thermocouples was placed

within the room opening to measure ve-
locities and temperatures within the cen-
tre of the door jamb. In addition, a stack
of aspirated thermocouples was placed in
the front corner of the room to measure

the gas temperature profile.

THE NUMERICAL SIMULATIONS
A number of simulations were performed
based on three fire locations (Figure 1),
three door widths (0.24, 0.74, and 0.99 m),
and two fire sizes (31.6 and 62.9 kW). The
door openings used in these simulations
measured 1.83 m in height. The simula-
tions were performed using the PHOENICS
(Version 1.6) software.

The starting point of the analysis is the set
of three-dimensional, partial differential 1
equations that govern the phenomena of

interest here. This set consists, in general,
of the following equations: the continuity
equation; the three momentum equations
that govern the conservation of momen-

tum per unit mass in each of the three

space dimensions; the equation for conser-
vation of energy; and, the equations for a
turbulence model (in this case, the k-epsi-
lon model with buoyancy modifications).
Compressibility is assumed, and the per-
fect gas law is used to describe the equa-
tion of state. The precise formulation of

Figure 1. The eight fire locations studied in the experiments.
Fires in locations A, C and D were simulated.
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the differential equations describing the
model will not be given here as they may
be found elsewhere1.12.13.16. Combustion and
radiation are ignored in these simulations.

The initial temperature was set to the

measured ambient value while the walls
of the compartment were modelled with
no-slip conditions for the velocities and
adiabatic conditions for the temperature.
The usual &dquo;wall functions&dquo;&dquo; were used to

compute shear stresses at the wall. In order
to correctly model the flow through the
open door, the numerical grid was extended
by 1.4 m to include a region outside the
fire compartment. A fixed pressure bound-
ary condition was used on all external
boundaries.

As adiabatic wall boundary conditions were
used in the model, the quoted experimen-
tal heat source was not used in the simu-
lations. In order to account for heat lost to
the walls during each experiment, the heat
convected out of the room was determined
and used as the prescribed heat source. In
the majority of cases examined, the heat
loss to the walls was negligible, account-
ing for approximately 3 kW. The maximum
value of 14 kW was achieved for the fire
located in the room corner with the narrow
door opening. In an earlier reported ac-
count of the centre fire simulations, the
heat source was not adjusted sufficiently
to take full account of this heat loss.

A mesh of 8280 cells in total was used to
discritise the geometry (6480 internal and
1800 external cells). The mesh consisted
of 23 cells in length, 20 cells in width and
18 cells in height for all cases examined.
The mesh was non-uniformly distributed
with refinements in the wall, floor, ceil-

ing, fire and doorway regions. Only minor
modifications to the mesh distribution were

used for the various fire locations.

The PHOENICS code was run in steady-
state mode, typically requiring 1500 sweeps
to achieve convergence. This was deemed
to be attained when mass and enthalpy
balance into and out of the computational

domain and mass balance through the door
were all achieved to within 1 percent, re-
siduals fell to less than 1 percent of aver-

age variable values, and spot values dif-
fered by less than 0.1 percent over the last
100 sweeps. Using a 40 Mhz SUN SPARC
10 workstation-rated at 13.7 MFLOPS on

the standard LINPACKbenchmark-a steady-
state simulation required 1.63 hrs. of CPU.

RESULTS AND DISCUSSION

Accuracy of Model Predictions
In comparing numerical predictions with
experimental results, we are primarily
concerned with their overall level of agreement t
and in ascertaining whether the model is

capable of predicting the observed trends.
Table 1 summarises the numerical results
while Figure 2 graphically depicts the level
of agreement between measured and pre-
dicted results. Figures 3 to 9 depict com-
parisons of model predictions with the observed
trends.

The upper layer temperature was deter-
mined experimentally by averaging the
temperature values in a column through
the upper layer as measured by the ther-
mocouple stack located in the corner of

the room. The predicted values represent
a mean temperature determined in a simi-
lar manner.

Predictions of average upper layer tem-
perature (Figure 2a) are in good agree-
ment with measured results for most of
the cases studied. The cases where the fire
was located adjacent to the rear wall dis-
play the worst correlation, with the pre-
dicted values being as much as 44 percent
greater than the measured values.

The position of the neutral plane is deter-
mined by calculating the approximate lo-
cation of the zero velocity line within the
doorway. As such, it is subject to errors in
the measured (and predicted) velocity pro-
file. For the measured values these are of

the order of 10 percent, bringing all of the
predictions within the range of experimental
errors (Figure 2b).
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TABLE 1: Comparison of PHOENICS predictions of Neutral Plane Height/Door Height
(N/Ho), Mass Flow Rates and Average Upper Layer Temperature with experimental
results.

The measured mass fluxes into and out of
the room are subject to errors of 10-13

percent. Predictions of this quantity for
fires located away from the rear wall show

good agreement with experiment; however
for fires located adjacent to the rear wall
differences of up to 25 percent occur (Fig-
ure 2c). This trend was also observed in
the JASMINE predictions’1 albeit with a
slightly coarser mesh (6270 cells).

Differences Between Model
Predictions and Observations
There are several possible explanations
which may account for these differences

relating to the nature of the experiments
and the modelling. The mass flow mea-
surements (and predictions) rely on accu-
rate velocity measurements throughout the
area of the open doorway. In order to achieve
meaningful results, the bidirectional ve-
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Figure 2a. Calculated and measured upper layer tempera-
ture (°C) for centre, back and side positioned fires. Model
predictions use adiabatic boundary conditions.

locity probes must be aligned parallel to
the velocity streamlines. The velocity probes
in the experiment were placed with their
axes horizontal (i.e., parallel to the floor).
However, in the vicinity of the door edges
-particularly the top edge where the hot
buoyant gases exit the room-the stream-
lines intercept the door plane at acute

angles, leading to the possibility of sub-
stantial measurement errors in the veloc-

ity and hence mass flux.

The burner was modelled as a heat source
of the appropriate heat release rate which
was released entirely within the confines
of the burner volume. Furthermore, the
burner was considered to be square in section
with a volume identical to the circular
burners used in the experiment. For the
fires located well away from the walls,
this appears to be a reasonable approxi-
mation. However, in the experiment the
circular burners located in the corner and
in the middle of the back wall were sepa-
rated from the walls by at least 0.06 m,
this being the size of the lip around the
burner perimeter. In the model, the burner
was located immediately adjacent to the
walls. Williamson, et.al. 19, noted that for
150 kW corner fire tests, small wall stand
off distances (0.05 m) resulted in a reduc-
tion of average ceiling layer temperatures

Figure 2b. Calculated and measured neutral plane height/
door height for centre, back and side positioned fires. Model
predictions use adiabatic boundary conditions.

Figure 2c. Calculated and measured mass flux in and out

(kg/s) for centre, back and side positioned fires. Model

predictions use adiabatic boundary conditions.

of approximately 40°C (approximately 16
percent) compared to a zero stand off dis-
tance. These differences in temperature
may also influence the mass entrainment
into and out of the room.

The wall boundary conditions are also

expected to have a greater influence in the
cases where the burner is located adjacent
to the confining walls. In these cases, the
simplistic treatment of the walls as per-
fectly insulating boundaries may account t
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for the significantly higher temperatures
predicted. Clearly, the nature of the heat
loss to the wall plays a significant role in
these cases, and a full treatment utilising
wall material properties is required.

The exclusion of radiation from the model

description is expected to have an influ-
ence on the predicted results. The JAS-
MINE11 model included a description of
radiation for a selection of the simula-
tions. In those simulations, the predicted
mass flux more closely matched the mea-
sured mass fluxes for the cases where the
fire was located adjacent to the walls; an
unchanged or worse agreement was ob-
tained for those cases where the fire was
located away from the walls.

In both the experiment and model predic-
tions, we find that for those cases in which
the fire is located adjacent to the walls,
the average upper layer temperature is

higher than in equivalent situations where
the fire is located away from the walls. In
these situations, we expect the effects of
radiation to be more important and hence
the exclusion of radiation from these mod-
els to be of greater significance.

Figure 3a. Calculated and measured neutral plane height/
door height as a function of door width (m) for centre and
back positioned 62.9 kW fires.

The representation of the gas burner by a
prescribed heat source rather than by a
combustion model appears to be a reason-
able approximation in this application. In
comparing mass flux results for a similar
model which excluded radiation effects but
included the effects of a simple one-step
chemical reaction combustion model
there appeared to be little difference. This
may be expected since the generation of
combustion products is not of major im-
portance in this example.

Trends in Model Predictions
The overall trends observed in the experi-
ment have been captured by the fire field
model (see Table 1). As the door width is
increased from 0.24 m to 0.99 m, the height
of the neutral plane is observed to in-

crease (Figure 3a), the temperature of the
hot layer to decrease (Figure 3b), and the
mass flux in and out of the room to in-

crease (Figures 3c and 3d). Furthermore,
as the fire strength is increased from 31.6
to 62.9 kW, the height of the neutral plane
decreases (Figure 4a), while the tempera-
ture of the hot layer (Figure 4b) and the
mass flux in and out (Figures 4c and 4d)
increase.

Figure 3b. Calculated and measured hot layer temperature
(°C) as a function of door width (m) for centre and back
positioned 62.9 kW fires.
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Figure 3c. Calculated and measured mass flux in (kg/s) as
a function of door width (m) for centre and back positioned
62.9 kW fires.

Figure 3d. Calculated and measured mass flux out (kg/s) as
a function of door width (m) for centre and back positioned
62.9 kW fires.

Predictions of doorway centreline veloci-
ties as a function of door width are de-

picted in Figures 5a and 6a for the centre
and rear fires, respectively. In both cases,
model predictions produce good agreement
with experimental data; however they both
tend to under-predict velocities in the upper
most portion of the door. This behaviour
was also observed in the JASMINE predic-

Figure 4a. Calculated and measured neutral plane height/
door height as a function of fire size (kW) for centre and back
positioned fires with 0.74 m wide door.

Figure 4b. Calculated and measured upper layer tempera-
ture (°C) as a function of fire size (kW) for centre, and back
positioned fires with 0.74 m wide door.

tions with and without radiation.

The accuracy of the experimental results
in this region is questionable. As discussed
above, the velocity measurements in the
vicinity of the door edges are prone to

errors if the bidirectional probes are not
aligned parallel to the flow.
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Figure 4c. Calculated and measured mass flux in (kg/s) as
a function of fire size (kW) for centre and back positioned
fires with 0.74 m wide door.

Predictions of doorway centreline temperatures
as a function of door width are depicted in
Figures 5b and 6b for the centre and rear
fires, respectively. In both cases, model
predictions produce reasonable agreement t
with experimental data, and are capable
of predicting the observed trends as door
widths decrease. For the two widest doors,
the model overpredicts the upper layer
temperatures for the rear fire (Figure 6b),
while more closely predicting those for the
centre fire case. This is consistent with
the above discussion.

For the rear fire, the narrow door case
produced the poorest levels of agreement.
While the overall predicted temperature
profile matches that of the experiment,
temperatures are greatly overpredicted in
the hot layer (Figure 6b). This could be
due to poor mesh refinement (as only 2
cells were used across the width of the

door, compared with 8 cells in the wide
door case).

The poorest level of overall agreement was
observed for the corner stack temperatures
(Figures 5c and 6c). Thus, for the middle
fire, the model appears to predict the upper
layer temperature with a good level of

Figure 4d. Calculated and measured mass flux out (kg/s) as
a function of fire size (kW) for centre and back positioned
fires with 0.74 m wide door.

accuracy (less than 11 percent) while for
the rear fire, upper layer temperatures
are overpredicted by as much as 44 per-
cent. Further, the model smears the tran-
sition between the hot and cold layers in
the room. For the centre fire case (Figure
5c), this results in a failure to predict the
existence of a distinct cold layer. For the
rear fire case, (Figure 6c) the smearing is
less pronounced, and the model predicts
the formation of a cold layer (albeit with
a smaller depth than that observed in the
experiment).

Predictions of doorway centreline veloci-
ties and temperatures as a function of fire
location for the 0.74m door are depicted in
Figures 7a and 7b respectively. Model

predictions of doorway velocity (Figure 7a)
are in good agreement with experimental
data. However, as noted above, the veloc-
ity near the top of the door is underpredicted
for the centre, back and side located fires.
Near the top of the doorway, the measured
velocity for all three cases tends to con-
verge to a single common value. This is

also observed in the predicted profiles.
The closest level of overall agreement between
measured and predicted velocity profiles
occurs for the side located fire.
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Figure 7. Predicted and measured (a) door centre vertical velocity profiles and (b) door centre vertical temperature profiles for
the 0.74 m wide door for the centre, rear wall and side wall located 62.9 kW fires.

Model predictions of doorway centreline
temperatures (Figure 7b) are in good agree-
ment with measured data. However tem-

peratures in the upper region of the door
are overpredicted in all three cases. The
measured temperature profiles suggest that
while the side and rear located fires pro-
duce a similar temperature distribution
within the doorway, this is different to

that observed for the centre fire location.
These observations are also reflected in
the predicted temperature profiles.

Horizontal Velocity Distribution
A significant observation to emerge from
the experimental work concerned the na-
ture of the horizontal velocity distribution
within the door jamb. In most of the cases,
the velocity profile was observed to peak
at the door sides with a minimum in the
middle. Steckler et.al. 2° have argued that
these results are consistent with potential
flow theory, if the flow is assumed to be
irrotational and inviscid. However, in their
JASMINE simulation, Kumar et.al. 11 noted
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completely the opposite result, i.e., peak
velocities were predicted in the centre of
the door. Similar trends were also noted

by Hadjisophocleous et.al.l°. In the JAS-
MINE simulation, the door wall appears
to have been modelled through the use of
a thin surface.

Using this approach, the high faces of the
last cells within the room are closed off,
thereby defining a soffit and door jamb of
zero thickness. As PHOENICS uses a stag-
gered velocity mesh, velocity vectors are
located at the cell faces in line with the
zero thickness soffit (see Figure 8a). How-
ever, the pressures which are used to de-
termine the velocity are obtained from the
neighbouring cell centres located just out-
side and inside the fire compartment. In
most applications, this is a fair approxi-
mation. However, if detailed comparisons
with experimental data derived from within
the door jamb are required, then this may
prove too crude an approximation.

To gauge the significance of this approxi-
mation, a series of simulations was per-
formed using the PHOENICS code in which
the soffit was modelled as a thin surface
of zero thickness, a single cell 0.1 m thick,
and two cells measuring 0.05 m each. The

Figure 8. Velocity and pressure locations within doorway for
PHOENICS models describing soffit as a zero thickness

plate and a two cell thick soffit.

case presented here relates to the 31.6 kW
central fire with 0.74 m door.

With two cells defining the door soffit three
velocities are produced within the door
jamb: one at its centre plane, one at its
inside plane, and another at its outside
plane (see Figure 8b). All three velocities
have at least one driving pressure point
located within the door jamb.

Figure 9 depicts horizontal velocity pro-
files at 1.66 m above the floor for the

experiment, the thin surface soffit repre-
sentation, and the two cell soffit at the
inside plane, centre plane, and outside
plane locations. The experimental veloc-
ity curve peaks towards the door sides,
producing a concave profile. The thin sur-
face soffit curve is virtually flat with a

slight decrease at the sides. This is simi-
lar to the velocity profile in the centre of
the two cell soffit; however in this case
there appears to be a greater downturn
towards the door sides. The velocity pro-
file at the inside plane of the jamb agrees
most closely with the trends revealed in
the experiment, producing a concave pro-
file while the profile at the outside plane
appears inverted with the velocity attain-
ingminimum values towards the door sides.

When the door jamb is represented by a
single cell, two velocity distributions are
produced within the door jamb. One veloc-
ity distribution is at its inside plane which
peaks towards the door sides; another is at
its outside plane which peaks towards the
centre of the door. These distributions are
similar to those generated by the two cell
soffit at the same locations. The velocity
distribution in the centre plane of the jamb
can be determined by averaging these
velocities. An almost flat velocity distri-
bution results, which is similar to that
found in both the plate soffit and in the
centre plane of the two cell soffit.

Clearly, a velocity gradient exists through
the thickness of the door jamb which is

impossible to detect using a thin surface
representation of the soffit. If a two cell
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Figure 9. Measured and predicted horizontal velocity distribution at various locations within the doorway for the plate and two
cell thick soffit.

soffit representation is used, the numeri-
cal velocity profile matches the measured
profile, but its location appears to be dis-
placed by as much as 0.05 m towards the
inside edge of the jamb.

With regard to the experimental results,
there are two issues of accuracy to be con-
sidered. First, as previously discussed, the
velocity measurements in the vicinity of
the door edges are prone to large errors if
the bi-directional probes are not aligned
parallel to the flow. Secondly, the velocity
probes function by converting a measured
pressure difference across a small but fi-
nite distance-typically of the order of 0.02
m -into a velocity. As the door jamb is 0.1
m thick, the exact positioning of the probe
becomes crucial if detailed comparisons
with field models are to be attempted.

CONCLUSIONS
Based on comparisons of upper-layer tem-
perature, mass fluxes into and out of the

compartment and neutral plane height the
PHOENICS based fire field model produced
reasonable agreement with measured room
fire data (within +/-20percent for most of
the important measured variables). The
PHOENICS predicted doorway vertical

velocity and temperature profiles are also
in good agreement with the measured pro-
files.

The poorest agreement was achieved for
the upper layer temperatures when the
fire was located adjacent to the rear wall.
In these cases the predicted temperatures
were as much as 44 percent higher than
those measured. The model also had diffi-

culty in predicting the corner temperature
stratification with severe smearing occur-
ring in the predicted temperatures for the
centre fire location cases. These differ-
ences are expected to be due to the sim-
plicity of the treatment of the wall bound-
ary conditions.

An investigation of the doorway horizon-
tal velocity profile reveals that careful

modelling of this region is essential in

order to correctly predict measured trends.
Furthermore, the predicted profile appears
to be sensitive to the exact location within

the door jamb, suggesting the need for

extremely accurate and careful experimental
practices.

Further work in fire model validation is

currently underway at the University of
Greenwich. The continued development of



150

fire field modelling technology and its

general acceptance as a tool for practical
applications would however benefit greatly
from a systematic effort in their &dquo;valida-

tion&dquo;, and this will rely on the establish-
ment of a coherent data base of test data.
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