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EXPERIMENTAL VALIDATION OF RELIEF—
A ZONE MODEL TO PREDICT FIRE BEHAVIOR
IN ENCLOSURES WITH WALL LININGS
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ABSTRACT

A simple and user-friendly mathematical zone model named RELIEF {Risk
Estimation due to Linings In Enclosure Fires) [1] has been developed to
predict the temperature of upper gas layer in the enclosure with wall and
ceiling linings when lining materials along with source fuel burns and
contributes in the fire spread and its growth. The model has been validated
with the help of experimental data due to Kokkala et al. {2]. The upper
hot gas layer temperature and layer heights predicted by RELIEF were
compared with these observed data. The predictions are very close to the
experimental data. :

INTRODUCTION

Nowadays, there is an increase in the use of predictive fire models for fire
engineering design instead of performance based codes. Computer models are
like “black boxes™—we put something in and we get something else back out [3]. :
In order to understand the important and fundamental principles involved and *
have confidence on the models, there is a need to validate the model. The ,_
developed model must be rigorously tested to make sure that the model yields
acceptable results, regardless of its simplicity or complexity. The testing of ,
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EXPERIMENTAL VALIDATION OF RELIEF / 313

them have been conducted with a view to study the role of wall lining materials
and their confribution to the room fire development. One of these studies,
entitled “Fire Hazard-Fire Growth in Compartments in the Early Stages of
Development (Pre-flashover),” was conducted in Sweden under a joint research
program by Lund University, the Swedish National Testing and Research
Institute, and the Swedish Institute for Wood Technology Research [6]. Another
study was carried out within the Nordic research program “EUREFIC—EUropean
REaction to Flre Classification.” It was a colleborative program among
WMEnmr Denmark; VTT, Technical Research Centre of Finland; SINTEF NBL,
Norwegian Fire Research Laboratory; and SP Swedish National Testing and
Rescarch Institute. Experimental data of the study carried out under this
program [2] have been used for validation of model “RELIEF” developed in the
present study.

RELIEF is validated with the experimental data of one of the EUREFIC
studies reported by Kokkala et al. [2]. It has been shown that RELIEF has
provided satisfactory simulations. The experimental details and comparison
of the experimental and the predicted data are reported in the following
paragraphs.

Experimental Details

Kokkala et al. [2] reported the five large scale room fire experiments conducted
under EUREFIC fire research program. A large room of size 9.0 m wide x 6.75 m
deep with a height of 4.9 m, as shown in Figure 1, was used for the experiments.
The room was constructed with walls and ceiling of 200 mm thick light weight
concrete (density 600 kg/m3). There is door size opening of 2.0 m wide and 2.0 m
high on the longer wall. Five experiments with different lining materials were
conducted with propane burner placed in one corner, opposite to door for
ignition. Fire retarded particle board B1 (630 kg/m3), PVC wall covering on a
gypsum board (800 kg/m’), textile wall covering on a gypsum board (800 kg/m3),
ordinary birch plywood (600 kg/m3), and combustible facing on a mineral wool
(87 kg/m®) were used as lining materials and fixed on the inner surface of wall
and ceiling. The propane flow was controlled so that heat release rate (HRR)
was 100 kW for first 10 minutes which was raised to 300 kW for next 10 minutes.
Thereafter, heat release rate (HRR) was raised to 900 kW. The experiments
in the above room were conducted as per procedure prescribed in ISO 9705 {7]
Room/Corner Method in which a room of size 3.6 m x 2.4 m * 2.4 m is used
for experiments.

Temperatures at 50 locations, heat flux on floor and walls, and heat release
rate of ignition source as well as that of lining and ignition source combined,
were measured. Smoke generation rate along with the CO concentration was
also measured.
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EXPERIMENTAL VALIDATION OF RELIEF / 315

Temperatures
Following temperatures were measured at 50 locations by thermocouples.

1. The surface temperatures were measured:

(a} at 12 locations on the diagonal on the ceiling of the room; and

(b) at 10 locations on the vertical centre line of the wall opposite to the
door.

2. The gas temperatures were measured by 0.05 mm thermocouples at the
following locations:

(a) at eight different heights by a vertical array of eight thermocouple
placed in the corner opposite to the burner;

(b) in case of textile wall covering on gypsum board used as lining,
temperatures were measured at eight different heights by a vertical
array of eight thermocouples located at 0.25 m from the wall opposite
to the door and the top most thermocouple of the vertical array was
placed 0.32 m below the ceiling; in case of all the other lining materials,
the thermocouples were located at 0.30 m from the wall opposite to the
door and the top most thermocouple of the vertical array was placed
0.34 m below the ceiling; and

(c) at 12 different heights by vertical thermocouple array placed in and
above the doorway inside the room.

Heat Release Rates

Hood method and exhaust duct method were used to measure the rate of heat
release by the wall linings and the ignition burner. Hood was located over the
door opening and outgoing combustion gases were collected in the hood. The
gases were discharged through a duct which was instrumented for oxygen con-
sumption calorimetry.

The propane burner placed in corner is used to ignite the lining material.
As soon as the surface lining is ignited, it starts contributing heat energy to the
enclosure in addition to heat energy already released by the burner. By oxygen
consumption calorirnetry, total heat released by surface linings and burner
is determined. Thus there are two types of heat released determined in the
experiments:

1. Heat released by the ignition sowrce (i.e., propane burner): The heat
released by the burner is controlled by flow of propane. It is 100 KW for first
10 minutes, raised to 300 kW for next 1¢ minutes, and finally to 900 kW.

2. Total heat release rate: It is measured by oxygen consumption calorimetry
method by measuring the oxygen concentration in the combustion products
at the exhaust duct. It consists of the total heat released both by the lining
materials and ignition source. It will be referred as measured heat release
rate further in the text.
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EXPERIMENTAL VALIDATION OF RELIEF / 317

Table 1. Input Data to RELIEF

Input parameter

Value

Room size
Door size
Fire height

Fire diameter

Radiative loss fraction (ir)

Heat release rate of ignition
source (propane)

Total heat release rate measured

6.75m x 9.0m x 4.9 m high
2m x 2mon 9.0 m long wall
0.145m

0.19 m (100 kW, 0.27 m (300 kW),
0.31 (900 kW)

0.27

As per Figures 2, 3,4, and 5

As perFigures 2, 3, 4,and 5

Heat of combustion of propane 46.4 MJ/kg
Texdile
wall PVC Fire

covered covered retarded Ordinary

dgypsum gypsum  particle birch
Properties of lining material board board board B1 plywood
Heat of combustion of lining 13 13 14 40

material (MJ/kg)

Thickness (mm) 12.6 13 16 12
Thermal conductivity (k), kW/m-K NA NA NA 0.0002
Density (p), kg/m3 800 800 630 600
Thermal capacity (C), kJ/kg-K NA NA NA 1.5
kpC, (kW/m-K)2s 0.570 0.208 0.626 0.18
Ignition temperature (°C) 406 410 405 363
Boundary loss fraction (i) 05 0.5 0.5 Calculated
G, kW/m2 30 30 30 30

NA — Values are not available.
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Figure 2. Heat release curve for the enclosure with fire retarded

particle board used as lining material.

burner was raised to 300 kW, smoke production increased and contribution of
lining in growth of fire was still negligible. When the heat release rate by burner
was increased to 300 kW after 1200 s, the measured heat release wag practically
only due to the burner and- increased up to 1023 kW at 1260 s. Later on, no
contribution of the lining was observed and flashover conditions were neither
observed nor predicted by RELIEF. However, the rate of production of smoke

increased intensively. The charred pieces of particle board started falling at
1680 s and no spread of fire was observed.
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Figure 4. Heat release curve for the enclosure with textile wall covering
on gypsum board used as lining material.

heat release rates. It means that there is no significant contribution of lining
material. The temperature rise in enclosure is mainly due to heat released by the
source of ignition. However, the small pieces of wall covering started falling and
giving smoke. When the HRR of burner is increased to 900 kW after 1200 s, more
and more pieces of wall covering began to fall from the ceiling and spread on all of
the floor. The enclosure is filled with smoke. Even burner is not visible. However,
some flames are seen near to the ceiling at 1240 s and maximum value of measured
heat release rate is 1276 kW at 1320 s. Then the fire decay started.
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Table 2. Predicted Values of ignition Time of Lining, Heights of Upper Hot Gas Layer and Neutral Plane,
Mass Flow Rate of Outgoing Combustion Gases and Air Entering into the Room

Time to Ignition source Neutral plane Mass flow of Mass flow of

ignition  heat release rate height outgoing gases  alir entering
S.No. Lining materials (s) (kw) {m) (kg/s) (kg/s)
1. Fire retarded particle board 81 100 1.56 0.5752 0.5745
300 1.50 0.8087 0.8173
900 1.34 1.3005 1.2897
2. PVC wall covering on gypsum 28 100 1.57 (1.9)* 0.5073 0.5150
plaster board 300 1.50 0.8114 0.8183
900 1.34 1.2027 1.1998
3. Textile wall covering on gypsum 76 100 1.58 0.5083 0.5198
plaster board 300 1.54 (1.8)* 0.7643 0.7625
900 1.35 1.2989 1.2803
4. Ordinary birch plywood board 18.8 100 1.57 0.6716 0.6873
300 1.25 1.4160 1.3418

900 — — —

*|n brackets, experimental layer height is given. For other experiments this value is not available.
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Figure 6. Comparison of RELIEF’s predictions with the experimental
temperatures cbhserved in the enclosure with fire retarded
particle board used as lining material.
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EXPERIMENTAL VALIDATION OF RELIEF [ 327
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Figure 8. Compatrison of RELIEF’s predictions with the experimental
temperatures observed in the enclosure with textile wall covering
on gypsum board used as lining material.

RESULTS AND DISCUSSION

The results of comparison of the predictions of RELIEF with experimental
data have been presented graphically in Figures 6-13. Comparison of temperature
predictions are given in Figures 6 through 9.

Figure 6 relates to comparison of RELIEF’s predictions with the experimental
temperatures observed in the enclosure with Fire Retarded Particle Board used
as lining material. Figure 7 shows the comparison of RELIEF’s predictions with
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Figure 10. Comparison of RELIEF’s predictions with the experimental
heights of upper hot gas layer observed in the enclosure with fire
retarded particle board used as lining material.

Figures 10 through 13 compare the predictions of height of upper hot gas
layer. Figure 10 compares predictions of RELIEF with the experimental heights
of upper hot gas layer observed in the enclosure with Fire Retarded Particle
Board used as lining material. Figure 11 shows the comparison of RELIEF’s
predictions with the experimental heights of upper hot gas layer observed in
the enclosure with PVC Wall covering on gypsum board used as lining material.
Comparison of RELIEF’s predictions with the experimental heights of upper
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Figure 12. Gomparison of RELIEF’s predictions with the experimental
heights of upper hot gas layer observed in the enclosure with textile
walll covering on gypsum board used as lining material.

Comparison of Experimental Data with
the Prediction of RELIEF

1. Fire Retarded Particle Board

Comparison of temperatures predicted by RELIEF with the average of experi-
mental gas layer temperature data generated when Fire Retarded Particle Board




oq Aew uosear sfqissod oY, "90mMos 21y 0) IEdU parAsestl samjerdu) sed o)
ney omof APYSys nq ‘somyereduwo) sed sferoae oy 0) Jesu are samjeradway
pororpaad oy *s 09 03 dn MY 001 7e 149 ST JOWMQ Y} JO AELI[RT JeY USYM
*30IN0S TOTHUST
U] JO SOJRI SSEA[DI JBSY SOXY) 9y} |[E I0f SOUO [BjUeUHRdXa o3 03 280[0 A3
ome sonjea pajorpaid oyl ‘9 SISI] I UMOYS S [ELSIPW SUUI SB Pasn sem

*[euaew Buyuy se pasn poomAld yoag
AlBUIPIO YUm 2NSO[OUS 9L} Ll peAIBsqo sainjeladws)
EuswLadxe ey) ypm suonoipsid s,43(M3Y Jo uosuedwo) g1 anbig

%L

002k 008 008t ooe 0

wouiIad

w Biey 1ake

VWHVYHS ANV HYINNY [/ 2€€




EXPERIMENTAL VALIDATION OF RELIEF / 333

that fire retarded particle board is not contributing in terms of heat but may
reduce the losses through the boundaries so it appears that assumed value of
heat loss through boundaries (A, =0.5) is on higher side so predicted temperatures
are lower. However, the predicted temperatures in the hot layer reaches close
to the stabilized gas temperatures of 100°C.

Similar trend has been observed when the burner output is increased to
300 kW and 900 kW. The predicted temperatures are very near fo experimental
average temperature but lower than stabilized gas temperatures of 210°C and
400°C in both the cases. .

It is also observed that variation of the predicted termperatures with respect
to time is following a similar pattern as has been observed in experiments.
No flashover is predicted by RELIEF as well observed in experiment.

2. PVC Wall Covering on Gypsum Board

It can be observed from Figure 7 that during the first 600 s, when heat release
rate is 100 kW, the predicted temperatures are very close but lower than the
average value of the hot gas layer temperature data observed experimentally.
The reason of predicted temperatures being lower may be that the lining is
thermally insufated, so losses are less. The assumed value of convective losses
through boundary (A, = 0.5) is on higher size. The predicted temperatures reach
very close to the stabilized gas layer temperature which is 95°C.

Similarly, when heat release rate is raised to 300 kW for the next 600 s
(i.e., predicted temperatires are very close to the experimental average gas tem-
peratures), the predicted temperatures reach near to stabilized hot gas layer
temperatures of 180°C,

However, when the burner heat release rate is increased to 900 kW after 1200
8, predicted temperatures by RELIEF are higher than the experimental average
temperatures. The possible reason for this behavior may be that for higher
heat release rates of ignition source, more and more pieces of the lining began
to fall and smoke production is intense. Fall of lining material results in loss
of insulation lining from the wall and ceiling. It canses increased convective heat
losses from the boundaries which may be higher than the assumed value of
convective heat loss through boundaries (A, = 0.5) for prediction by RELIEF.
Another possible cause of lower temperatures observed in experiments may
be due to leakage of hot gases through the ceiling joints. As mentioned by Kokkala
et al. [2], the leakage through the ceiling joints was observed despite the fact
that it was minimized by filling the joints but never disappeared completely.
Due to high heat flux and intense smoke production during the period, the
pressure differential through these leaks increased which would have resulted
in the increased rate of hot gas flow through these leaks. So observed average
temperatures of the upper gases are lower as compared to predicted values
by RELIEF.
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EXPERIMENTAL VALIDATION OF RELIEF / 335

leaks out through the ceiling joints without substantial increase of temperature
of bot layer formed below the ceiling.

After 600 s when heat release rate of burner is increased to 300 kW, coniri-
bution of the lining becomes high and plywood also starts falling on the floor
thus removing the lining material from the wall and ceiling resulting in higher
Josses from the boundaries. RELIEF does not take this phenomenon into account
while calculating losses. So calculated loss by RELIEF may be lower than the
actual losses, thus resulting in much higher predicted temperatures in the range
of up to 4500°C as compared to the experimental observations. Another reason
for higher predicted temperatures may be that the lower temperatures are observed
inside the room. Although fire was intense and flashover conditions are observed,
but due to burning and extension of flame out of the door, the bigger part of
encrgy generated by the fire is lost to atmosphere out of the room through the
door. Leakage through joints in ceiling may also increase due to higher pressure
differentials between inside and outside because of intense fire in the room. Lower
temperatures below 800°C are observed inside the room are thus explained.
RELIEF also predicts flashover to take place at 1002 s.

It is to be noted that temperatures in the experiments are not stabilized for
each fire strength, and increase continuously. Same trend has been predicted
by RELIEF.

Comparison of the Predicted Layer Heights
with Experimental Data

The comparison of predicted layer heights with experimental heights have
been shown in Figures 10 through 13 for all the four experiments. It can be
observed that variation of predicted layer heights with time is following the
same pattern as has been observed in experiments; however, the predicted layer
heights are lower than the experimental values for all the tests. The possible
reason for higher experimental layer heights are observed due to the leakage of
combustion gases through the ceiling joints. As observed in the experiments,
10-20% of combustion products were lost due to leaks through ceiling, thus
increasing the observed layer heights. Had there been no leakage through the
ceiling joints, the combustion gases generated due to fire would have spread
below the ceiling and would have descended resulting in increased layer thickness
(i.e., lower layer heights above the floor).

CONCLUSIONS

Study shows that RELIEF has provided satisfactory comparison with the
experimental results of experimental study of Kokkala et al. [2]. RELIEF predicts
neutral plane heights, mass of outgoing gases, and mass of air entering into the
enclosure through the ventilation opening as shown in Table 2.
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