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RELIEF—A SIMPLE ZONE MODEL TO
PREDICT FIRE BEHAVIOR IN ENCLOSURES
WITH WALL LININGS
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ABSTRACT

Lining materials are classified on the basis of their heat release tate in room
corner tests [1]. They enhance the spread of fire and contribute toward higher
temperature in the enclosure fires [2]. Depending upon the heat release rates
by the wall and ceiling lining materials in an enclosure, temperatures can be
predicted to design the fire protection system. Although zone models are
available for such predictions, they are complex in nature. A simple, user-
friendly mathematical zone model pamed RELIEF (Risk Estimation due
to Linings In Enclosure Fires) has been developed to predict the temperature
of upper gas layer in the enclosure, when lining materials along with source
fuel burn and contribute in the fire spread and its growth.

INTRODUCTION

Fire propagation and growth in compartment depends on a number of factors,
such as fire load, its location, ventilation size, etc. Normally the walls do not
make a significant contribution during the fire in enclosures. However, if lining
materials are used on the walls, specially the combustible ones, rapid fire spread
is observed. Combustible lining materials along the walls and ceiling require
relatively small ignition source for ignition but they contribute significantly

295

© 2010, Baywood Publishing Co., Inc.
doi: 10.2190/AF.17.4.a
hitp:/fbaywood.com




JUSTITOIAUS SHWEUAP € Ul Ydop 1aie] pue ameraduy yoipa1d 0 AS10Uo pue ssew
jo suonenba Sumuieod o ‘JATTHY JO 1eWdO[PAIP JO ISED UJ "UOHN[OS 9T}
weyqo 03 9poo endmoeo oyur suonenbo aseT) Supses pue JUSUILOATS OILEUAD
& m yidop Ioke| pue amjesedwdy jo1paxd o) A£S10U5 pue “WNUSWOW ‘SSEW JO
suorpenba Jumasod oy Swausp Aq TPpow o) dofeasp Jo sjusunnbax 2y 19501

-0 Topow s{dums Junsixas ue operddn 0y ST yoeoxdde opewagje wy [Z1] ISAIA 10

111] QEVANVH ‘[01] 1SVAD s¢ gons [pow xojdwod Fuyspea we Apjduns o) st
goroxdde 1811 "siuotgredwiod Ul soIy 0) Paje[ol surs]qoxd o3 suonnjos Suussurdue
gurpraoxd yo ayqedes opow s[durts v dojasap 0 sogoeoxdde om) are o197 T, (SO
omsopuy U] SSUUI 0) onp UWOLRUmSH ySTY) JArTAY Pouleu st [opoul oYL,
-Guruaa 194e] 100 03 pajosigns oq Arwx yeyy sFurmy] JurjLed PUL [[EAM YA SISO[OUS
wE ur 50mos TonuS! pue s[eLRjEm U] Jo Juring 0} Snp pajeald SUCHIPUOd
Swikrea owy oY) Jo uolemr¥oidde SuLeouIsus TR apraod 0} [9POTE SADOIPA 104K
o[dums & 9A[0AR O} PRI U23q SEY 03 UE ‘S[0TR yasaxd o) up “uouawmowayd ayy
30 voyene[dxo ot 2q PINOM [IJHNEIq PUE WUESAD “ISISES U S)NSAL J|qRHoSeal
Juip[ai£ jopot oy st Iajdans sy, Topow sjduns e Surpeordmos LparssaiSord £q
Apuolovgsnies [spoul seunyoldde we Trelqo Ued WO JET) pasa8ans [g1] Amnuey]
‘padooaap 2q 03 spoou ‘Sunuaa 104e[ 0¥ 0} paroalgns oq Aeul 1o ‘U] m
2INSO[OUS UE UL AMJ AQ POJEaId SUONIPUOD JulAlTes ouil 3y} JO uonrenmxoxdde
FuuwomSus ue opraoxd 0} [9pow A[PUSLY-IaSN JALILD 194 ojdums ® ‘2J0FaIAT L
*S[OPOUE JOTRO YILA TIOROTN{TO0 UT Jnq S0EJINS FUT ) A0 peoxds otaejy 10 9181
pue amesads) jorpard spppow pado[aAsp o) JO 1SOIN PP St Sureomsua 211
ur asTradxe “asays ajerado o, [opout Xa[dwoD are 3507 124 “SOLIEUSIS THOOI-1)nul
s lom se o[STIs Uy Joraeteq ang oy Sunorpard ur ANun JO [ep 1eaid e oawyg
pue [9pPOU QUOZ JAISUSYIdWOod pue paflelsp € Juasaxds1 spepo [Z1] LSULL 10
1r1] v ANVH To1] LSV AD uSnouny (1] eep (S0L6 OST) 1533 19T100 20 fLm
J POJEPI[EA DU [PLISTELT USTUY JOLIOJUI (M 9INSOJOUD 2t U sanjerodwa) om
[[oM se ayex aseafer jeoy Sunorpaid 1o} [O1] [OpOW LSV.ID MM uoysun(red ut
41 pasn pue jopow peaids arg & padoaasp [g] T8 10 IoWImE | ‘(9] wonspung pae
uossnuFeN JO SIRs1159) 203 Jo d[ay] o) Yl JTIES ST} PAYEPIEA PUR SAIMSO[IUS UL
SIoWI00 U Paoe[d I9UING SOMOS LM JI1f JO [IMOI3 T S[ELIeYe JUTUT] JO uonnqLn
103 10J sppow [eouswpyren padofassp [ /4 ‘¢l S1eYOIESSOI JO IequUINU Y
*311L) 9U) UI S[QE[IBAR S3[QUSNQUIOD Jo Ajuofend Jo
UOISN{OTI 0} SPEa] IJAOYSEY] JO J9SU0 I, "PIAIISQO ST TIAOYSE]] JO J3SUO 03 SUm)
a1} T 2523109P © ‘UOLIUST JO 20IM0$ 3Y) YILA JUSLIMOUOD [RLIajeW ST JO Bummg
@) an(] "SHLNUN0D 3507} Ul padoeAsp S[ELIS)RUT FUTUL] IOIINUT oY) Iim Pajonpuod
109q 24T (10 [g] wonspung pue uossnuSepy pue [¢] TOSWERIIM Pue Aesquia(
Aq sopws pue ] UonesIssE) o1 O} TOHowTH ueadoINg— JLIAINH.
‘[¢] qoreasey ASojouyoa], POOM IO AMLISU] YSIPIMS ST} PUE “SYNSU] YOIBISTY
pue Sunso [PuonEN USIpAMS o) ‘Ajsioamun pun Aq Apyurol  ‘1oa0qse-aid-
yustrdo[aaa(q Jo sedelg Ajre 2y ut syuaumreduro)) Ul imoin sl J—prezey d1L,,)
SOTpMIS [RUOYBLINUL JO ISQUINT Y "PINOM PeO| SIF USIY € 5B JARY3q S[eLyew
Surar| s[qUsnqUIod 9Y3 yiia Suofe peol axy [Tews v (7] 2113 Jo qimoId oy premoy

YWHYHS ANY HYINM /962




RELIEF—PREDICTING FIRE BEHAVIOR / 297

in the enclosure with combustible lining materials have been derived, which are
cast into computer code to obtain the solution. RELIEF has been validated with
the experimental data of one of the EUREFIC study reported by Kokkala et al. [4]
and will be reported in a subsequent communication.

DEVELOPMENT OF MATHEMATICAL MODEL

Combustion products released during a fire reach the ceiling and spread below
it to form hot layer or upper layer. In an enclosure lined with lining material(s)
on walls and ceiling, if a fire source is placed either near a wall or in a comer of
the enclosure, flames from the ignition source and radiations from the hot layer
cause heating of the wall lining. When the temperature of wall lining reaches
ignition temperature, it gets ignited and starts releasing energy, flame, and gaseous
products, thus contributing significantly to the spread and growth of fire. Gaseous
combustion products that are released from the lining material move upward
along with the combustion products released by fire source used for ignition.
This adds mass and energy to the hot layer formed by the gases generated from
the ignition source. On reaching the ceiling these hot combustion products form
a near-ceiling horizontal outward flow, called ceiling jet. However, the gases are
unable to move outward and start descending as more and more gases are released
by the burning combustibles because of confinement due to the walls. A layer of
hot gas is formed in the upper portion of the compartment whose temperature and
thickness increases with time. The upper layer continues to descend till it reaches
the soffit of the opening and then starts moving out. Flow rate of the hot gases
through the opening depends upon the pressure difference between inside and
outside the compartment. There is a clear interface between the hot upper layer and
the cold lower layer. A neutral plane exists near the interface, where the pressure
difference between hot layer and cold layer is zero. Cold air from the atmosphere
flows into the compartment below the neutral plane while the hot gases from the
upper layer move out, above the neutral plane. The locations of the neutral plane as
well as the interface change with time until a steady state is reached. The upper
region entrainment and the jet flow activities provide a stirring effect which mixes
the gases in the upper region. Thus, the gas layer can be approximated as a zone
with uniform properties. It is assumed that the distribution of temperature and
other properties are uniform throughout each layer. Figure 1 is a schematic
representation of fire phenomenon in a compartment with combustible linings
on wall and ceiling. The room is modelled as two-zone or two-control volumes
scenario, viz. upper layer and lower layer. This two layer approach is based upon
the observation of stratification of gases in real fire experiments { 14]. While there
are some variations within the layers, these are often too small to be ignored. Zone
models have shown their usefulness in producing reasonable simulations of
average layer temperature and depth within a room. In the development of the
present mathematical model, the following assumptions have been made.
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Applicability of Ideal Gas Law,

Equal and constant values of specific heat of air and gases.

Uniformity of temperature in the upper hot gas layer.

Equal values of discharge coefficient for incoming air and outgoing gases.
Fire source is treated as a strong plume generated by finite size source.

R

Let @ be the amount of energy added into the enclosure due to ignition source
and 2, be the fraction of © lost by radiation from the flame zone and the plume of
ignition source. The fraction ;O.ln =[{1-A, v@w which effectively drives the plume

gases upwards, is added to upper hot gas layer. It is known as convective heat
release rate. Cooper [15] has indicated that the flaming fires exhibit A, values
between 0 and 0.6, smaller values are used for small methane fires and trans-
parent flames while for sooty fires higher values are used. @.a is the amount of
energy added into the enclosure due to burning of lining materials of wall
and ceiling after the lining material gets ignited. The total energy added to
upper layer is Oy (=0, +0; ).

The overall energy balance around the upper layer provides the following
equation: :

- DArp,CT,] = 0o Qo Oy e Os=ritg Cyll+ Gip + )l (1)

where A, is the instantaneous fraction of total heat release rate, which is lost
through boundaries. Cooper [16] has provided guidelines for selecting the value
of A, which lies in the range of 0.6-0.9. The lower value corresponds te high
aspect ratio spaces (ratio of ceiling span to room height) with smooth ceilings
and fires positioned far away from the wall. The intermediate to high values
correspond to low aspect ratio spaces, rooms with irregular surfaces or rooms
in which the fire is within one ceiling height of the wall. The heat loss fraction
for a room with insulated boundaries (wall and ceilings) or boundaries with
linings with insulated materials will be lower than the fraction for the same room
with un-ingulated boundaries. If the properties such as thermal conductivity (k)
etc. of boundaries and lining material are known, A, can be calculated as per
the procedure described later on. A is the floor area (m?), C, is the specific heat
(kJ/kg — K), and m,, is the plume mass entering into the hot upper layer. While
moving upward, the plume entrains the relatively quiescent surrounding air which
is at ambient temperature and mixes with it. As a result of the air entrainment,
the total upward mass flux in the plume, m,, increases continuously with height,
while its temperature decreases. #inyis the rate of burning of lining material which
is zero till the time (¢;) when the lining material gets ignited.

The time to ignition of lining #; can be calculated with the help of the following
equation by assuming lining material as thermally thick [3, 7]:
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The ideal gas law provides,
T w
Pu=Pn =00 (10)
Differentiating p,,, we get,
dpy o dP
= 00m I HM
a0 b

Combining (9) and (11), we have

ap |(mp+mg—mg )P ay| P
- = e : (12)
dt Arpw dt |(H-Y)

Equations (5) and {12) form the set of medel equations, and can be solved with
the help of any Runge-Kutta class of methods or Predictor-Corrector class of
methods. Equations (5) and (12) can be used to obtain the values of ¥ and P
respectively. One can note from equations (5) and (12) that the value of m, is
zero until the hot gas layer reaches the upper edge of the door/window. Once the
hot gas layer reaches the door’s upper edge, it starts moving out of the enclosure.
Similarly, i, and Q are zero till ignition of surface lining takes place.

mp, is the mass entering into the hot gas layer at the interface level. In Room/
corner test, different quantities of propane are burned in the burner having
significant dimensions to produce fires of varying strengths. Thus, the fuel enters
into the flame with different rates of momentum. The plume thus formed moves
under the action of buoyancy as well as inertia. Therefore, for the fire sources
having significant dimensions which generate the strong plume, plume model
given by Heskestad [19] has been used for the plume mass calculation.

Heskestad [19] correlated experimental data to produce two relations to deter-
mine the values of plume mass flow rates at any height, Z, above the fire

source. One pertains to the non-reacting plume region extending above a limiting

elevation, Z;. The other pertains to the reacting region at elevation lower than
Zj. The limiting elevation, Z;_is an elevation in the plume, which corresponds
closely to the mean flame height. Z; has been calculated as follows:

71 =2, +01660%", (13)

where @.n is the convective fraction of the heat release rate. Z, is the location
of the virtual origin and is given as below:

Z, =—102D + 0083025, (14)

D is the diameter of fire source and @ is the total heat release rate. The value

of Z, may be negative or positive, depending upon the D
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Differentiating equation (23}, we can have

dP _( 5\~ H2i3 -8/3
—= —= Y-H 25
oz ﬁ Ln_m ( f) (25
Also,
dP - dP dY 26)
dr dY dt
dP _( 5\~ 523 —g/3 4Y :
= -2 Y-H
= ﬁ uwﬁm ( r) % @7
AtY=H,
e -2 H-H ez
7 m uwm_n ( ) 5 28)

Equations (5) and (28) can be used to obtain the values of ¥ and P respectively,
at the end of first time step, At Thereafier, equations (5) and (12) are solved.
Equation (5) requires the value of m,, for which the location of the neutral
plane (¥,,) should be known. Following strategy has been adopted to determine
the value of ¥, and . We know from simple mass balance that

Mg =mg + My + Mg (29)
1, is the mass of air entering into the compartment through the opening, and 75
is the mass of combustion products generated by ignition source. 1y can be
had from
. _ 0

AH . is the heat of combustion of igniting fuel (kJ/&g).
i is the mass of surface lining material burned and is given by
O
My = , kgls, 31
s AH, CL . A v

where, Affz is the heat of combustion of surface lining material and Q.h is the
rate of heat release contributed by the surface lining material.

The model for fresh air inflow (m,) and hot gas outflow (m,) through the
doorway uses Rockett’s [20] two zone model approach. The temperature differ-
ence between the room and its environment creates a pressure difference, which
causes fluid flow through the opening. Applying Bernoulli’s equation relating the
pressure differences to the mass flow rates, and Euler’s equation relating the fluid
pressure to height, the following inflow and outflow correlations are developed.
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The loss fraction through the boundaries, A, can be calculated as follows:

_ @.hcﬁ.
=0 (39)
Oross =Udz (Ty ~ T ) (40)

where, Q.Q,a is the heat lost through the area Ay of the boundaries (includes
the ceiling and wall ) in contact of upper hot gas layer and given by

Ap=WxL +2(H-Y) (W + L) . for Y>H,  (41)

Ap=WxL +2(H-¥) (W~ L)~ (H,- ) W, for Y<H, (42)

U is the overall heat transfer coefficient for heat loss from _uoE.pamQ area, Ay
and is given by

(43)

where, k and k&, are the conductivities (kW/m-K) of surface lining materials
and wall, respectively. X7 and X,, are the thickness (m) of surface lining materials
and wall, respectively. %, is outside heat transfer coefficient and #; is inside heat
transfer coefficient. According to Emmons [22], the value of outside heat transfer
coefficient, A, is assumed constant (i.e., .005 kW/m2-K) while #;, inside heat
transfer coefficient, varies between 005 to .050 kW/m2-K and is given by

h; = Min[0.050,0.005 + .045(T, - T,,)/100], kW/m?-K (44)

VALIDATION OF RELIEF

RELIEF has been validated with the data of Kokkala et al. [4]. The validation
has been presented in another paper of the authors [23].

INPUTS REQUIRED FOR VALIDATION

The data required as input to RELIEF, have been given in Table 1. Room
size door size, boundary loss fraction, radiation loss fraction, heat release rate by
ignition source and by lining materials are the input parameters. The properties
of various lining materials such as thermal conductivity (£), density (p), and
thermal capacity (C) are to be used as input to the model. These propertics are
required for calculating the losses through boundaries by equation (39). The value
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ceiling in an enclosure with lining materials taking into consideration the effect of
lining materials. RELIEF predicts neutral planc heights, mass of outgoing gases,
and mass of air entering into the enclosure through the ventilation opening.
RELIEF can also predict time to ignition of lining materials and time to reach
onset of flashover.

RELIEF is essentially an extension of the previously developed CALTREE
model [14, 24], whereas CALTREE (CALculate Temperatures for Risk Esti-
mation in Enclosures) equations are limited to predict temperatures in ventilated
room scenarios without taking into account the contribution of lining materials.
RELIEF equation (1) and equation (7) formulated for energy and mass conser-
vations in upper hot layer, respectively, include the heat and mass contribution
from lining materials in addition to mass and energy added from ignition burner
which is placed either in the corner or near to wall. RELIEF accepts the steady
heat release rate as well as time dependant values of heat release rate. However,
there is need to further improve this model, as two heat release rates (HRR of
pilot fire source as well that from lining materials) are required as input. For that,
it can be used in conjunction with Quintiere model [7] developed to calculate
the tate of heat release from the burning lining by modeling the fire spread
over the lining surfaces.
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NOMENCLATURE

Ap  Floor area, equal to ZxW¥, mZ.

Boundary area in contact of upper hot gas layer, m2.
Thermal capacity of lining material, kJ/kg-K.
Discharge coefficient (= 0.68).

Discharge coefficient for incoming air.

Discharge coefficient for outgoing gases.

Constant.

Specific heat of gases (taken equal to air), kJ/kg-K.
Fire Diameter, m

Acceleration due to gravity, equal to 9.81 m/s?.
Inside heat transfer coefficient, k¥W/m2-K.

Outside heat transfer coefficient, kW/m2-K_
Compartment Height, m.

Fire source height, m.

Height of door/ window, m.

Thermal conductivity of surface lining material, kW/m-K.
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