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SOME THREE-DIMENSIONAL EFFECTS
OF HEAT AND MASS TRANSFER IN
A FIRE WITHIN A BUILDING

S. V. Puzach® and V. G. Puzach?® UDC 614.841.4

Results of a numerical investigation of heat and mass transfer at the initial stage of a fire within a
building in combustion of a liquid fire load, performed with the use of a three-dimensional mathe-
matical field model, are presented. Formulas approximating the calculation results are proposed for
estimation of the maximum time of operation of an opening to release the gas from the building and
determination of the size of the zone within which a change in the position of the fire load causes no
marked changes in the parameter of heat and mass transfer. Three-dimensional inhomogeneities in
the temperature and velocity fields, which have a profound impact on the problem of providing fire
safety for buildings, are revealed.

1. Inhomogeneities of the temperature and concentration fields in a fire within a building are of para-
mount importance in the problems of safe evacuation of people and optimum disposition of fire-alarm detec-
tors [1]. An actua fire represents a complex, incompletely understood, significantly nonstationary, three-di-
mensional thermogasdynamic process accompanied by a change in the chemical composition of the gas me-
dium. Therefore theoretical study of heat and mass transfer in a fire using three-dimensiona models is a
topical problem.

2. To investigate the mechanisms of heat and mass transfer in a fire within a building, we use a
three-dimensional mathematical field model described in detail in [2, 3]. Here the following main assumptions
and simplifications for an actua thermogasdynamic pattern of the process are made:

a) the gas medium in the building is locally, thermodynamically, and chemically equilibrium;

b) the gas medium is a mixture of idea gases;

c) the velocities and temperatures of the components of the gas mixture are equa at each point of the
Space;

d) the chemical reaction of combustion is single-stage and irreversible;

€) the dissociation and ionization of the medium at high temperatures are disregarded,;

f) turbulent pulsations have no influence on the thermophysical properties of the medium;

g) the mutua influence of turbulence and radiation is ignored.

We solve nonstationary three-dimensiona differential equations of the laws of conservation of mass,
momentum, and energy for the gas medium of the building (Navier—Stokes equations in the Reynolds form)
and for the components of the gas medium and the optical density of the smoke. All the differential equations
are reduced to the "standard" form [4] suitable for a numerical solution:

a% (p®) + div (pwd) = div (T grad ®) + S, (1)
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TABLE 1. Parameters and Coefficients of Eq. (1)

O] r S

1 0 Gm

0 OLow 90 om0 o0 ow,ld 9 20 i
Wy W+ g O g = y 2P ~( divw)

0 O owd o O owO ow,d op 20

t
2 o 2 Sy 2 S 2.2 (v w)

0 Clowd oOow,0 oL ow,0 ap 29 .
+ — 0 —r—0 — -0 —r—--—(d - BoAT
W HoH x0T oyt 02 a0 0 5 3o T AVWI TR
Xo, (Do, + Dopp —Lo,¥n
Xco (Dco *+ Dconp Lcown
Xco, (Dco, + Dop Lco,bn

k H¢/ Ok VG
E? /

€ W/ O c iy é%g—'+avwm+ 9 16TE &?
t € 17, vVt D T a_ LY
Ko 95 oxpg PeTozg “Kk
w 0 Wep
i A+ A+, YnQ™ - Qr + by

where @ is the dependent variable, I is the diffusion coefficient for ®, and S is the source term. All the
values presented hereafter are time-averaged. The parameters and coefficients of Eq. (1) are presented in
Table 1.

We use the k—¢ model of turbulence with the following set of empirical constants [5]: C; = 1.44,
C, =192 0, =10, o = 1.3, and C;, = 0.09. In Eq. (1), the effective gas viscosity is represented in the form
Meff = M + Ly, the effective thermal conductivity is represented as Ags = A + Ay + A, and the effective diffusion
— & Dgi = D +D..

The viscosity of the gas is determined from the Sutherland formula [5], while the turbulent viscosity
is determined from the Kolmogorov formula [5]. The coefficient of turbulent heat conduction is determined
from the relation A; = ¢/ Pry, and the coefficient of turbulent diffusion is calculated from the relation Dy =
M/ pPrqg = 1. We assume that Pr; = Prq = 1 [5].

In the calculation of radiative heat transfer in the gas medium we use the approximation of an opti-
cally thin layer [6], since below we will perform a numerical investigation of heat and mass transfer at the
initial stage of the fire, for which the optical density of the medium outside the flame is low [1]. In this case,
Ar = 0 in the energy equation, and the formula for calculating the internal sink of heat has the form [6]

Q, = 4myqT". 2

In Eg. (2), the integral emissivity of the gas y is determined from the expression [1]




y=1-exp(-969). 3
The coefficient of radiation attenuation is found from the calculated optical density of the smoke [1]:
B=A"W. 4

The mass rate of gasification of the liquid fire load is equal to [1]
V=g F VT, . ©)

The rate of release of the optical density of the smoke from the surface of the combustible material
is[1]

W=Wg, . (6)

The region of combustion is specified by volume sources of mass and heat distributed uniformly over
the volume of a parallelepiped with a base equal to the area of the fire load and a height h = 2a..

We set the following boundary conditions for Eqg. (1):

a) on the interior surfaces of enclosing structures, the projections of the velocities are equal to zero;
for the energy equation, boundary conditions of the third kind are set; for the remaining parameters, it is
assumed that 0d/0on = 0;

b) in a clear opening, 0®/dn = 0 in the region of flow of the gas outward; in the region of flow of
the outdoor air inward, the pressure, temperature, and concentration of the components correspond to atmos-
pheric-air parameters.

Equation (1) is solved by the method of control volumes [4] according to an implicit finite-difference
scheme on a staggered grid by means of longitudinal-transverse running with the use of an equation for pres-
sure correction in "contractible" form. It is assumed that the distribution of the gas-medium parameters within
each control volume corresponds to a scheme with differences in the direction opposite to the flow. The time
step is determined from the Courant condition [4], despite the implicit scheme, since it is restricted by the
equation for pressure correction.

To perform a reliable calculation of the profiles of the gas-medium parameters and, accordingly, their
flows, it is necessary to bunch the grid at the sites where they undergo marked changes (on the walls, in the
openings, a the boundaries of the combustion zone, etc.). However, the use of a nonuniform grid aso intro-
duces additiona errors into the calculations [4]. Because of this, to calculate the heat transfer on the walls,
we use experimental values of the coefficients of heat transfer [1]. Here, the main field of the flow is calcu-
lated on a uniform grid.

A comparison of the results of calculations performed according to the proposed model on 11 x 11
x 11 and 21 x 21 x 21 finite-difference grids at time steps of 5010 and 107> sec with the analytical solu-
tions and experimental data has been performed in [2, 3, 7]. Here, the error was no higher than 5 and 20%,
respectively. Moreover, the accuracy of the calculations was controlled by fulfillment of the local and integra
laws of conservation of mass in the calculational region.

3. The initial data were as follows:

a) the dimensions of the building were 3 x 3 x 3,6 x6 x 3,6 x 6 x 6, and 12 x 12 x 12 m;

b) the upper cut of one opening positioned symmetrically relative to the wall was at the level of the
ceiling;

c) the fire load was kerosene of mass M = 50 kg with the following parameters of the process of its
gasification [1]: Yy = 0.05 kg/(secin®), Q9" = 43.54 MJkg, W, = 249 NpIh/kg, Leo = 0.148, Leg, = 2.92,
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Lo, = 3.34, Bu = Bdgy, and dgs = V4F/m; the coefficient of absorption and the emissivity of the flame are
determined from the Bu number using experimental relations [1];

d) the state parameters of the atmosphere were: temperature, 293 K; pressure, 10° Pa; velocity of the
wind, 0 m/sec.

In the numerical experiment, the basic parameters of the problem varied within the limits:

a) the value of the openness I (ratio of the area of the clear opening to the area of the floor) varied
from 0.005 to 0.90;

b) the ratio of the height of the clear opening to its width z varied from 0.3 to 4.0;

c) the geometric center of the fire load was positioned at the center of the floor at a distance of 0.1L
from the clear opening or a a corner of the floor at a distance of 0.1 L from the walls;

d) the ratio of the area of the exposed surface of the fire load, which had the shape of a sguare, to
the area of the floor F varied from 0.01 to 0.25;

€) the time of stabilization of combustion of the fire load 144, varied from 20 to 120 sec.

It was assumed that the initial temperatures of the gas medium within the building, the enclosing
structures, and the outdoor air were the same and equal to To = 293 K. The temperature of the enclosing
structures was assumed to be constant with time. The systems of mechanical ventilation, fire suppression, and
heating were switched off.

4, The calculations showed that in the case where the vaue of the openness is less than 0.01, the
opening operates only to release gas from the building throughout the fire, which occurs until the fire load
burns out completely or until the oxygen concentration decreases to a value at which the combustion termi-
nates. This result agrees with experimental data [8].

The area of the fire load, the stabilization time of the combustion, the volume occupied by the energy
and mass sources (flame), and the presence or absence of convective heat transfer to the enclosing structures
or radiative heat transfer in the gas medium outside the region of the flame have a weak influence (a differ-
ence of the order of 5%) on the time of operation of the opening to release gas from the building. This
conclusion is consistent with results on the influence of the parameters of the problem on the natural gas
exchange through a clear opening obtained in [9] according to an integral model for the developed stage of
the fire.

Figure 1a shows dependences of the relative time of operation of an opening only to release gas from
the building on the value of the openness for different dimensions of the building, on the ratio of the height
of the opening to its width, and on the distance of the projection of the center of the opening on the floor to
the center of the fire load. Figure 1b shows dependences of this time on the distance of the projection of the
center of the opening on the floor to the center of the fire load for different dimensions of the building,
different values of the openness, and different values of the ratio of the height of the opening to its width.
The relative time was determined as T = T,4/T", Where T° = poV/G" is the characteristic time of the process
[1]; GP= PobHV2gH /2 is the characteristic flow rate of the gas through the opening.

It is seen from Fig. 1 that the indicated parameters influence substantially the time of operation of the
opening to release gas from the building. However, the effect of different parameters is not the same and, for
this problem, the principle of multiplicativity of the effects cannot be used to take into account the joint
action of severa factors. The dependences of the indicated time on these parameters are complex in character
and cannot be approximated by simple functions.

For example, in the case where the openness is 0.049, an increase in the ratio of the height of the
opening to its width from 1 to 4 causes a decrease in the relative time of operation of the opening to release
gas outward and a decrease in this time itself in certain cases of disposition of the fire load.

It is aso seen that the influence of the distance from the center of the combustion load to the clear
opening on this time is not the same for different values of the openness or for different values of the ratio
of the height of the opening to its width. Thus, for M = 0.049 (z = 1), 0.148 (1.33), 0.346 (0.57), and 0.79
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Fig. 1. Dependences of the relative time of operation of an opening to
release gas outward on the value of the openness (a) and on the distance
from the center of the fire load to the plane of the opening (b); a 1) x
=0.1; 2) 05 3)09 b:V=27m*12) N =0049, zZ= 10 and 4.0; 3,
4) M =0.148,z= 133 and 0.33; 5) M = 0.346, z = 0.57; 6) M = 0.79,
Z=10,V=17286m*% 7) N = 0346, Z= 057, V = 108 m>; 8) N =
0.173, z = 0.286.
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Fig. 2. Lines of the same value of X, in the plane M-z

(1) the dependence of the relative time of operation of the opening to release gas outward on the above dis-
tance is close to linear, while for M = 0.049 (z = 4) and 0.148 (0.33) this dependence is approximately linear
up to a distance from the opening to the center of the building and then it remains practically constant.

Thus, for certain parameters of the problem there exists a zone within which a change in the position
of the fire load does not cause marked changes in the time of operation of the opening only to release gas
from the building or in other parameters of heat and mass transfer. The dimensionless distance along the
normal from the plane of the clear opening to the boundary of this zone can be calculated from the results
of approximation of numerical calculations with an error no higher than 7% by the following formula:

0.6(z-1) —=4.45-22.11

=M e (7

zone
WhEre Xyone = Xzone’ L, Xz0ne 1S the coordinate of the beginning of this zone along the length of the building,
the reference point of which coincides with the plane of the opening. When X,one = 1 the area of this zone is
equal to zero.
Figure 2 shows lines of the same X, in the plane M-z in accordance with Eq. (7). The picture
presented makes it possible to estimate the dimensions of the indicated zone for given values of M and z
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Fig. 3. Temperature fields in the plane perpendicular to the floor: a) the
fire load is at the center of the floor; b) the fire load is near the clear
opening. z, X, m.
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Fig. 4. Dependences of the volume-mean temperature (a) and the mass
flow rate (b) on the time from the onset of combustion: 1) analytical so-
lution; 2) integral mode! (Gyj g and Tineqn); 3) integral model (Gen o); field
model: Tmean, Grg 4, 5 6) the fire load is positioned at the center, at
the corner of the floor, and near the clear opening; Ggwa: 7, 8, 9) the
fire load is positioned at the center, at the corner of the floor, and near
the clear opening. Tmean K; Grig Gentar KO/SEC; T, SEC.

The maximum time of operation of the opening only to release gas outward for given initial data is
calculated from the following formula approximating the results of numerical calculations with an error lower
than 14%:

_ 0.47 +0.62 - N? )

Trnax = 3.8 20.571—0.323r|

The time determined from dependence (8) is the minimum time of operation of the opening with a
concrete value of the openness to release gas outward, since as the height of the upper cut of the opening
decreases on condition that its dimensions remain constant, this time increases and it reaches a maximum
value in the case of disposition of the lower cut of the opening at the level of the floor [2, 3].

5. Results of the calculations show that there exist marked inhomogeneities in the temperature, veloc-
ity, and concentration fields within the building, which cannot be reveaed using integral, zonal, and two-di-
mensiona field models of the thermogasdynamics of a fire.

Figure 3 shows characteristic temperature fields for different positions of the fire load within a build-
ing of dimensions 6 x 6 x 3 m for M = 0.173, F = 0.01, Tgg = 60 sec, and zZ = 0.57. The clear opening is
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Fig. 5. Characteristic fields of temperatures (A) and velocities (B) in the
plane paralel to the floor and positioned at a distance of 0.15 m from
the ceiling in the case where the fire load is positioned at the center (a)
and at the corner (b) of the floor. y, x, m.

positioned at the right upper corner of the building. It is seen that in the case where the fire load is posi-
tioned in the vicinity of the clear opening (Fig. 3b), only a part of the near-ceiling region is filled with hot
gas. Therefore use of zonal models will lead to a qualitatively incorrect result since it is assumed in them that
the near-ceiling layer is plane and is entirely filled with a uniformly warmed-up hot gas.

Figure 4 shows results of calculations of the volume-mean temperature of the gas medium within a
building, the mass rate of the flow of gas through the opening outward, and the mass rate of the flow of
outdoor air inward, performed according to a three-dimensional field model [2, 3], an integra model [9], and
an analytica solution [2]. It is seen that the physical pattern of the process at the initia stage of the fire
obtained with the integral model is qualitatively and quantitatively incorrect.

The calculated values of the mass rate of the gases flowing outward, obtained according to the model
proposed (Fig. 4b, curves 4-6), coincide with the analytical solution with an error no higher than 5% within
the time of operation of the opening only to release gas from the building.

Figure 5 shows characteristic temperature and velocity fields in a plane that is parale to the floor
and positioned at a distance of 0.15 m from the ceiling for different located of the fire load. In the figures,
the clear opening is locations in the right wall of the building symmetrically relative to its width. It is seen
from Fig. 5A that the isotherms corresponding to the near-ceiling region have a fairly complex shape that can
be explained by the existence of local regions of accelerated and retarded flows (Fig. 5B). Analogous results
have been obtained in [10] for a hermetic building. However, in the case where the fire load is positioned at
a large distance from the walls of a building having significantly larger dimensions than the building consid-
ered by us, the isotherms in this plane are shaped like concentric circles [10].
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Fig. 6. Fields of velocities (A) and temperatures (B) in the plane of the
clear opening: @) the fire load is at the center of the floor; b) at the cor-
ner. z, y, m.

6. Of great practical importance (for safe evacuation of people) is the position of the surface of equal
pressures inside and outside the building, above which hot gases filled with smoke flow outward and below
which outdoor air flows in.

Figure 6A shows velocity fields and Fig. 6B shows isotherms in the plane of a clear opening 15 sec
after the onset of combustion for different positions of the fire load. It is seen that this surface (Fig. 6A, w
= 0 m/sec) is not a plane (as is usually assumed [1]) at the initid stage of the fire, and its shape depends
significantly on the relative position of the fire load and the clear opening.

It is aso seen from Fig. 6 that in the plane of openings specific two-cell structures arise that gradu-
ally merge together as the width of the clear opening decreases. The existence of such inhomogeneities in the
parameter fields can introduce significant errors into the measurement of the mass rates of the gases flowing
outward and the gases entering the building through the opening. For example, the experimenta values of the
mass rates presented in [1] were obtained when the corresponding transducers were positioned along the ver-
tical axis of symmetry of the opening, i.e., the inhomogeneities of the gas flow along the width of the build-
ing were not taken into account.

CONCLUSIONS

1. When zond and integral mathematical models of the thermogasdynamics of a fire are used to cal-
culate its initia stage, the results obtained can be qualitatively and quantitatively incorrect.

2. The formulas obtained for calculating the maximum time of operation of the opening only to re-
lease gas from the building and for determinating the size of the zone of mutual "insensitivity" of the fire load
and the opening can be used to refine the integral model of the thermogasdynamics of a fire at its initia stage.

3. The three-dimensional effects of heat and mass transfer in a fire within a building revealed in the
numerical experiment are of prime importance, and they should be taken into account in considering the
problems of safe evacuation of people and disposition of fire-alarm detectors.
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NOTATION

T, temperature; p, density; p, pressure; T, time; 1,4, time of operation of the opening only to release
gas outward; w, velocity; G, mass flow rate of the gas, Gy, internal source of mass, I1, openness, c,, specific
heat at constant pressure; |, rate of gasification of the combustible materia; z ratio of the height of the clear
opening to its width; L, length of the building; X, y, z coordinates along the length, width, and height of the
building, respectively; X = x/L, dimensionless coordinate; v, integral emissivity of the gas layer; 9, thickness
of the gas layer; A" coefficient for recalculating the optical radiation range to the infrared range; 0, coeffi-
cient of attenuation of radiation from a gas medium of thickness ; A, Y, v, and D, coefficients of molecular
heat conduction, kinematic and dynamic viscosity, and diffusion, respectively; Pr and Prgy, Prandtl number and
diffusional Prandtl number; i, enthalpy; g, free-fal acceleration; k, kinetic energy of turbulence; €, dissipation
rate of the kinetic energy of turbulence; B, coefficient of volumetric thermal expansion; Q, internal volume
source of energy; Q{,f,“” , lower working heat value; X, mass concentration of the gas; n, completeness of com-
bustion; F., area of the exposed surface of the combustible material; F, ratio of the surface area of the fire
load to the area of the floor; a;, length of the fire load; Bu, Bouguer number; M, mass of the fire load;
Lco and Lco,, mass of carbon monoxide and carbon dioxide released in combustion of 1 kg of combustible
material; Lo, mass of oxygen consumed in combustion of 1 kg of combustible material; W, optical density of
the smoke; o,, Stefan—Boltzmann constant; n, normal to the surface; H, half the height of the building; V,
volume of the building; b, width of the opening; ®y, dissipation function; d, diameter; Cy;, C,, 0y, O, and
C,,, constants. Subscripts: mean, volume-mean parameters of the gas medium in the building; sp, specific pa-
rameters, ent.a, air entering the building; fl.g, gases flowing outward; stab, stabilization of combustion; zone,
boundary of the zone of insensitivity of the parameters of heat and mass transfer to the coordinates of the
center of the fire load; O, parameters at the initial instant of time; f.load, geometric center of the fire load;
eff, effective values of the parameters; ¢, combustible material; x, y, and z, projections on the coordinate axes;
t, turbulence; r, radiative heat transfer; i and j, projections on coordinate axes differing from one another; d,
diffusion; rel, release.
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