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H E A T  A N D  M A S S  E X C H A N G E  I N  C O M B U S T I O N  

O F  A L I Q U I D  C O M B U S T I B L E  M A T E R I A L  I N  

A R O O M  W I T H  A N  O P E N  A P E R T U R E  

S. V. Puzach  UDC 614.841.4 

An integrated mathematical model of heat and mass exchange for fire in a room that has open apertures is 

suggested. The results of numerical investigation are presented for the effect of the fundamental parameters 

of the problem on the mean volumetric parameters of the gaseous atmosphere of the room, the temperatures 

of the enclosing structures, and on the parameters of the natural gas exchange with the environment through 

an open aperture in the case of combustion of  a liquid combustible material. 

1. Simulat ion of heat and mass exchange in a gaseous atmosphere in a room on fire that has open apertures  

is an ext remely  complex problem that has not been completely solved [1 ]. Turbulen t  convective and radiative heat 

and mass exchange  at a site of combustion with chemical reactions, heat exchange between the hot gases and 

enclosing s t ructures  (ES) of the room, and so on are  complicated by heat  and mass exchange with the environment  

through aper tures  and  due to the operation of systems of forced plenum and exhaust  ventilation and fire-fighting. 

The  major i ty  of published experimental  data on heat and mass exchange in a room on fire that  has open 

apertures lack complete  information on the exper iment  conditions. Works [1, 2 ] are an exception, but they cite the 

results on combust ion of a solid combustible load (CL), namely wood. The re  are virtually no such experimental  

data in the l i tera ture  for combustion of a liquid CL. 

The  speed of the spread of flame over a surface, the specific heat of combustion, and the rate of gasification 

of a liquid CL are  substantial ly higher than for a solid CL [1 ]. As a result,  great mathematical and computational  

difficulties emerge  in calculation of heat and mass exchange 111. This is especially evident when the calculation 

methods used are based on the solution of three-dimensional  differential  conservation equations for the gaseous 

atmosphere (GA) of the room with the use of various models of turbulence.  Moreover, because of the limited 

dimensions of a f in i te -d i f ference  grid, these models  do not allow one to calculate sufficiently accurately the 

temperature  and  velocity fields near open apertures .  Therefore,  the use of ra ther  simple integral engineering 

methods of ca lcula t ion is of practical in teres t  for  predicting the dynamics  of the dangerous factors  of f i re  

( temperature,  concentra t ion of combustion products,  oxygen, smoke content  in GA, etc.) in a room with open 

apertures.  In these  methods,  the mean volumetric parameters of a GA are calculated, which are used to find the 

distribution of the corresponding data over the height of the room by means  of various formulas !1 ]. 

The  s ta tement  of the problem is given in Fig. 1. Cold air enters the room below the neutral  plane (NP) ,  

and hot gases filled with smoke flow out through an open aperture above the NP. 

2. As the basis of the mathematical model  for calculating heat and mass exchange in a room on fire, the 

integrated model  of [1, 3 ] was taken, in which a number  of ref inements  were made: 

a) T h e  heat ing of the enclosing s tructures  of the room is calculated using the solution of two-dimensional  

nonstat ionary heat  conduction equations (one-dimensional  equations in [1 ]). 

b) The  completeness of combustion of the CL is calculated by formulas that take account of the termination 

of combustion at a low concentration of oxygen in a room (this is ignored in I1 ]). 

c) To  calculate the natural  gas exchange through an open aperture ,  the total pressure in the GA (static 

pressure in [1 ]) is used, since experimental  values of the difference between static pressures indoors and outdoors 

at the same height  have the same order  of magni tude  with the velocity head in outflowing hot gases ( 5 - 1 0  Pa [1 ]). 
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d) The  local coefficients of convective heat t ransfer  are calculated on the outer  surfaces of the ES, which 

is especially important  in the case of a thermally "thin" (metallic) ES. 

Here ,  the following basic assumptions were made: 

a) There  is a good mixing of the combustion products with the entering air over the entire volume of the 

room. 

b) Combustion occurs within the entire volume of the room (volume fire |1 1). 

c) The  character  of development  of the fire is "quasistat ionary" (without sharp pressure jumps). 

d) The  gaseous a tmosphere  in the room is assumed to be an ideal gas with constant thermophysica l  

propert ies,  since the difference of cp, R ,  and k between the combustion products and pure air is small in the 

tempera ture  range usually observed in fire 11 I. 

The  basic equations to calculate heat and mass exchange in the GA of a room on fire have the following 

form: 

a) The  mass conservation equation for the GA |1 1: 

V f f ~  m = ~p + Ge.o.a + Po.aWpl. v _ Ges.g _ PmWex. v + Gf.e ' (1) 

where V is the volume of the room; ~p is the rate of gasification of the CL; Ge.o.a, Ges.g are the mass flow ra tes  of 

the enter ing and escaping gases in the case of natural gas exchange,  respectively; Wpl.v, Wex.v are the volumetr ic  

flow rates in the subsystems of the plenum and exhaust ventilation, respectively; Fr.e is the mass flow rate  of the 

fire ext inguisher  (FE) supplied. 

b) The  energy balance equation of the GA I1 1: 

a ( p m v ]  _~ow 
d---~ ~k - 1)  = wrl ~dw + Cpo.aTo.a (Ge.o.a + Po.a Wpl.v) + Cpf.eTf.eGf.e - 

-- cpmTm (Ges.g + pmWex.v) - QE - Qr + Qh, (2) 

where QE is the overall heat flux in the ES; Qr is the overall heat flux emitted through the apertures;  Qh is the 

heat output  into the room from the heating system; 

c) The  oxygen mass balance equation [11: 

d (X02 m Pm) 
V aT - r]L~ ~ + Xo2~ (Ge'~ + P~ - go2m (Gcs'g + PmWex'v) " (3) 

d) The  balance equation for the combustion products [1 l: 

d (Xim Pm) 
V dT - Li ~ - x i m  (Ges'g + PmWex'v) ' (4) 

with the assumption that  the air consists only of oxygen and nitrogen. 

e) The  balance equation for the mass of the combustible material [1 |: 

d M  
ar W, (s) 

where M is the residual mass of the combustible material.  

f) The  balance equation of the mass of the inert  gas used as the FE [1 ]: 

d (PmXf.e.m V) 
dT = Xf'e'~ (Ge'~ + P~ - Xf'em (Ges'g + PmWex'v) + Gf'e" (6) 

g) The  equation of state of the GA in the room: 
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Pm = PmRmTm" (7) 

T he  parameters  of the exchange  of the natural gas between the GA of the room and the environment are calculated 

from the following formulas [3 ]: 

a) The mass flow rate  of the air flowing into the room: 

Ge.o.a = 52 %/2gpo .a (Po .a_Pm)  ~b [1 Y * -  Ylow]l"5 - I Y* - Z]1"5] .  (8) 

b) The mass flow ra te  of combustion products flowing out of the room: 

aes.g 2 v' 2gpm (Po.a - Pro) ~b [ [ Y* 1.S 1.5 l ,  =-~  - Yup[ - I I I * - Z  I (9) 

where Y* is height of the neutra l  plane (NP); Ylow, Yup are the heights f rom the level of the floor to the lower and 

upper cuts of the aper ture ,  respectively; ~ is the coefficient of hydraulic res is tance of the aperture;  b is the width 

of the aperture.  

The  height of the NP is 

Y* = h P m -  Po.a (10) 
g (Po.a - Prn) ' 

where h is half the height of the room; Pm is the total pressure (in cont ras t  to l l l), which is defined in terms of 

the static pressure of the GA and the velocity head near  the open aper ture .  

The  parameter  Z is equal to 

~ Ylow , YIow when Y* 

Z = / Y* when Ylow < Y* < Yup, 

[ Yup when Y*-> Yuo" 

(11) 

The  mass rate of the gasification of a liquid CL is 

V/ = ~sp Ff %/r/rst , (12) 

where ~Psp is the specific mass rate of gasification of the CL; Ff is the fire a rea  of the CL; Zst is the time of stabilization 

of the combustion of a liquid CL. 

In [1 ], to calculate the completeness of combustion of a CL, an exper imental  relation is obtained which is 

valid in the range of mean-volumetr ic  mass concentrations of oxygen of f rom 0.105 to 0.23: 

~1 = 0.63 + 0.2X02 m + 1500X02 m . (13) 

To calculate the completeness of combustion of a CL, it is also suggested to use the following formulas that 

correspond to linear and quadrat ic  dependences on the mean-volumetric mass  concentrations of oxygen in the room, 

respectively: 

~/ = r/o.a~, (14) 

= ~oa (2~ - ~ 2), (15) 

where ~/o.a = 0.9 is the completeness of combustion in open air {1 ], X -- (Xo2m - X o 2 m i  n) / ( X 0 2 o .  a - Xo2min), 

XO2mi n is the concentrat ion of oxygen after the termination of combustion. 
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Fig. 1. Basic diagram of the statement of the problem: I) wails; 2) ceiling; 3) 

open aperture; 4) combustible material; 5) site of combustion; 6) neutral  

plane; 7) system of fire-fighting; 8) mechanical  plenum-exhaust  ventilation. 

Heat  fluxes released into the ES are calculated as 

Qx = Ow + Qceil + Qrl = <:zw f (Tin - Tw) dF  + 1.7<:Xceil f (T m - Tceil ) d F ,  
r w  /:ceil 

(16) 

where the coefficients of heat transfer that take into account the joint effect of radiant and convective heat exchange 

between the GA of the room and the ES are determined from the semiempirical relations [3 l: 

15.9~p 0"222 ( 1 7 )  
a w ~-- 

aceil = 17.2~'0"222/11 -- 0.127~p s exp ( -  1.6q0 I. (18)  

The  heating of the ES is calculated using two-dimensional  nonstat ionary equations of heat conduction 

written separate ly  for the walls and the ceiling: 

PwCw-  OT - Ox~ w Ox 1j  + -  w , (19) 

+ +  +c+ I +c+- 
P c e i l C c e i l -  0z- --  Ox 2 ceil ~x 2 +--Oy 2 ceil Oy 2 ' 

where the axes are  shown in Fig. 1. 

The  boundary  conditions for Eqs. (19)-(20) have the form: 

a) The  boundary  conditions of the third kind for the inner  surfaces of the ES (the heat t ransfer  coefficients 

are defined by Eqs. (17)-(18),  the mean volumetric t empera ture  is Tin). 

b) The  boundary  conditions of the third kind for the outer  surfaces of the ES (the heat t ransfer  coefficients 

are de termined from formulas for free convection and radiative heat t ransfer  to the surrounding medium [ 11, and  

the ambient  tempera ture  is To.a). 

c) The  boundary  conditions of the second kind for the surfaces of contact of the ES with one another  (a 

thermally insulated wall, q = 0). 

Equations (1)-(20) completely describe the heat and mass exchange in a room on fire and the temperature  

fields in the ES. This  system of differential equations is a "rigid" one f4 ], and the use of s t andard  R u n g e - K u t t a -  

type numerical  methods  for its solution is ineffective, since the step of numerical calculation in t ime is on the o rde r  

of 10 -8 sec. There fore ,  a special scheme of numerical calculation of the problem was developed which had a t ime 
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Fig. 2. Dependence  of the paramete rs  of the GA of the room on the t ime of 

combus t ion  of wood on fire: calculation (1, 2) Tin~To.a; 3, 4) XO2m; ,5, 6) 

Y*/h) a n d  e x p e r i m e n t  [1 ] (a) Tm/To.a; 6) Xo2m; c) Y*/h). z, sec; the 

r e m a i n i n g  quantities are  dimensionless.  

step of the order  of 1 - 5  sec. Moreover, when T = 0, the densities of the sur rounding  air  and  of the GA are  equal 

to each other.  There fo re ,  in Eq. (10) the denomina tor  of the fraction is also equal to zero. To eliminate this 

difficulty, special ma thema t i ca l  measures  were under taken .  

3. The  initial da t a  for  a numerical  exper iment  were the following: 

a) The  room h a d  dimensions  of 6 • 10 x 2.8 m. 

b) The  d imens ions  of the open aper ture  (door) were a width of 2 m and  a height of 2 m. 

c) ES were of two variants:  concrete 0.3 m thick and  steel 0.03 m thick. 

d) CL (kerosene)  of mass 500 kg was spread on the floor over an area  of 16 m 2. 

e) The  t e m p e r a t u r e  of the outside air was To. a = 293 K, the pressure Po.a = 105 Pa. 

f) The  height of the  working zone was 1.5 m. 

It was a s sumed  tha t  the sys tems of forced p lenum-exhaus t  mechanical  venti lat ion,  heating, and  of fire- 

fighting were shut off. 

T h e  principal p a r a m e t e r s  of the problem changed in the following ranges:  

a) The  volume of the  room from 90 to 1800 m 3. 

b) The  area of the  open surface of the kerosene  from 2 to 32 m 2. 

c) The  width of the  open aper ture  from 1 to 6 m. 

d) The  height of the  open aper ture  from 1 to 3 m. 

e) The  coefficient of heat  t ransfer  ranged f rom 10 to 70 W / ( m  2" K), which cor responded to the exper imenta l  

data  of [1 ]. 

f) The  time for  s tabil izat ion of combustion was assumed equal to 120, 600, and  1200 sec. 

4. The  results of a comparison of the computed mean  volumetric t empera tu re  of the GA in the room, of the 

height of the NP,  and  of the  mean volumetric concentrat ion of oxygen in the GA with the experimental  data  of [1 ] 

(combustion of wood) a re  presented  in Fig. 2. It is seen from the figure that  the ag reement  of the calculation with 

exper iment  is sa t i s fac tory  for  the engineering method of calculation. The  substant ia l  difference in the m a x i m u m  

calculated and  exper imen ta l  tempera tures  is explained by coking of the wood, which is not taken into considerat ion 

in the model  proposed.  However ,  this phenomenon is not observed in combust ion of kerosene.  It is also necessary  

to note that  if in fo rmula  (10) the static pressure is used instead of the total pressure  (as in [1, 3 ]), the height of 

the NP exceeds the cor responding  calculated values (curves 5 and 6) by 1 5 - 2 0 % ,  i.e., the discrepancy with 

exper iment  is larger. 

The  effect of the coefficient of heat  t ransfer  f rom the GA to the inner  surface of the ES and of the room 

on the mean  volumetric t empera tu re  is shown in Fig. 3, f rom which it is seen that  the difference of t empera tu res  

can be on the order  of 200 K. 
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Fig. 3. Dependence  of the mean volumetric  temperature  of the GA of the room 

on the t ime of fire: 1) aw = aceil ---- a f l  ---- 10 W / ( m 2 . K ) ;  2) aw = aceil = al l  = 70 

W / ( m e - K ) ;  a w and aceil according to Eqs. (16)-(17);  V, m3; 3) 168,; 4) 336; 

5) 1800. Tm, K; r,  sec. 

Fig. 4. Dependence  of t e m p e r a t u r e s  on the t ime of fire at rst = 600 sec; 

concrete ES (1) Tin; 2) Tw; 3) Tceil) and steel ES (4) Tm; 5)  Zw; 6) Tceil). Tw, 

Tceil , K.  

The  calculated dependences  of this t e m p e r a t u r e  and of the t empera tu res  of the inner surfaces of the walls 

at the level of the working zone and  ceiling on t ime for  concrete and  steel ES are  given in Fig. 4. It is seen  f rom 

the f igures that these tempera tures  depend subs tan t ia l ly  on the thermophysica l  propert ies  of the ES mater ia l .  

The  calculations carr ied out showed that  vir tual ly all the pa rame te r s  of the problem exert  a subs tant ia l  

effect on the mean volumetric t empera ture  of the G A  and  the tempera ture  of the inner  surfaces of the ES. 

The  thermophysical  propert ies  of the ES mater ia l ,  the t ime needed  to stabilize combustion,  the rate  of 

gasification of the NP, the coefficient of heat t r ans fe r  f rom the GA to the inner  surface of the ES, the width  of the 

aper ture ,  the completeness of combustion,  and the volume of the room exert  a weak (not exceeding 10%)  effect 

on the height  of the NP dur ing the process of combus t ion  and af ter  its te rminat ion .  For example,  with different 

formulas  used to calculate the completeness  of combus t ion  60 sec af ter  the beginning of the fire, the  height  of the 

NP was: 

Y* = 0.73 m - r/ = 0.9, Tm = 

Y* = 0.77 m - calculation by 

Y* = 0.79 m - calculation by 

1I* = 0.80 m - calculation by 

1060 K; 

(15), Tm = 880 K; 

(13), T m -~ 748 K; 

(14), Tm = 453 K. 

From the data presented  it is seen that with an  increase in the mean  volumetric  temperature  of the GA by 

a factor  of 2.34, the height of the NP decreased by  a factor of 1.1. 

With a change in the volume of the room f rom 90 to 1800 m 3, 180 sec a f t e r  the beginning of combust ion 

Y* = 0.8 m for the smaller  volume and  11" = 0.86 m for  the larger one. 

Only the coordinate of the upper  edge of the  open aperture from the level of the floor exerts  a subs tant ia l  

effect on the height of the NP (Fig. 5). Calculat ions showed that  the height  of the NP changes little dur ing 

combust ion and after  its te rminat ion,  whereas  a f t e r  complete burning out of a CL it is increased by no more  than  

25%,  and  it also virtually does not change for a long time. To calculate the position of the NP,  the following 

formulas  were obtained that  approximate  the resul ts  of numerical exper iment  with an error not exceeding  1 0 ~ :  

a) during fire: 

y* = 0.4Yup ; (21 )  

b) af ter  terminat ion of fire: 
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Fig. 5. Effect of d imensions  of open aperture  on the height of the NP for 

concrete  ES and rst = 600 sec; b, m (at Yup = 2 m): 1) 2; 2) 4; 3) 6; Yup, m 

(at b- -  2 m): 4) 1.5; 5) 2.5. Y*, m. 

Fig. 6. D e p e n d e n c e  of m a s s  flow ra tes  of i n f lowing  a i r  and  e scap ing  

combust ib le  gases on t ime at different times of the stabil ization of combustion: 

concrete  ES (Tsl = 1200 sec; 1) Ges.g, 7) Ge.o.a; rst = 600 sec; 3) Ges.g, 9) Ge.o.a; 

rst = 120 sec; 5) Ges.g, 11) Ge.o.a) and steel ES (~s~ = 1200 sec; 2) Ges.g, 8) 

Ge.o.a; rst = 600 sec; 4) Ges.g, 10) Ge.o.a; rst = 120 sec; 6) Ges.g, 12) Ge.o.a)- 

Ges.g, Ge.o.a, kg/sec.  
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Fig. 7. Effect of the d imensions  of open aper ture  on the mass flow rates of 

inflowing a i r  and escaping hot gases for concrete ES and  Tst = 600 sec; Ges.g 

at b, m (Yup = 2 m): 1) 2; 2) 4; 3) 6; Ge.o.a for b, m (Yup = 2 m); 4) 2; 5) 4; 

6) 6; Yap = 1.5 m (b = 2 m) ;  7) Ges.g; 8) Ge.o.a; }'up = 2.5 m (b = 2 m); 9) 

Ges.g; 10) Ge.o.a Ges.g, Ge.o_a, kg/sec.  

Fig. 8. Effect of the d imens ions  of open aper ture  on the mean  volumetric mass  

concentra t ion of oxygen in room with concrete ES and  rst = 600 sec; b, m (at 

Y u p = 2  m):  1) 2; 2) 4; 3) 6; Yup, m (at b = 2  m): 4) 1.5; 5) 2.5. Xo2m is 

dimensionless .  

Y* = 0.48 Yup. (22) 

F igure  6 presents  t ime dependences  (after  the start of the fire) of the mass  flow rate of the cold air  enter ing 

the room (curves 1-6) and  the  mass  flow ra te  of the hot gases leaving the room (curves 7-12) at  var ious magni tudes  

of the t ime of s tabil izat ion of combustion and  different properties of the material  of the ES. It is clear that the  

values ind ica ted  above exer t  a weak effect on the natural gas exchange of the GA of the room with the environment .  

Similarly, ca lcula t ion indicates that the coefficient of heat t ransfer  f rom the GA to the inner surface  of the ES, the  

volume of the  room,  and  the completeness of combustion virtually do not affect the flow rates indicated above. 
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The coordinates of the lower and upper edges of the aperture from the level of the floor and the width of 

the aperture (Fig. 7) exert a substantial effect on natural gas exchange. 

Calculations showed that only the completeness of combustion, the rate of gasification, and the coordinates 

of the edges of the aperture from the level of the floor and its width exert an effect on the magnitude of the mean 

volumetric mass concentration of oxygen. The coefficient of heat transfer from the GA to the inner surface of the 

ES and the dimensions of the room virtually do not affect XO2 m. The effect of the dimensions of the open aperture 

on the mean volumetric mass concentration of oxygen in the room is shown in Fig. 8. 

The remaining dangerous factors of the fire, such as the mean volumetric mass concentrations of carbon 

monoxide and carbon dioxide and other combustion products behave similarly, since their magnitudes are described 

by similar differential equations (4). 

C O N C L U S I O N S  

1. In combustion of a liquid CL in a room, the natural gas exchange between the GA and environment 

through open apertures substantially depends only on the coordinates of the lower and upper edges of the apertures 

from the level of the floor and on their width. Here the height of the NP is virtually independent of the width of 

the aperture. 
2. All of the above-considered parameters of the problem exert a noticeable effect on the mean volumetric 

temperature of the GA and the temperature fields in the ES. 

3. The thermophysical parameters of the ES of the room do not affect natural gas exchange or mean 

volumetric mass concentrations of oxygen and combustion products in a room on fire, but considerably influence 

the mean volumetric temperature of the gaseous atmosphere of the room and the temperature fields in the ES. 

4. The mean volumetric mass concentrations of oxygen and combustion products in the GA of the room 

substantially depend only on the coordinates of the lower and upper edges and on the width of the apertures from 

the level of the floor, the completeness of combustion, and the rate of gasification of the liquid CL. 

N O T A T I O N  

T, temperature; p, density; c o, isobaric specific heat; c, specific heat; r,time; p, pressure; k, specific heat 

ratio of the GA; R, gas constant; F, area; a, heat transfer coefficient; 2, heat conduction coefficient; Q, heat flux; 

QIOW lower working heat of combustion of CL; r/, completeness of combustion; q, specific heat flux; X, mean 
W 

volumetric mass concentration of gas in room; LO2 , quantity of oxygen needed burn 1 kg of CL; Li, specific mass 

liberation of the i-th product of combustion; G, mass flow rate of gas; W, volumetric flow rate of gas. Subscripts: 

m, mean volumetric parameters of GA in room; o.a, outside air; f.e, FE; 02, oxygen; w, walls; ceil, ceiling; fl, floor; 

low, lower edge of aperture; up, upper edge of aperture; sp, specific parameters; e.o.a, entering outside air; es.g, 

escaping gases; pl.v, plenum ventilation; ex.v, exhaust ventilalion; min, minimum value; st, stabilization of 

combustion; h, heating system; r, radiation through aperture; Z, overall heat flux. 
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