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Abstract-A reacting multi-~uid model, based on the Favre-averaged separate transport equations for 
reacting gas-liquid ‘multi-phase’ flow, is presented. New density-weighted (Favre-averaged) separate 
transport equations for multi-phase mixture fraction ,r and its variance g are derived. The new multi-fluid 
transport equations for f and 9 are equally applicable to spray flames as well as liquid metal fuel 
combustors. The fuel spray is discretized into a number of size groups; each group is considered as a 
separate ‘fluid’ or ‘phase’. A pdf approach, to the reaction process, is adopted. An evaporation variable e 
is introduced, which is a measure of a nonequilibrium phase state, defining a two-variable pdf as a function 
of j and e. The instantaneous thermo-chenlical properties are computed from a nonequiIibrium model. 
The predicted results, using the present density-weighted ~n~ti-fluid model, for an airblast kerosene spray 
flame are compared with corresponding experimental data. The present multi-fluid model results are in 

good agreement with the corresponding experimental data for the whole spray flame length. 

INTRODUCTfON 

TURBULENT reacting two-phase flows occur in many 
engineering applications. Two-phase flames in diesel 
engine and gas turbine combustion chambers, oil-fired 
boilers, and liquid metal fuel combustors are some 
examples. However, due to the complexity in model- 
ing please-to-phase interaction, two-phase reacting 
flows have received much less attention than the cor- 
responding single-phase flow system [l-3]. During the 
last decade, the locally homogeneous flow (LHF) 
model has been used, with varying degree of success, 
to predict spray evaporation, spray flames [4], and 
liquid metal fuel combustors [3,5-91. However, inter- 
facial effects and effects of droplet size in spray flames 
or bubble/droplet size in liquid metal fuel combustors 
cannot be considered in an LHF model of com- 
bustion. 

On the other hand, a multi-fluid model can appro- 
priately accommodate the effect of the slip velocity 
between the phases, droplet~bubble size and difference 
in turbulent diffusivities of the phases [IO]. The two- 
fluid model, which is a special case of the multi-fluid 
model, has been used successfully to predict non- 
reacting and reacting turbulent two-phase flows [lO- 
131. The multi-fluid model is essentialty equivalent 
to the stochastic separated-flow model when a large 
number of trajectories are considered for an initially 
nonuniform droplet-size spray [14, 151. 

Recently, the LHF/single-fluid k-e/single-fluid &g 
model [I 61 was used for the prediction of multiphase 
submerged reacting plumes ]?,8]. In comparison with 
the recent experimental data [17], it became clear that 
the existing LHF model is inadequate as it under- 

predicts the plume length [7]. For this reason, a new 
muIti-phase turbulent reacting model is hereby pre- 
sented which is expected to be applicable to both the 
submerged and nonsubmerged reacting flows. Also? 
new transport equations for f” and g of multi-phase 
reacting flow based on separate transport equations 
of each phase are presented. Due to the lack of detailed 
flame structure data for submerged plumes. the 
developed multi-fluid model is validated by predicting 
a turbulent co-flowing kerosene spray flame for which 
detailed experimental data are available [ 181. 

THE PHYSICAL MODEL 

The main modeling assumptions and governing 
equations are presented here. The number of ‘fluids’ 
is taken to be 1 + I&, where Kd is the number of droplet 
size groups. 

In the present reacting multi-fluid model, separate 
transport equations are formulated for each phase 
(fluid), and the interaction between the phases is 
accounted for by including interfacial drag and mass 
exchange source terms resulting from evaporation and 
mass transfer from one size group to the other. Many 
terms involving density fluctuations can be avoided 
by the use of density-weighted variables. For com- 
pactness, all the density-averaged, steady state, con- 
servation equations for mass and momentum may be 
expressed in Cartesian tensor notation although they 
are actually solved in their cylindrical polar form. The 
resulting mass conservation equations for the gas 
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NOMENCLATURE 

H lwnsfcr number 
C‘,. C’Z> C’;. C ,( multi-phase I, -i: model 

constants 

(‘,, , . (‘ ‘, 1 multi-phase y equation constants 

constant-pressure specific hat 

diameter of injector 

droplet dianietcl 

mean droplet diameter of the /,th si/c 

group 

evaporation variable 

multi-phase mixture fraction (injector fluid 

mass fraction) 

liquid mixture ratio 

variance ofmixture fraction 

i-component of the w32lcration of gravity 
generation term of turbulence kinetic 

cncrpy 

turbulence kinetic energy 

total number of droplet-size groups 

forced convection evaporation constant 

latent heat of vaporization 

hth size evaporation rate per unit \;olume 

of that sia group 

droplet mass transfer (as liquid pliasc) 

from the kth size group (to the li - I 

group) per unit bolumc of the /<th ii/c 

proLIp 

total number of droplets, C,dd 

fractional number of droplets in the kth 

site group per unit siLc increment 

prcssurc 

pressure correction 

radius/radial coordinate 

tcmpcraturc 

axial mixture vclocitl 

mixture v&city in the i-direction 

;ixial gas velocity 

gas velocity in the i-direction 

axial liquid velocity 

liquid velocity in the i-direction 

slip \clocit> in the i-direction, I&-II,., 

axial coordinate 

i-dircctlon coordinate 

1’ mass I‘raction 

I’“’ /-clement mass fraction in each phase 

Greek symbols 

volume fraction 

exponents of the beta-l‘unctiolt 

Iranbport coefficient 

droplet sia increment of the I<th siLc group 

number of droplets in the I<th site group 

Kroneckcr delta tensol 
dissipation rate of‘/, 

thermal conducticit! 

ii~namic viscosit> 

turbulent viscosity of the gas-phase 

turbulent liquid-phase viscosity 

kincmutic viscosity. IL,/, 

density 

I’rundtl;Schmidt numhet- 

ITow \,ariablc. 

SubscrIpt‘; 

c ccntcrlinc 

c equilibrium 

cK cffcctivc 

g gas-phase or variance ,(/ 

i. 1. 111 I-, i-_ rdirection 

h turbulence kinetic encrg! 

I liquid-phase 

t turbulent 

II ~21-0 0aporation 

i. dissipation rate oi‘k 

0 free stream 

I mjcctor exit. 

Superscripts 

tilnc mean value 

density weighted (Pa\ rc-avcragcd) IIIC;I~ 

\;llue (J; = pi,:'~, 

fluctuating component ((I, = qji,-(i;j 

Fnvrc Ructuating compollcrrt ((i,” = (1, UT, 

I, the /dh size group ‘fluid 

(I) clement i. 

phase and the hth dispersed liquid phase are given as i 

follows, i.\-, 
c~,~i,u‘g,Lig, -~Ptg,,+~,~CXIpZI:I~L1, 

(1) 
+ p Li c(“U” + ,Li ” 8, p s, d cI”L4” ) 6 g, ” 8’ 

= 



(4) 
Therefore, Zi may be neglected if it is only added to 

Zr but should be retained when 2” is involved as in 

equation (5). 

(5) THE TURBULENCE MODEL 

In the above equations, the subscripts ‘g’ and ‘1’ The Reynolds stresses (Z&U;‘, and i,:“u;;“) are cal- 

denote gas and liquid phases, respectively. P, is the culated by way of a two-phase k--E model developed by 

density-weighted mean velocity in the i-direction and Elghobashi and Abou-Arab [22] for constant-density 

u: is its fluctuating component. fD is a momentum flow and is extended here to variable-density flow. In 

exchange coefficient ; p is the mean pressure ; gi is the this model, the concept of eddy diffusivity is invoked ; 

,j-component of the gravitational acceleration ; the hence : 

superscript k denotes the kth droplet size group; rizyh, -.. 
Vtii and &lll + I are evaporation rate per unit volume 

aii,. 
M 

ali,, 2 atl,, 

of the kth size group, mass flowing out of the k-size 
-UE&, = v, axi 

- [ 
I’+F-j&$) +,, (10) , m 

1 

group per unit volume of that size group and mass 

flowing into the k-size group from size group (k+ 1) 

per unit volume of the (k+ 1) group, respectively; r 
is volume fraction. 5,; is the mean laminar stress ten- 
sor : for the gas phase, at high Reynolds number, only (104 
the main part of Z,,, which is similar to the turbulent 
stress tensor, will be r&ained, namely 

where a: (= v,/vf,) is the liquid phase turbulent Sch- 
midt number ; its value for spray Barnes is expected to 
be higher than 1.0, reflecting the reduced effect of 
turbulent diffusion of the droplets relative to the gas 
phase. vt (zC,k2/c) and vi are turbulent viscosities 

A similar expression can be written for each liquid of gas and k-fluid. The last term in equations (10) and 

phase size group. However, the kinematic viscosity of (10a) is small and can be neglected ; it i-shown merely -- 
the liquid phase is caused by the carrier phase molec- t-satisfy the balance conditions, r&ii = 2k” and 

ular motion and hence should be replaced by vB 1191. z&%‘$ = 24. The gas turbulent kinematic viscosity V, 

The momentum exchange coefficient fi is given by is defined as 

1131 v, = C,,P{L (11) 

f’“D = ISZp,/(Ly (7) 
II The liquid phase Schmidt number a; can be calculated 

where DX is a mean droplet diameter of the kth size as [23] 
group ‘fluid’ and pe is the gas iaminar viscosity. Z 
may be calculated for deformable droplets [ZO] with rr: = 1+ ~~~~/~C~~~~( 1 i$~,/&Q]. (12) 

evaporation effects [21] as 

Z = [I +0.15 Re:‘.“x7+0.02 Re,/ 
Here, 6 is (z&z&/2) and 5 is its dissipation rate ; C,, is 
a constant of the model. 

(I +42500/Re,l~‘h)]/(l+B)o~~5 (8) The density-weighted kinetic energy of turbulence 
land its dissipation rate F transport equations can be 

where B is the droplet transfer number and Re, is the obtained from the instantaneous momentum equa- 
liquid droplet Reynolds number defined as tions of the carrier phase in a way similar to that of 

Re, = @hJ~g,-z$i~/~g. (9) 
ref. [22], 

In the equations above, only second-order correlation 
terms were retained [ 131. Since the liquid phase density 
p, is practjcally constant, the Favre and the time- 
averaging processes are identical, e.g. 
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g = $ and -;;i; 
IQ = u,‘” = 2 = dk = 0. 

In equation (3), ($L+P) in the pressure gradient 
term can directly be obtained from equation (5) as 
(1 -Z$). It was found in the present paper, that the 
value of G; as can be obtained using the pdf and 
the state relationships for kerosene (to be introduced 
later), is much smaller than g, for all possible values 
of ,p and 9. However, the value of ?%i is comparable 
to C$ especially when ZZf is of the order of lo-“. 



(16) 

The above equations wxc obtained titr high Reynolds 
numbers with pressure fluctuations and f‘otrrth ordc~ 
correlation terms ignored. C’, is ;t constant whici-r is 

equal to 0.1 1241 : cc) is the harmonic l’requcncy of‘ 
turbulence ; E(u) is the Lagrangian cncrgy spccrrum 
function of the carrier phase : C!:, S.?$ and R”, are l‘unc- 
tions of‘ the carrier and dispcrscd phuscs propcrtics. 
the droplet diameter and the harmonic frequency 1241. 

The Favrc-averaging 
for sin& phase. by 

gencratirtg term G-is giwn. as 

(19) 

where (T,~ is a turbulent gas-phase Schmidt number. 
Similar expressions can be writlcn [or any flow sari- 
ables. The terms involving t/z, result from the gas 
density ~~ictu~tjuil~: ii:, is rriodcicd ifs 



A model for multi-phase turbulent diffusion flames 85 

eter of (d-60’/2) ; therefore, the mass of droplets 
leaving the kth size group per unit time and volume 

of that group is 

in ““’ = [(D’ -6D’/2)/D’]2K,p,/2Dk6D’. (26) 

Equation (26) can also be used to calculate nYk+‘, 
the inflow of droplets from k+ 1 to k size groups, if 
k is replaced by k + 1. It is noted that the smallest size 
group loses no mass at its zero diameter boundary 
(see equation (26)) when Dk = 6Dk/2 for k = 1 ; this 

size group loses mass only by evaporation. 
The fractional number of droplets per size 

increment N” (=6n’/(n6Dk)) can be related to the 
corresponding volume fraction $ (= c$), of the kth 
size group, by the following two relations : 

d” = (1 -cZ,)(D”)~N~GD~ 
I 

7 [(D~)~N~~DAI 
(28) 

where n ( Z&Z”) is the total number of droplets. 
Equation (27) is needed to transfer liquid volume 

fractions into the number of droplets while equation 
(28) is needed for the reverse process. 

Evuporation variable 
Due to the finite evaporation rate equation (24), 

the mean mass fraction of the liquid phase 

in the reacting spray, will generally be higher than 
the corresponding value F,,, if phase equilibrium is 
assumed. Therefore, a mean evaporation variable P 
(z?, since p, is assumed constant) can be defined as 

P = (P,,, - ~J/( E.” - E,,) (29) 

where F,,. is the mean mass fraction of the liquid phase 
with no evaporation (c = 0) ; in this case, F,,, = f. 

THE COMBUSTION MODEL 

Fast chemistry is assumed so that the reacting mix- 
ture is in chemical equilibrium. However, finite evap- 
oration rate (phase nonequilibrium) is considered. 
The evaporation variable e introduced above is a 
measure of the departure from phase equilibrium. 
Therefore, the instantaneous state relationship is a 
function of a multi-phase mixture fraction J’ and the 
evaporation variable e. Any scalar except 4 is evalu- 
ated from 

$= ’ 
ss 

’ H.L e)~(f)&e) df de (30) 
0 II 

where P”(e) is determined from e as follows : 

B(e) = (1 -+S(e)+&S(l -e) (31) 

and p(f) is the Favre probability density fun-n 

which may be characterized by f and LJ (= j”‘lf”). 
Consequently, 

+ = 
s 

“’ W @(J’) df (32) 

in which 4(f, 4 is the instantaneous 4 at an e = Z 
plane, 

Wlq = (1-+$(.LO)++(L 1) (33) 

where $(,f, 0) is to be calculated from state relation- 
ships with no evaporation (e = 0) while &f; 1) is 
related to f through full thermodynamic equilibrium 

state relationships (e = 1). 
The time mean mixture density p can be calculated 

from, 

The Favre pdf P(f) is related to the time-averaging 

pdf p(f) as 

W) = i+(f l/P (35) 

which is used to calculate the Favre carrier phase pdf, 

&(f) =&T(f) 
is' 

~,(f,W'(.f')df (36) 
0 

For the liquid phase, the Favre and time-averaging 
pdf’s are identical since p, is constant. tli, which 
appear in equations (3)-(S), can be calculated using 
the above pdf’s 

~ S’ 
ak’ = o a,(f; WV”) - &(f )I df (37) 

where a,(f, e? can be obtained from the state relation- 
ships explained above. 

Multi-phase mixturefraction 
An exact instantaneous mixture fraction con- 

servation equation can be derived from the instan- 

taneous conservation equations for mass and any 
reacting element (I) [12]. For the multiphase mixture, 
it is 

j&f)+ &+I-,~) 

= 0 (38) 

where Ir (= (appa + a,p,)/Sc) is a mixture diffusion 
coefficient ; 
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,‘ can bc dcrivcd Crotn cyuation (3X). This 1s d~>nc h! 

I’ ( = /‘-X2 + 1 J’,‘j i J nttiltiplyiq cqualion (3X) bq f “_ lhcn performin;: 

time-a\‘craginp on the resulting equation to yield <j 

is the mixture densit> : [ r 1 ” I ” ) iI‘; Ihllou~s : 

ts the niixturc kcloc~ty: /, 15 ;I mixlure tratto 01 ihc 

liquid phase (= I .O Ihr spray flames) ; /de, is lhc kth 

six group slip vclocily in the i-direction : ;‘,,, is ;i ‘slip‘ 

diKusi\ity : I.” is :I loading ratio [I 21. 

Equation (3X) is used to dcricc ihc tinal form of the 

steady-state. Fa\rc-averaged, ‘multi-phase tnixlurc t \ 

l’raction’ transport equation as. 
1- 

i / ij 
06, /“- r /,, _ 

i ? i 

^_ 

,T,?‘;;,,>, ,i ,:y 
i 1 

( .,7/i{ji: i, i-!-ii 

i.\ c \-, 
u hcrc C’,) and ( ‘C1 LII’C constanls (~I’IllC 1110dcl ol~d~l 

while I hc ca\c 01‘ reacting sin&-phase Ro\v 1161. 

AG, is an extra generation:dissipation term caused 

by ~olumc fraction fluctuations and is given ;ts 

is modeled. using the pdf relationships (cqua~ion\ AC,., Y 
(30) (33)). as 

;, [,,ICLi:;l,h( E-T1l.f “Xi 

t /7, ,: 6:: 11’; I 

-1 

i 

\~llCK ‘_. _):, 1s the mean Ialttc o\er all siL.c groups. 

x [(I -c;)(E,( /.(I-%) f”x;’ i\ calculated as in equation (31) while ( / “T~;l,?f ) 
S ” 

15 calculated 1‘rom ;I similar cxprcs\ion. 

l tP(l,(f. l,~?,,](r-P,P( /)d/ (41) 

whcrc r,(.f; 0) and x,( /L I) arc I~rom the state rclation- 
T/w p~~olwl~ilir~~ tlrv7si/~~ /7~17c~fio/i 

ship planes at LJ = 0 and I rcspccrivcl\;. Diffcrcnr shapes of pdf’s h;t\c bwn used 111 ttic 

modclinp of turbulent ditrusion tlamcs. Clip@ Ciauc- 

?, 
i 1 

E 12; 
Gan pdf without intcrmittcncy [7 9, 26. 1-71 :itid \\ilh 

\ i 
and $‘( E xx”” ) 

i, ~ntcrmittcncy [2X] have been used. The bck-function 

has ~rcccntly been used as another altcrnutt\c ~‘or the 
arc Ihc mean cumulative volume fraction 01‘ lhc liquid shape fat- the pdf as it is approprialcly bound hctlvccrr 

phase and its fluctuating component. /cro and one 129. 301. 
In qualion (39) I ‘, L,, and ;I,_ i,, arc cffccti\c cxchanfc In lltc present work. ii beta-function pdt’ iv usd 

cocflicicnls. which is dctincd by the following equation : 

I- /./, = r + j i,,i/.;;l++ 
‘I 

(42) P(I)=/’ ‘(I--/)” ” f ‘(l-1’)” ‘(if. 
* 1’ 

The transport equation oTmean square fluctuations 

of the misturc I‘r;tction of two-phase reacting flows 

Xzyl,“) ,/ (40) 
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8=(1-?p+]. (50) 

The values of ,f and 4 are to be computed from their 
transport equations. 

The model constants used are : C,, = 0.09, C, = 1.44, 
Cz = 1.84, C’? = 1.2, C,, = 2.8, C,, = 1.84, a: = 
equation (12) 5, = 1.0, cr, = 1.3, rrr = irg = S, = 

0.7, C, = 0.1, a,r = trIE = crfr = 1.0, most of which are 
the standard values. 

Stute relationships 
The present multi-fluid model is used to predict the 

kerosene spray flame of Onun~a and Ogasawara [ 181. 

The corresponding equilibrium state relationships for 
combusting kerosene spray in atmospheric air, with 
phase equilibrium (e = l), are depicted in Fig. 1. A 
complete description of the equilibrium com- 
putational algorithm, which is based on the Gibbs 
free energy minimization approach, is given in refs. 

p, 7-91. 
The gas and liquid phase mass fractions (Y, and 

Y,) are linearly related to ,f’in the case of state relation- 
ships with no evaporation and chemical reaction, i.e. 
when e = 0. Constant P planes (0 < e” < 1.0) can be 
constructed, for nonequilibrium state relationships, 

as described by equation (33). 

EXPERIMENTAL DATA AND BOUNDARY 

CONDITIONS 

A good number of data sets for combusting spray 
flames exist 14. IS]. The validation of the present 
muIti-~uid reacting model to the data of ref. [18], 
an upwardly directed co-flowing air jet-kerosene spray 
flame, is presented here. The Reynolds number for 
this flame was 24 000 [ 1 S]. The air atomizing injector 
outlet diameter was 2 mm. Liquid phase and gas phase 
mean velocities, (tit,, fig,) were estimated as 15 and 80 
m s-‘. The loading ratio (=i@,/@,) at the injector 
exit was 8.8. The co-flowing air velocity (&) was 8.5 

ms ‘, The measured droplet-size distribution, in the 
non-burning kerosene spray, is discretized into five 
size groups with mean diameters (D’) equal to 10, 30, 
50, 70 and 90 pm and size increment (6@) of 20 pm. 

FIG. 1. Equiii~rium state relationships for kerosene burning 
in air at atmospheric pressure (e = 1 .O and T,,,,,, = 2290 IS). 

The values of fractional number of droplets per size 
increment N’x 10” are 34, 9.5, 3.5, 2.0 and 1.0 pm-’ 

for k = 1, 2, 3, 4 and 5. The corresponding liquid 
phase volume fractions at nozzle exit &[ (k = 1, 2, 
. . ,5) can be calculated directly from the above infor- 
mation and equation (28) while ?& of the co-flowing 
stream is equal to zero. The initial turbulence intensity 
((2k/&)‘~*/~~) is taken to be about 5% while the tur- 

bulent length scale (c~4k~~4/&) is taken as 3% of the 
injector radius PO]. The effect of the assumed tur- 
bulence intensity rapidly diminishes downstream of 
the injector [30]. 

SOLUTION PROCEDURE 

The solution procedure is based mainly on an iter- 

ative-marching integration algorithm as described in 

refs. [13, 3 11. The main dependent variables are z&, 

4:. P’, k”, f, j: 8 and i;([, where p’ is a ‘pressure 
correction’. z&i and $, are computed from equations 
(3) and (4). p’ is computed from a combined equation 
derived from equations (1) and (2). The remaining 
variables k: E: ,f? 6 and 37:’ are to be computed from 

equations (13), (14), (39)-(44) and (2). The solution 
domain is overlaid with a non-uniform 2D axisym- 
metric grid. Since the obtained difference equations 
are nonlinear and coupled, few iterations are per- 

formed at each cross-stream plane, until the error 
in each equation is less than l%, before marching 
downstream to the next plane. The present predictions 
for combusting kerosene spray were computed using 
600 (axial) grid nodes x 40 radial nodes, covering an 
axial distance of 200 jet diameters. The axial grid lines 

were made to spread out radially in proportion to the 
jet spreading rate as one marches downstream. The 
above grid gave nearly grid independent results. 

RESULTS AND DISCUSSION 

The predicted axial mean profiles of the centerline 

gas temperature F, gas-phase axial velocity zZS and 
liquid-phase axial velocities for the first and fifth size 
groups (fit, k = 1 and 5) are depicted in Fig. 2; the 

corresponding experimental data [IS] for Fand ii, are 
also shown. The agreement between predictions and 
measurements for Fand rZg is fairly good for the whole 
spray flame length. li,: is unde~redicted for the whole 
flame length, which is a general feature of the para- 
bolic k--E model [32]. On the other hand, the axial gas 
temperature is underpredicted for xjd < 40 followed 
by overprediction of ? for x/d > 50. The maximum 
overprediction of F occurs near stoichiometric con- 
ditions (maximum 7”) which may be attributed to 
soot/droplets deposition on the measuring thermo- 
couple, flame radiation, or to finite chemical kin- 
etic effects. As the liquid-phase injected velocity is 
much lower than the corresponding gas velocity, the 
first and fifth size-group velocities (z$, k = 1 and 
5) respond to the gas velocity and increase reaching 
maximum values before they start to decrease. The 
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40 80 120 160 200 

x/d 

FIG. 2. Axial variation of mean centerline gas tctnpcrature. 
gas axial velocitp and liquid phase fir<1 and fifth si,c-group 
axial \clocities. species concentrations. evaporation variable 

in the kerosene spray tlame. 

response of the 10 ltrn group (X- = I) is much faster 
than the 90 [Lrn group (k = 5). as shown in Fig. 2. 

Figure 2 also shows the axial profiles of the evap- 
oration variable ? and lhc mole rractions of O?, CO 
and CO, together with the corresponding cxpcr- 
imental data [IX] for the kerosene spray flame. The 
oxygen mole traction is slightly overprcdictcd near the 
injector and is somewhat underpredictcd Ihr \ tl > 40 
indicating ~1 slow chemical reaction near the injcctol 

and ;I rcvcrsc tendency further downstream. The CO 
and CO, profiles are also well predicted with a 
maximum error of about i-2 molar ‘:‘,b. The P axial 
profile shows that for .A:(/ < I00 the liquid kcrosenc 
and its vapor are in a noncyuillbrium phase bt:jtc. as 
shown in Fig. 2. The G profile exhibits a Past increase 
for .\-,tl ranging between 60 and 80. Experimental 
data are ncedcd to verify the trend of the evaporation 

\sariable axial profile. 
The radial profiles. at .~:d = 100. of the ga> ten- 

pcraturc and axial velocity, togcthcr with the co-- 
responding experimental data [IX] arc illustrated in 
Fig. 3. Hcrc the mcasurcd profiles show non- 
symmetrical behavior with the peak values shifted to 
the Ieli. The main diffcl-cnccs bcrwecn the predictions 
and the mcasurcmcntx result from this non- 
symmetrical behavior. For KY > -0.07. T is occr- 
prcdictcd while for I. X- ranging between -0.07 and 
-0.2 it is undcrprcdictcd. The gas axial velocity u‘, is 
in good agreement [or- all values of r:.y except when 

11. .Y[ is less than 0.05. The liyuid phase axial velocity 

of the 90 ,m, size group (h = 5) is higher than the IO 

M. M. .&)IJ-ELIAIL 

/ml sire-group axial velocity al .I- tl = 100. as can hc 
xccn from Fig. 3. The slip velocity of the first \I/<‘ 
group is ncpligible while for the fifth xirc group the 

maximum slip velocity (li:,. I\ = 5) is about IO’% \I/’ 

the i,, 

l~?&re 3 also depicts the radial protiles ol‘thc chcm- 

cal species concentrations. at \ L/ == IOO. for the prc- 

diction and the experimental dater [IX]. The main 

ditTcrcncca bctwcen them again result from the non- 

symmctrlcal nature of the cxperimcntal data In ~hc 

central part of the flame the 0, concentration i\ under-- 

prcdlctcd which ia consistent v+~th the o\crprcdiction 

01‘ CO and CO concentrations and the ga\ tclli- 

pcrat~trc. 

The predicted and mcasurcd 1 IX] droplet-sl/c &.- 

tribution vs droplet diameter a~ the centcrlinc or‘ the 

kcroscne spray flame. tit .\ rl = 75. arc shown 111 t‘ig. 

-1. The fractional number of droplets 01‘ each WC 

group per unit size increment Ni ( ~hn”/(n6D”)) was 
computed from the computed values of $, using eyua- 

lion (27). The number of droplela 01‘ the tirst ~IY/C 

group has dropped to less than one-hall‘ 01‘ IIS WILIL’ 

at the injector exit plant. This could be cuplaincd on 

the ba\i< of the high evaporation rate and turbulent 

ditYusion compared to the larger or: pi-OLI~S (I, > 2 I 
Hwe\cr. the increase of .\‘” ol‘thc yccond antI rhirtl 

siLc groups. relatikc to injector c\it plane v:tluc~. ii 

attributed to droplet transfer IYom iarq s~zt: groups 

The above confirms the \alidit! of the proposed 

niultiphase density-weighted reacting model. Since [hi: 

model is equally applicable to sublllcrpcd comhusttoll. 
the model has been uscci t<r pmtict the flame iihc 
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FIG. 4. Droplet size distribution at the axis of the kerosene 
spray flame at x/d = 75. 

structure of a liquid metal combustion [33]. The latter 

involves the reaction of a turbulent gaseous SF, jet 
submerged in a lithium liquid bath as in the design of 
the SCEPS for undersea propulsion [34]. 

CONCLUSION 

The proposed multi-fluid combustion model pre- 
sents new transport equations for the mean mixture 
fraction and its variance of multi-phase reacting flows, 
in addition to a new ‘evaporation variable’, e, essential 
for modeling spray flames. The evaporation variable 
and the new transport equations for ,p and (j are 
equally applicable to any reacting multi-phase systems 
such as liquid metal fuel combustors. The present 
reacting multi-fluid model has been used to predict 
a kerosene spray flame for which experimental data 
exists. The obtained level of agreement between pre- 

dictions and corresponding experimental data con- 
firms the validity of the model proposed and its poss- 
ible use to predict other multiphase flames including 
the submerged liquid metal combustion. 
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