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Abstract—A reacting multi-fluid 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 f and its variance g are derived. The new multi-fluid
transport equations for f and g 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 F and e. The instantaneous thermo-chemical properties are computed from a nonequilibrium model.
The predicted results, using the present density-weighted multi-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,

INTRODUCTION

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 phase-to-phase interaction, two-phase reacting
flows have received much less attention than the cor-
responding single-phase flow system [1--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, 5-9]. 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 [10]. 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 [10-
13]. The multi-fluid model is essentially equivalent
to the stochastic separated-flow model when a large
number of trajectories are considered for an initially
nonuniform droplet-size spray [14, 15].

Recently, the LHF/single-fluid k—¢/single-fluid f-g
model [16] was used for the prediction of multiphase
submerged reacting plumes [7, 8]. In comparison with
the recent experimental data [17], it became clear that
the existing LHF model is inadequate as it under-
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predicts the plume length [7]. For this reason, a new
multi-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 [18].

THE PHYSICAL MODEL

The main modeling assumptions and governing
equations are presented here. The number of ‘fluids’
istaken to be 1 + K, where K} is the number of droplet
size groups.

Density-weighted mean flow equations

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 eylindrical polar form. The
resulting mass conservation equations for the gas
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NOMENCLATURE
B transfcr number Y mass Iraction
C,. G, C;5. €, multi-phase A— model Y j-element mass fraction in cach phasce.
constants
C,,. C,, multi-phase g equation constants .
RS p g equa Greek symbols
C,, constant-pressure specific heat L
. . 3 volume fraction
d  diameter of injector , . .
. 7. [ exponents of the beta-function
D droplet diameter C .
. . R ) I transport coeflicient
D' mean droplet diameter of the kth size -~ o . .
aroup oD" droplet size increment of the Ath size group
= . . ont number of droplets in the Ath size group
¢ evaporation variable . , -
) . L .. . 0,,  Kronecker delta tensor
/ multi-phase mixture fraction (injector fluid / R .
. ‘ dissipation rate of k
mass fraction) . .
. - . . /. thermal conductivity
S liquid mixture ratio S i
: . L w dynamic viscosity
g variance of mixture fraction . . .
. . . . i, turbulent viscosity of the gas-phase
g, j-component of the acceleration of gravity L. . .
! . LS 1, turbulent liguid-phase viscosity
G gencration term of turbulence kinetic i . k
v kinematic viscosity, ip
cnergy . -
. I density
k turbulence kinetic energy N s .
. G Prandtl;Schmidt number
k, total number of droplet-size groups , .
- . . . & flow variable.
K. forced convection cvaporation constant
L latent heat of vaporization
M kih size cvaporation rate per unit volume  Subscripts
of that size group ¢ centerline
m™”* droplet mass transfer (as liquid phasc) ¢ cquilibrium
from the kth size group (to the k— 1 cff  cffective
group) per unit volume of the kth size ¢ gas-phase or variance y
group i.j.m i-, j-. m-direction
n total number of droplets, X, én* k turbulence kinetic energy
N*  fractional number of droplets in the kth | liquid-phase
$1z¢ group per unit siZze increment 1 turbulent
p pressure U zero evaporation
p’ pressure correction P dissipation rate of k
r radius/radial coordinate 0 free stream
T  temperature J injector exit.
1 axial mixture velocity
u,  mixture velocity in the i-direction Supusunpls
u,  axial gas velocity time mean value
u, gas velocity in the i-direcion 77 density wu;:,hu,d (Favre-averaged) mean
u{‘ axial liquid velocity value (¢ = po/p)
uf,  liquid velocity in the i~dircction fluctuating component (¢ = ¢ —¢)
up.,  slip velocity in the i-direction, w);-— u,, " Favre fluctuating component (¢ = ¢ @)
X axial coordinate IS the kth size group fluid’
X, i-dircction coordinate (/) clement /.
hase and the kth dispersed liquid phase are given as ¢ _
P i i P d P - L AP R hylly; — Ty b,,+,0Loc u u
follows, CX;
(,DLQCN ) = me G (1) + Py Ha”u;’, +PEML,OC::M£,)
s o ép
0 - = — (o +3,) +Z Shaa —a,)
(P|°‘1 )+ s F ~ (P uh) CX;
;
ik sk e kg (G ) )
o R G e (2) M CARTIR Y S od (] )

Similarly the momentum equations are.

bt = N4 2Py
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Finally, the global continuity must be included
Gyt Ya =1 )
k

In the above equations, the subscripts ‘g’ and ‘I’
denote gas and liquid phases, respectively. # is the
density-weighted mean velocity in the i-direction and
u; is its fluctuating component. f, is a momentum
exchange coefficient; j is the mean pressure ; g; is the
Jj-component of the gravitational acceleration; the
superscript k denotes the kth droplet size group ; m’*,

m"* and W** ! are evaporation rate per unit volume
of the kth size group, mass flowing out of the k-size
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;
is volume fraction. t,; is the mean laminar stress ten-
sor; for the gas phase, at high Reynolds number, only
the main part of 7,,, which is similar to the turbulent
stress tensor, will be retamed namely

] (6)

A similar expression can be written for each liquid
phase size group. However, the kinematic viscosity of
the liguid phase is caused by the carrier phase molec-
ular motion and hence should be replaced by v, [19].
The momentum exchange coefficient /% is given by
[13]

Ol [“‘u

L —(2i3)

b = 18Zp,/(D")* M

¥
where D* is a mean droplet diameter of the kth size
group ‘fluid’ and p, is the gas laminar viscosity. Z
may be calculated for deformable droplets [20] with
evaporation effects [21] as

Z = [1+0.15 Re®**7 +-0.02 Re,/
(1+42500/Re ' ))/(1+B)*25  (8)

where B is the droplet transfer number and Re, is the
liquid droplet Reynolds number defined as

Rey = 5, Dty — ity ©

In the equations above, only second-order correlation
terms were retained [13]. Since the liquid phase density
py is practically constant, the Favre and the time-
averaging processes are identical, e.g.

i

IZ{‘ =g Tk ok

and w*=uf =" = of* = 0.

In equation (3), (&;+4,) in the pressure gradient
term can directly be obtained from equation (5) as
(1—Zgf). It was found in the present paper, that the
value of &, as can be obtained using the pdf and
the state relationships for kerosene (to be introduced
later), is much smaller than &, for all possxble values
of f and g. However, the walue of &, is comparable
to Z& especially when X is of the order of 107°,
Therefore, &, may be neglected if it is only added to
&, but should be retained when & is involved as in
equation (5).

THE TURBULENCE MODEL

The Reynolds stresses (u . and w*uF) are cal-
culated by way of a two-phase kAs model developed by
Elghobashi and Abou-Arab [22] for constant-density
flow and is extended here to variable-density flow. In
this model, the concept of eddy diffusivity is invoked ;

hence :

e

NN 517,3,' aﬁg/- 2 5ug,,, 2 .
— gty = i 4 — ks,
M ugl Vi [ax, + aXi 3 a 5 3 i (10)
=STr o ot 2ot 2.
. m{ 7k — Ve _._i' (; ],,i N -
Uy, U i !;\ [ax/ ‘*‘ GX 3 axm (SUJ 3}(,15,}
(10a)

where ¢f (=v,/v}) is the liquid phase turbulent Sch-
midt number ; its value for spray flames is expected to
be higher than 1.0, reflecting the reduced effect of
turbulent diffusion of the droplets relative to the gas
phase. v, (=C,k%<) and v§ are turbulent viscosities
of gas and k-fluid. The last term in equations (10) and
(10a) is small and can be neglected ; it is shown merely
to_satisfy the balance conditions, u” " =2k and
u{,’"u’,’f} = 2k;. The gas turbulent kmematlc viscosity v,
is defined as

= C k%8 (1
The liquid phase Schmidt number of can be calculated
as [23]

af = 1+358ICA B +&p /53] (12)
Here, £ is (ug,ug,/Z) and & is its dissipation rate; C, is
a constant of the model.

The density-weighted kinetic energy of turbulence
£ and its dissipation rate £ transport equations can be
obtained from the instantaneous momentum equa-
tions of the carrier phase in a way similar to that of
ref. [22],

= 4,(G+AG) —j,d,(5+Ae) (13)
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where C,, .. Cy are further constants ol the muli-
phase k—& model while G is a gencration term. AG and
Ae¢ are additional generation and dissipation terms

caused by «,. p,. « and m". They are modeled as

r A~ A - 2y AS I
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AG = - e e
T § 6,0, 0x, [ \Ex, Oy, ax,
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A -y op, ]
+ ..5..._._5_._ E A
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The above equations were obtained for high Reynolds
numbers with pressure Huctuations and fourth order
correlation terms ignored. €, is & constant which is
equal to 0.1 [24];

turbulence ; E(w) is the Lagrangian cnergy speetrum
function of the carrier phase ; Q4. Q% and R} are [unc-
tions of the carricr and dispersed phases propertics.
the droplet diameter and the harmonic frcqucncy 124].

The Favre-averaging gencrating lerm G is given. as
for single phasc, by

The last term in equations (16) and (17) is caused
by the carrier phase density tluctuations. These two
terms have nonzero values for reacting turbulent
flows. The rcmaining correlation terms are modeled
using the Boussinesq approximation [13]

~ '8 g
. v, \ g, o v, \ ol
_;(:fu;, -1 i)ﬂ. £, _':t;”"u;.“ = ;) R (1%}
Trp ) O ) T J X,
Py
msrp i t] (/O(;
—xut =) (19)
O"xl CX;

where o,, is a turbulent gas-phase Schmidt number.
Similar expressions can be writien tor any flow vari-
ables. The terms invelvmg u,; resull from the gas
density fluctuations @ uy, is modeled as

w 15 the harmonic (requency of

Agou-ELLAlL

iy, = = Py Py = (VPO )0, 0N (20)

where ¢, is a turbulent Schmidt number of the order

of unil)g,

THE SPRAY MODEL

Modeling of spray flames is complicated by the fact
that in addition to modeling the flow in the physical
space we need also to model the variations in the
droplet-size space, as indicated by Spalding {25]. Here.
the droplet-size space is subdivided into a finite num-
ber of size groups. The kth size group (the Ath fluid”)
is characterized by its mean droplet diameter D", its
size increment 60" and its number of droplets on* (or
equivalently its volume fraction z). Within each sizc
group (D' =002 to D+ 8P%:2). the distribution is
uniform, t.c. the number ol‘dmpicts‘ da. corresponding
1o a small size increment dD (dH < D). is given by

di = (a8 d D, (zn
The conservation equations {cquations (2y and (4))
for the kth fluid (size group) arc affected by the evap-
oration rate /. the rate of mass flowing out (in
droplet-size space) of the & size group 7™ and inflow
of mass (rom the (& + 1) size group s "' due 1o the
decrease in droplet diameter. The rate of change of
droplet diameter (dD/dr). which influences directiy

A%t and g7 can be caleulated us follows
[25]:
dbide = K. 2D, {20

Here K is the lorced-convection evaporation constant
(2]
= [14+0.269 R pri]

23

8
* - Tin (Vs B+ By
IS
where Prois the gas phase film Prandt! number: the
cxchange coeflicient 'is 4,/ (‘, {=pu,/Pr)the transter
number B i (,, (T—Tiw¥l 2, and (', ure the gas
phase thermal conductivity and constant pressure
specific heat of the fuel vapor respectively @ £ is the
gas lemperature : 7yand Ly are the droplet temperature
and latent heat of vaporization, respectively. The heat-
ing up period is neglected in the present study as
most hvdrocarbon fuels start 1o evyporate near room
temperature even inside the atomizer. Equation (22}
ts used to obtain the evaporation rate per unit volume
of the kth size group, from that size group as

= 3K p MY (24

At the smaller-size boundary (D = D' --8D"2). the
number ol droplets lcaving the Ath size group pcr unit
tme s caleulated using equations (21) and (22) as

] da J YT 4 <y ~ 23
1 i | = (S DK 2D =D 2) (2D

i

The droplets leaving the Ath size group have a diam-
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eter of (D*—38D%2); therefore, the mass of droplets
leaving the kth size group per unit time and volume

of that group is
= [(D* —=8D*/2)/ D*1*K,p,/2D*8D*.  (26)

ik + 1
,

ik

Equation (26) can also be used to calculate m
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 D* = 3D%/2 for k = 1; this
size group loses mass only by evaporation.

The fractional number of droplets per size
increment N* (=dn*/(n6D")) can be related to the
corresponding volume fraction & (=4&), of the kth
size group, by the following two relations:

YO Vi C0 S

(Z [od/ (D")“]> D"

k

27

_ (1=8)(D*)*N*oD*
- Z[(Dk)SNkéDA]

k

sk
i

(28)

where n (= X#") 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.

FEvaporation variable
Due to the finite evaporation rate equation (24),
the mean mass fraction of the liquid phase

7, (; TP F= 2 / (zp,"magpg))
k k
in the reacting spray, will generally be higher than
the corresponding value ¥,. if phase equilibrium is

assumed. Therefore, a mean evaporation variable é
(~¢, since p, is assumed constant) can be defined as

where ¥, , is the mean mass fraction of the liquid phase
with no evaporation (é = 0) ; in this case, Y, , = 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 f and the
evaporation variable e. Any scalar except ¢ is evalu-
ated from

¢ = L L DS, P(f)P(e) df de (30

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

P(e) = (1=8)8(e) +66(1 —e) 31

and P(f) is the Favre probability density function
which may be characterized by f and ¢ (= f7f").
Consequently,

¢7=L o(f,OP(f)df (32)
in which ¢(f, €) is the instantaneous ¢ at an ¢ = &
plane,

o(f.0) = (1-)¢(£,0)+é(£. 1)

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,

(33)

_ 1 1 N —1
A ] oo

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

P(f) =pP(f)lp

which is used to calculate the Favre carrier phase pdf,

(33)

PN = PgP(f)/L pe(f,O)P(N)df. (36)

For the liquid phase, the Favre and time-averaging
pdf’s are identical since p, is constant. &, which
appear in equations (3)-(5), can be calculated using
the above pdf’s

o0 = L 2 (f, QP(f) = P (] df 37

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

Multi-phase mixture fraction

An exact instantaneous mixture fraction con-
servation equation can be derived from the instan-
taneous conservation equations for mass and any
reacting element (/) [12]. For the multiphase mixture,
itis

d 0 of
Y (ef)+ 5;' <puif*‘ r, )

ox;

R _ G

) [pla{‘ufg.-(ﬁ —N=pag 5 O -f)}
P ) oLt

+a [rgagm —/) 5;] =0 (%)

i

where I't (= (app,+ayp4)/Sc) is a mixture diffusion
coefficient ;
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/)( = put,+ Zp‘z{‘)
N I3

is the mixture density :

]

is the mixture velocity: f, 18 @ mixture ratio of the
liquid phase (=1.0 for spray flames); uf,, is the kth
size group slip velocity in the i-divection @+, 18 a “slip’
diffusivity ; L* is a loading ratio [12].

Equation (38) is used to derive the final form of the
steady-state, Favre-averaged, “multi-phase mixture
fraction’ transport cquation as.

u; (E [ Dol + Y i,
- A

-~ /7 -
( o~ f

~ kﬂu}t\r“” ~ . )
Ay N

( TR ¢
+ . Z[I’ll{\lﬁ‘g,(,/!*/)“l’lliki'\ml L h=1)
AV éx,

— o 1th o oh o T 7 = ~h ko
+ 0 Wi (S =) =i f 7 =00 (39)
' is modeled. using equation (18), as
ok wk " _ ‘Aﬂ )
P gt = ug) = — o, oy (40)
while

Z [lﬁ)ll;\/‘g,ilw 1

i

is modcled. using the pdf relationships (cquations
(30) (33)), as

A

sk N
Zﬂﬂ?mﬁﬂ”i\ '~ [_’| ( Z 1‘(/‘1“’,‘/\,“ )

A

!

[(1=&)(ou(/.0) —%)

]

o

+e( ) = =NPO AN 4]

where o £, 0) and 2 . 1) are [rom the state relation-
ship planes at ¢ = 0 and | respectively.

oA ( =Y ) and 1{'( =Y o )
N\ 4 / ~ A A
arc the mean cumulative volume fraction of the liquid
phase and its fluctuating component.

In cquation (39) I yand 7y, g are effective exchange
cocflicients.

(

N

r],:n = r] +

Y i) ) HSJ;« . 42)

Vil = e o LR I (43)

where o, 1s a turbulent Schmidt number ol order unity.
Multi-phase mixture fraction fluctuwations
7 . .

The transport equation of mean square fluctuations
of the mixture fraction of two-phasc reacting flows

can be derived from equation (38). This is done by
multiplving equation (38) by (7. then performing
time-averaging on the resulting cquation to yield §
(=/"1") as lollows:

( g POy
- l pitg—T A./ ‘ = Coy ‘ ( O >
Bl ST, X

‘o i g 7 C e
- P e ~ — {2 pgek 144y
[IRVIRN RO :

Yy

are constants ol the model of order
e and 7

where Cyyand s
2o and 2.0.

cocthicients

are cffective exchange

U= (G +3a): Se+ (79 = ‘,)gtlr(r‘: (45

1

Ve = Ve F [ri—vlo, {46)

where o, is a wrbulent Schmidt number, similar (o
the case of reacting single-phase flow [16].

AG, is an extra generation/dissipation term caused
by volume fraction fluctuations and is given as

) o =
A('y = o [V|<M{L,>/\(f|*/)].f X

L ~ o~ cf » (~z],,
+ 01y U

_4h
cx o f

where .. 3, is the mean value over all size groups.
[ is caleulated as in equation (41) while (/i)
is calculated from a similar expression.

The probability density function

Different shapes of pdf’s have been used m the
modeling of turbulent ditfusion flames. Clipped Gaus-
sian pdf without intermittency [7-9. 26. 27] and with
intermittency [28] have been used. The beta-function
has recently been used as another alternative for the
shape for the pdf as itis appropriately bound between
sero and onc [29, 30].

In the present work. a beta-function pdf is used
which is defined by the following cquation :

*

POy =77 "= " oot = .

<

(48)

The exponents 2 and f# can be related to the mean
mixture fraction f and its variance g by

1ra-r
7:/4.[/( =7 11
g

(49
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B=(-) [f =7 —1]. (50)

g
The values of 7 and § are to be computed from their
transport equations.

The model constants used are: C, = 0.09, ', = 1.44,
C,=184, Cy=12, C,;; =28, Cp=184, of =
equation (12), 6, =10, 6.=13, or=0,= 8§, =
0.7, C, = 0.1, a4y = 6, = 6, = 1.0, most of which are
the standard values.

State relationships

The present multi-fluid model is used to predict the
kerosene spray flame of Onuma and Ogasawara [18].
The corresponding equilibrium state relationships for
combusting kerosene spray in atmospheric air, with
phase equilibrium (e = 1), 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.
[3,7-91.

The gas and liquid phase mass fractions (¥, and
¥,) are linearly related to f in the case of state relation-
ships with no evaporation and chemical reaction, i.e.
when ¢ = 0. Constant & planes (0 < & < 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 [4, 18]. The validation of the present
multi-fluid 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 [18]. The air atomizing injector
outlet diameter was 2 mm. Liquid phase and gas phase
mean velocities, (i), #,) were estimated as 15 and 80
m s~'. The loading ratio (=p&/p,d,) at the injector
exit was 8.8. The co-flowing air velocity (i) was 8.5
m s ' The measured droplet-size distribution, in the
non-burning kerosene spray, is discretized into five
size groups with mean diameters (D) equal 1o 10, 30,
50, 70 and 90 um and size increment (§D%) of 20 ym.

,,,,, : kerosene(l},”

kerosene(g)--; o

IR

" H20(g)

Mass Fractions, T/Tmax & Densitytkg/m ™ 3)

0.001 | e = 11 rri
0.001 0.01

Mixture Fraction - F

FiG. 1. Equilibrium state relationships for kerosene burning
in air at atmospheric pressure (¢ = 1.0 and 7, = 2290 K).

The values of fractional number of droplets per size
increment N* x 10% are 34, 9.5, 3.5, 2.0 and 1.0 ym ™'
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/e)'*[ii) is taken to be about 5% while the tur-
bulent length scale (¢, ¥*/¢) is taken as 3% of the
injector radius [30]. 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. 113, 31]. The main dependent variables are i,
i, p. k, & f. § and &, where P’ 1s a ‘pressure
correction’. ﬁg} and ¢ are computed from equations
(3) and {4). p" is computed from a combined equation
derived from equations (1) and (2). The remaining
variables £, & f g and & 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 1%, before marching
downstream to the next plane. The present predictions
for combusting kerosene spray were computed using
600 (axial) grid nodes x40 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 T, gas-phase axial velocity i, and
liquid-phase axial velocities for the first and fifth size
groups (&, k = 1 and 5) are depicted in Fig. 2; the
corresponding experimental data [18] for T and i, are
also shown. The agreement between predictions and
measurements for T'and 4, is fairly good for the whole
spray flame length. 4, is underpredicted for the whole
flame length, which is a general feature of the para-
bolic k—& model [32]. On the other hand, the axial gas
temperature is underpredicted for x/d < 40 followed
by overprediction of T for x/d > 50. The maximum
overprediction of T occurs near stoichiometric con-
ditions (maximum 77) 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 (&, k=1 and
5) respond to the gas velocity and increase reaching
maximum values before they start to decrease. The
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response of the 10 ym group (A = 1) 1s much faster
than the 90 gm group (K = 5). as shown in Fig. 2.

Figure 2 also shows the axial profiles of the evap-
oration variable ¢ and the mole f{ractions of O,, CO
and CO, together with the corresponding cxper-
imental data [18] for the kerosene spray flame. The
oxygen mole fraction is slightly overpredicted near the
injector and is somewhat underpredicted lor x/d > 40
indicating a slow chemical reaction near the injector
and a reverse tendency further downstream. The CO
and CO, profiles are also well predicted with a
maximum error ol about +2 molar %. The ¢ axial
proiile shows that for v:/d < 100 the liquid kerosene
and its vapor are in a nonequilibrium phase state, as
shown in Fig. 2. The ¢ profile exhibits a fast incrcase
for x/d ranging between 60 and 80. Experimental
data are needed to verify the trend of the evaporation
variable axial profile.

The radial profiles. at v/d = 100, of the gas tem-
perature and axial velocity, together with the cor-
responding experimental data [18] are illustrated in
Fig. 3. Here the mceasured profiles show non-
symmetrical behavior with the peak values shifted to
the left. The main differences between the predictions
and the measurcments result from this non-
symmetrical behavior. For rix > —0.07. T is over-
predicted while for r;x ranging between —0.07 and
—0.2 it is underpredicted. The gas axial velocity 4, is
in good agreement for all values of r/x except when
|r/x] is less than 0.05. The liquid phase axial velocity
of the 90 gm size group (k = 5) is higher than the 10

wm size-group axial velocity at x/d = 100, as can be
scen from Fig. 3. The slip velocity of the first size
group is negligible while for the fifth size group the
maximum slip velocity (#,. & = 5) is about 10% of
the #,.

l‘lguru also depicts the radial profiles of the chemi-
cal specics concentrations, at x/d = 100. Tor the pre-
diction and the experimental data [18]. The main
differences between them again result from the non-
symmetrical nature of the experimental data. In the
central part of the flame the O, concentration 1s under-
predicted which is consistent with the overprediction
of CO and CO, concentrations and the gas tem-
perature.

The predicted and measured [18] droplet-size dis-
tribution vs droplet diameter at the centerline of the
kerosene spray flame, at x/d = 75. arc shown in Fig.
4. The fractional number of droplets of cach sive
group per unit size increment N* (= dn*/(né D")) was
computed from the computed values of &, using equa-
tion (27). The number of droplets of the first size
group has dropped to less than one-half of 1ts value
at the injector exit plane. This could be explained on
the basis of the high evaporation rate and turbulent
diffusion compared to the larger size groups (k 2= 2).
Howcever. the increase of A* of the second and third
size groups, relative to injector exit plane values. is
attributed to droplet transter from larger size groups.

The above contirms the validity of the proposed
multiphase density-weighted reacting model. Since the
model is equally applicable to submerged combustion,
the model has been used to predict the flame ke
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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 f and § 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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