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ABSTRACT

Liquid metal combustion has been used as the primary energy source for
underwater vehicle propulsion because of its energetic and closed-cycle
characteristics. This can be achieved by injecting gaseous oxidizer (SF;) in a
molten metal (Li) bath. The present paper describes a new multi-fluid (MF)
combustion model for multiphase submerged diffusion flames. Each fluid has
separate transport equations which are linked to other fluids’ transport
equétions by additional source terms. The present MF model results for a
submerged Li(2)-SF,(g) flame gave a much longer plume length compared to the
corresponding locally-homogeneous flow (LHF) model results and is in good

agreement with the experimentally measured plume length.
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1. INTRODUCTION |

Stored chemical energy propulsion systems (SCEPS) using Li/SF, reactants
have recently received a great deal of attention as a means of producing high
energy per unit mass of reactant [1-9]. The "SCEPS" system utilizes a
liquid-metal fuel combustor as part of a closed steam-power cycle. The combustor
uses a liquid metal bath (fuel) through which a high-momentum gas jet (oxidi;er)
is injected forming a reacting multiphase submerged jet. Lithium (Li) has been
used as the liquid metal while sulfur hexafluoride (SF;) gas or other halogen gas
is used as the oxidant. In this case, flame temperatures as high as 4000 K may
be encountered making detailed flame structure measurements currently very
difficult, if not practically impossible.

Computer simulation of liquid metal fuel combustors has recently been
adopted as the next possible technique for obtaining detailed information
regarding the multiphase submerged flame structure [1-11]. A1l the current
computational models use the LHF model as a basis for predicting the sdbmerged
diffusion flame with the obvious assumption of infinitely fast transport
mechanisms [phase equilibrium and same velocity and temperature of all phases,
etc.] between the reacting phases. This very assumption Teads to a substantially
underpredicted plume length for the Li-SF, submerged flame [9].

Presently, other than the LHF model, very few combustion models can be used
to predict the turbulence structure of multiphase submerged reacting plumes.
Practically all the contemporary non-submerged models (stochastic separated-flow
model, etc.) developed for 1liquid-fuel spray flames are unfortunately
inapplicable to the submerged reacting plumes because of the flow regime change
and condensation of products and excess evaporated fuel. When a gaseous oxidant
is injected into a liquid fuel, the flow regime begins with a single-phase,

gaseous flow pattern at the nozzle exit. As the liquid fuel is entrained to
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react with the oxidant, a liquid droplet flow pattern may evolve first. However,
the mixture temperature is still low enough that the product may appear in a
solid phase [9] such that the droplet flow regime may be composed of gas, liquid
and solid phases. Further downstream, with sufficient entrainment and reaction,
a gaseous flow pattern may reappear, which may be followed by another droplet
flow and then a bubbly flow pattern due to condensation of vapor products and
excessively evaporated fuel vapor. Eventually it should turn into condensed
phases at the tip of the plume. Though the above description of flow patterns
may be rather speculative, the submerged reacting jets are therefore distinctly
different from the better known two-phase spray jets, in which droplets from the
spray nozzle simply evaporate and react to form non-condensable gaseous products
with no subsequent condensation. It is somewhat similar to the conventional two-
phase flow, see for'example Ishii [12], in which the void fraction can range
between zero and one, flow regimes can change and the interaction between two
phases is strong. Consequently, the continuum concept of the two-fluid model in
the field of two-phase flow is adopted. However, it is necessarily extended to
reacting multiphase flow to account for not only velocity slip between phases but
also phase nonequilibrium between phases and turbulence-reaction interaction
through a PDF (probability density function) appfoach. The results are compared
with that of the prevailing LHF model and available experimental data to validate

the proposed model for multiphase submerged combustion..

2. THE PHYSICAL MODEL

The proposed physical model treats the multiphase submerged flame as a
number of "fluids" or phaseé (i.e., fluid 1, fluid 2, ..., fluid k, ..., fluid
n). The total number of fluids is n; any flow or thermochemical property (¢)
pertaining to fluid k (1 < k < n} is designated by a "k" superscript, e.g., ¢°).
The last two fluids (fluid (n-1) and fluid n) are respectively dispersed
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condensed combustion products (such as LiF(2), Li,S(2) and LiF(s)) and a
continuous gas phase (such as SF (g), Li(g), Li,F,(g9), Li,F;(g) and Li,S(9),
etc.). The remaining fluids (1 < k < (n-2)) are dispersed Li droplet phases;
each fluid is characterized by a mean droplet diameter D, with the smallest
diameter at k = 1. For compactness, all the modeled time-averaged, steady-state,
conservation equations given below are expressed in compact tensor notation
although they are actually solved in their cylindrical polar form. In the
governing equations, terms involving p’ were ignored. In the 1°mit of phase
equilibrium and non-slip between phases, the equations reduce to the Favre-

averaged form of the LHF approximation [8].
a) The mass conservation equation for fluid k:

-k-k-k k, ky =k "k
(p7a"uy - (m/og) @) 4 =Sy : - (1)

where the comma suffix denotes differentiation with fespect to the spatial

coordinates, 4, is the turbulent viscosity of fluid k; ¢, is a turbulent Schmidt

number; @ is the mean volume fraction of fluid k; Eki is the mean velocity in

the i-direction; Zk is the density; Smﬂ‘is a volumetric mass source term because

of mass transfer between the fluids due to evaporation, condensation and droplet

inter-fluid transfer as droplets decrease in size. Smk is given as,

s K =m ekl @k e ke -2 (2)
and for k = n (carrier fluid)
-m n'l -, - m
s €= 3 mfal - n ke (k = n) (3)
=]




In the above @***! is the volumetric liquid phase mass transfer from fluid (k+1)

to fluid k. It can represent, for example, the rate of mass of droplets in size
(k+1) group that is shifted to size (k) group due to evaporation. Similarly, M
is the mass flowing out (as 1liquid phase) from fluid k and mv"‘ is the
evaporation rate. For the condensing combustion products (k=n-1) Equation (1)
is actually used to compute the condensation rate source term Smﬂ“'” as will be
explained later in Section 2.5. The last term in Equgtion (3) represents the

condensation rate which is a loss of mass from the carrier phase to the (n-1)

phase, assuming that the reaction has taken place in the gas phase only.

b) Modeled momentum equation:

[bk&kﬁ¥ﬁ§ - &k(uf + ﬁkvt/ak)(ﬁﬁ,j + ﬁg’i - % ﬁ:,msij)
- 2 5k, i 5"u't‘(a'1.‘&‘fj + a';&'j].)/a[;]’i -- aka’ ;
+ Fpg + P + 865 - 0) g . (4)

k

. are the

where, Kk is the turbulence kinetic energy; o~ = zk/vtk; v, and v

kinematic turbulent viscosities of the carrier phase (k=n) and fluid k; the mean

drag and mass transfer forces ?km and ij may be given as follows for 1 < k <
n - 1 (dispersed fluids)
-k, - -k -
FSJ = fS[a ("2 - uj) + (1 - akag/og) v:afj/azl (5)
- -k+1-k k+1-k - -
F;j -m k+1(a +1“j+1’ vt+la,;1/o§+l) - (m k + mvk)
. (&kﬁ§ ; utafj/az) (6)

and for k = n (carrier fluid)

n-1 _
K s F

Foi = 2 Fos (7)




=k n-1 ~mp

F -8-

-2 , 2
mj ’51 m, (a uj - Vta,j/oa) (8)

Finally, the global continuity must be included
sak =1 (9)
k

In the above equations, ¢* (= v,/¥*) is a turbulent Schmidt number; u*, is the

molecular viscosity; g; is the gravitational acceleration in the j-direction; p_

is a reference density; p is the pressure; ka is a drag function which may be

written as [13]

k)2

f5 = 18 2 u/(D (1<k<n) (10)

where D* is a mean droplet size of "fluid k"; u," is the carrier phase molecular

viscosity (i.e., for k = n); Z is a function of the droplet Reynolds number Re*

[13] and the droplet transfer number B [14]

Z=[1+0.15 (Re)%-687 1 0.02 Rek/(1 + 42500/ (Re¥)1-16}/
where, ReK = PnDklu - Gg | /13 2" is the carrier phase density.

The turbulent Schmidt number, 0%, reflects the coupling effect between the

gas and liquid momentum fields. It can be calculated as [15]

o -14+3 ;ke/[cukf§(1+a o*/2"a")1 (k#n) (12)

k

and for k =n, 0 =1 by definition.




In the transport equations, only second order correlation terms (e.g.,

u, “u®, a®u’*, a™u, ") were retained [16].

2.1 The Turbulence Model
A multi-fluid k-e¢ model is adopted where transport equations for the
kinetic energy of turbulence k and its dissipation rate €, of the carrier fluid,

are solved [17], namely

b"&“ﬁ? k- [(ut&n/ok) kil = a" (G + AG)

- o"a" (e + Ae) (13)
b"&"ﬁ?e’i - [(ut&"/oe) €1 ;- a" (ﬁ) C; (G + AG)
- " (ﬁ)(cze + Cqhe) (14)

where, G, AG and Ae are the single phase generation term, extra generation and

dissipation terms due to volume fraction and velocity fluctuations [17]. v, of
the carrier phase is defined as
v, = C, k%/e (15)
t p

where C“, ¢,» C,, C;, o, and g, are constants of the model [17].

2.2 Inter-Fluid Mass Exchange Model

The different fluids flowing through the submerged plume exchange mass,
momentum and energy. The exchange of mass is mainly controlled by
evaporation/condensation inside the plume.

Droplets are formed at the interface between the injected gaseous oxidant
(SF;) and the liquid metal bath (Li). The size of the formed droplets is

dependent on the critical wavelength of the disturbed gas-liquid interface [18].
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This wavelength is a function of the nozzle jet velocity and the liquid phase
viscosity and surface tension [18]. The entrained droplets then decrease in size
as a result of evaporation. Hence, they flow (in droplet-size space) from a
fluid of a larger droplet size to one with smaller droplet size (i.e., from fluid
(k+1) to fluid k).

The conservation equations (1 and 4) for fluid k are affected by the

evaporation rate mv"‘, outflow of mass m * and the inflow of mass m “*! due to the

k

decrease in droplet diameter (de/d:). The expressions for ﬁuu and m'k, for k

< n-2, are [19]

m* = 3 K/1200%%) (16)
n < = ok - s0%/2)% k 5*712(0%) 360" | (17)

where, 5D is the size increment for fluid k and K, is the forced convection

evaporation -constant. It can be calculated as [14]

. (L+0.269 (Rek)%-%81py0-33

K 18 (1 +8) (18)
p

where, Pr is the gas film Prandt] number; I' (= p,/Pr) is an exchange coefficient;
the droplet transfer number B is Cp (T - TX)/L%; Cp is the gas film
constant-pressure specific heat; Tbk and T are the boiling temperatures of fluid
k and the gas (fluid n) temperature; L* is the latent heat of vaporization.
Equation (17) can also be used for m"“‘, the inflow of droplets from k + 1 to k
fluid, if k is replaced by k + 1.

As the temperature of combustion prdducts decreases at the end of the
plume, new droplets can be formed as a result of condensation. Therefore, mass

is transferred from fluid n to fluid n - 1. It is not expected that the
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m"=0. Whenk=n,m"

condensed product will evaporate again hence mvﬂ"l
= 0 (gas phase) while me s interpreted as the condensation rate per unit volume

of the gas phase. The latter can be calculated as explained in section 2.5.

Phase Non-Equilibrium Variable

Due to the finite evaporation/condensation rate, the mean mass fraction of

the liquid fuel (Li), ¥ (= ak/s 3"6"), will not be in equilibrium with the
k

corresponding gas phase. Therefore, a mean non-equilibrium variable e may be

defined as

- n-2 K., = -
- 1T, - 5 VY, - Tl (19)

ol

where (Vu)l_L and (_Y'e)LL are the nonreacting and reacting (equilibrium) liquid Li
mass fractions. (-Y_e)l_L is to be obtained from a full equilibrium Li-SF. state
relationship (e = 1) while (Vu)l_L is simply (1 - f), f being the mean mixture

fraction.

2.3 The Combustion Model

In the present combustion model, chemistry is assumed fast enough so that
the multiphase reacting mixture is in chemical equilibrium. However, the
evaporation/condensation rate is not so fast for phase equilibrium to prevail at
all points inside the plume. Therefore, the instantaneous state of the reacting
mixture is a function of f and the non-equilibrium variable e (Eg. 19).

The time-averaged value of any thermophysical property (¢) solely dependent

on f and e may be computed as [19]

5=}}¢ﬁm)NﬂPw)Mde (20)
00 )




where P(e) is determined from e as

P(e) = (1 - e) &(e) +e §(1 - e) (21)

r—

and P(f) is the probability density function characterized by f and g(=f'f').

The above two equatiohs yield

1
$= | [(1-8) ¢(f,0) + e ¢(f,1)] P(f) df (22)

0

where ¢(f,0) is the value of ¢ with no evaporation (e = o) while ¢(f,1) is
related to f through full thermodynamic equilibrium state relationships (e = 1).

A beta-function pdf is adopted, namely

1
pf) = 2L a-0f el - pflar (23)
0 R

where a and B are given as

a=*Ff[f(1-Ff)g-1] (24)
B=a(l-F)F (25)

f and g are to be computed from their transport equations.

2.8 The Multi-Fluid f and g Transport Equatjons

An exact instantaneous two-fluid mixture fraction transport equation was

introduced by Chan and Abou-El1ail [16]. This equation can be extended to the

multi-fluid case. The modeled MF form reads

(o uyF - (Te epe) F41,5 = S¢ (26)

n-1

n _ -
where rf,eff = k§1 X u';/Sc + (@ + kfl ak/ak)llt/af




where p (= I 75¢°) is the mixture density; u, (=2 ?Ekﬁik/ﬁ) is the mixture
k

k -
velocity; T, .. is an effective exchange coefficient; S. is an additional
source/sink term [19] resulting from the interaction of the multi-fluids.
Similarly, the g transport equation can be written as

- - F 12
[p u,9 - (rg,eff) 9,1]’1 = cgl By (f,'i) + AGg

- Cg2;ge/k (27)

1

n n-
_ =k k -n =k, k
where rg,eff = k§1 a “Z/Sc + (& + k§1 a /o )ut/ag.

In the above equations, o, 0y C.. and ng are constants of the physical model

gl
while AGg is an extra generation/dissipation term [16,19].

The model constants used in the present paper are: =0.09, C, = 1.44,

1

cll
k
= 1.0, S_=0.7, o,

C,=1.84,C, =1.2, Cjp=2.8,C,=1.84, 0,=0 = 0.7, ¢

a

= 1,3 and o, = 1.0.

2.5 State Relationships

The present MF reacting model utilizes an instantaneous state relationship
which is a function of the mixture fraction f and the phase non-equilibrium
variable e. A full equilibrium (e = 1.0) state relationship for Li(£)-SF (g) can
be constructed. A comp]ete. description of the equilibrium computational
algorithm, which is mainly based on the Gibbs free-energy minimization approach,
is given by Chan et al. [8,9,20].

For the no evaporation case (e = 0), the liquid and gas mass fractions and
the mixture enthalpy are linearly related to f (i.e. ¢(f,0) = ¢(0,0)(1-f) +
#(1,0)f), as in this case the instantaneous state simply represents a mixing
process with no chemical reaction. From the mixture enthalpy, mass fractions of

the liquid and gas phases, the mixture temperature.and the gas and 1iquid volume
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fractions are then calculated at each value of f for the e = 0 plane. Constant
e planes (0 < e < 1.0) can thus be constructed from the e = 1 and e = 0 planes
(e.qg., ¢(f,e) = (1-e) ¢(f,0) + e o(f,1)).

Figure 1 depicts the overall equilibrium Li(£)-SF (g) state relationships,
¢#(f,1), at atmospheric pressure and a 1iquid 1ithium temperature of 1273 K while
the injected SF, gas temperature is 298 K. It should be mentioned here that the
mixture density and void fraction (gas-phase volume fraction) values given in
Fig. 1 are only used in the LHF model calculations. A detailed account of all
species concentrations is given by Chan et al. [9]. Since the mean

non-equilibrium state is fixed by f and €, a"

of the condensed products can be
calculated as follows. First Egs. (19)-and (22) can be used to find a" of the

carrier phase

a" = } [(1-€) a" (f,0) + e a" (f,1)] P(f)df ' (28)
° _

where a"(f,0) and a"(f,1) correspond to the e=0 and e=1 planes of the states
relationships. Since all volume fractions of the liquid Li droplets, Ek(kal to

n-2), are to be calculated from Eq. (1), then Eq. (9) can be used to calculate

. n-2 _
UL R N

k=1
With the value of &™), the condensation rate source term §"(™1) and hence

m (=S "1)/a") can be computed from Eq. (1) for k = n-1.

3. BOUNDARY CONDITIONS
The present predictions are limited to the case of a vertical gaseous SF,
submerged jet (at 298 K) injected into molten Li (at 1273 K). The nozzle

diameter (d) is 2 mm while the inlet gas velocity (u)) is 325 m/s. The initial
9
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turbulence intensity is taken as 5% of the mean gas velocity while the turbulent
length scale is taken as 3% of the injector radius. The surrounding molten Li
is assumed stagnant. The entrained mean droplet diameter is estimated [18] as
60 um. The above data is essentially equivalent to the experimental Li(£)-SF (g)
combustor data of Parnell et al. [21]. The number of fluids (n) is taken as 6;
the first four fluids are dispersed pure liquid Li with mean droplet diameters
of 10, 30, 50, 60 um. Fluid 5 is occupied by the condensing combustion products
(70 um mean droplet diameter) while fluid 6 is only for the gaseous phase. At
the nozzle exit plane a* (k < 6) = 0 while a (k =6) =1.0. At the free stream

220=0"=0a®=0.0whilea®=1.0, since

boundary (gas-liquid interface) a' = a
fluid 4 is the only fluid available for the 60 um entrained Li droplets.

In addition to the multi-fluid (MF) results, similar computations were
performed for the LHF model to be used as a basis for comparison. In this case,
at the nozzle exit plane, all volume fractions were set equal to zero except for

the carrier phase where the volume fraction was set equal to 1.0; the density is

taken as that of the mixture.

4. SOLUTION PROCEDURE

The solution procedure is based mainly on an extension of a "multi-fluid
SIMPLEf algorithm wutilizing an iterative-marching integration technique
[13,16,22]. The main variables are @, p’, k, €, f, g and a*, where p’ is a
"multi-fluid pressure correction.” The submerged jet is overlaid with a
non-uniform 2D axisymmetric grid (700 axial x 35 radial nodes). The distances
between the radial nodes are varied in proportion to the submerged jet spreading

rate.
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5. RESULTS AND DISCUSSION

The predicted axial mean profiles of the centerline mixture fraction and
normalized axial velocity for the MF and LHF models are depicted in Fig. 2. In
Fig. 2, u, ﬁg, u* and u, are axial velocities of the mixture, gas phase, fluid
4 and SF, at nozzle exit. The MF model results show that both f and Eé started
to decrease much further downstream (x/d = 7) than the corresbonding f and Eg for
the LHF model (x/d = 1.5). This means that the MF modei predicts a much longer
plume which is consistent with the experimental data of Parnell et al. [21]. It
is interesting to notice that the fluid with 60 um mean droplet diameter (pure
liquid Li) has a peak axial velocity, near x/d = 6, which is less than the
prevailing gas vé]ocityf However, for x/d > 70, u is larger than ﬁé.

The existence of U* in the whole range of x/d shown in Fig. 2 implies that
pure liquid Li can penetrate to theAcenterline of the plume due to finite
evaporation rate. Thus, droplets can exist at the centeriine even though their
volume fraction a* can be very small in the hot region of the plume.

Figure 3 shows the axial profiles of the centerline mean gas temperature
T and the mean volume (void) fraction of the gas phase for the MF and LHF models.
While the MF model predicted a peak temperature at x/d = 24, the LHF model peak
temperature occurs at x/d = 1.5. The total plume length, which includes
reaction, evaporation and condensation zones, is taken at E; = 0.1. The present
MF model predicts a plume length (L) of approximately 55 nozzle diameters while
(L/d) is sdbstantial]y undérpredicted, by the LHF model, to a value of 6. The
Parnell et al. data [21] indicated that (L/d) for the Li(f)-SF,(g) system is
approximately 50 + 10 depending on the bath temperature, % utilization and the
submerged jet orientation with respect to the horizontal direction. Since the
MF model predicts a longer plqne compared to that of thevLHF model, the gradient

of (f,,) is expected to be smaller and therefore, g calculated from Eq. (27) will
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also be smaller resulting in a narrower pdf profile. This explains the higher
maximum temperature predicted by the MF model as can be seen in Fig. 3.
Finally, the predicted radial profiles, using the MF model, of the mean
temperature and mean mixture fraction are depicted in Fig. 4. for x/d=20. It can
be seen from Fig. 4 that the maximum temperature (~3725K) has not reached the
center of the plume yet where the temperature is still at 2100 K, i.e., the
reaction zone is still longer. At x/d=20 the plume outer radius occurs at

r/x~0.18, based on ?/?c radial profile shown in Fig. 4.

6. CONCLUDING REMARKS

The present multi-fluid (MF) reacting model was used to predict the
thermophysical and hydrodynamics of an SF, jet submerged in molten Li fuel. The
predictions for the plume length is in better agreement with the corresponding
experimental data, which could be considered as a substantial improvement over
the locally-homogeneous flow (LHF) model. The latter is the only model currently

available for the investigation of multiphase submerged combustion.
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