
1526 AIAA JOURNAL, VOL. 31, NO. 8: TECHNICAL NOTES

Figure 3 shows the variation of the mean length of the jet with
time. The length measurements refer to the distance traveled by the
leading edge of the starting vortex. The uncertainty in measure-
ments is approximately ±13 mm. The vertical bars on the data
points indicate the maximum and minimum values of the jet pene-
tration length at each time instant. The averaged maximum length
traveled by the jet starting vortex at the end of run was 0.60 m or
2ld.

As mentioned earlier, the starting vortex gradually separated
from the rest of the jet in most of the runs. The onset of separation
occurred between I6d and 18d; the starting vortex proceeded
downstream faster than the tip of the turbulent jet. Although the
cause of separation is unknown, a possible explanation is the rapid
deceleration of the flow at the tube exit. The arrowhead symbols in
Fig. 3 mark the region where splits were observed.

The most striking aspect of the present measurements is the vis-
ible spreading rate of the jet. Since the jet spreads linearly, the
spreading rate was obtained by drawing lines tangent to the jet's
visible edges. The estimated uncertainty in the reported values is
±10%. The averaged spreading rate (dS/dx), which ranged from
0.18 to 0.2, remained nearly constant during any run. A compari-
son between the spreading rate of steady jets at similar Reynolds
and Mach numbers (d6/dx!=«0.44)7 and the present data reveals that
the unsteady jet spreads at a rate which is less than half of the
steady jet spreading rate. Unsteady effects seem to have caused a
considerable reduction in the jet spreading rate for the first time.
This is significant since all of the previous unsteady jet studies
have reported increased jet spreading rates. Additionally, experi-
mental error cannot be the source of this observation since the
uncertainty is relatively small.

It is surprising that none of the previous work on unsteady jets
have observed reduced spreading rates. Some speculative reasons
follow. Most of the harmonic forcing is done at fairly high fre-
quencies (10—100 Hz) implying that the flow may not have enough
time to respond to successive acceleration and deceleration cycles.
Even pulses which had velocity profiles similar to the present jet3

lasted only 30 ms as compared to the 1 s of run time in our experi-
ments. Perhaps a relatively long period of unsteadiness in the jet
flow is required to alter the jet characteristics. The present findings
agree with the theoretical arguments of Breidenthal5 if the time
associated with the relaxation of the jet is long in comparison with
the run time. It should be kept in mind that the jet produced by our
apparatus is confined to the near field during a run.

Conclusions
The visible spreading rate of an unsteady jet produced by a sim-

ple apparatus was measured to be less than half of the steady jet
value. Moreover, the spreading rate remained nearly constant dur-
ing the run whereas the velocity varied appreciably. These findings
may play a crucial role in the understanding of unsteady effects on
entrainment and mixing. Further experiments are currently under-
way to quantify the rate of mass diffusion in the present unsteady
jet.
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Introduction

STORED chemical energy propulsion systems (SCEPS)
using Li/SF6 reactants have recently received considerable

attention as a means of producing high energy per unit mass of
reactant.1"6 They use a liquid-metal fuel combustor as a heat
source of a closed steam-power cycle. The combustor uses a
liquid metal bath (alkali metal fuel) through which a high-mo-
mentum gas jet (SF6 or other halogen gaseous oxidizer) is
injected, forming a reacting multiphase submerged jet. Flame
temperatures as high as 4000 K may be encountered, making
detailed flame structure measurements difficult. Prior plume
structure analyses3'5 assumed phase equilibrium and local ho-
mogenous flow with equal velocity and temperature between
phases and thus underpredicted the plume length. These as-
sumptions are now removed in the present multifluid (MF)
model.

Multifluid Model for Submerged Combustion
The Li-SF6 reacting flow patterns6 are somewhat similar to

the conventional two-phase flow,7 in which the void fraction
can range between zero and one, flow regimes can change, and
the interaction between the two phases is strong. However, it
is necessarily extended to reacting multiphase flow to account
for not only reaction and velocity slip between phases but also
phase nonequilibrium.

The proposed physical model treats the composition of the
multiphase submerged flame as a number of "fluids" or
phases. The total number of fluids is n; any flow or thermo-
chemical property </> pertaining to fluid k (\<k <n) is desig-
nated by a k superscript, e.g., </>*. The last two fluids (fluid
n - 1 and fluid n) are, respectively, the dispersed condensed
combustion products [such as LiF(f), Li2S(£) and LiF(s)] and
the continuous gas phase [such as SF6(g), Li(g), Li2F2(g),
Li3F3(g), and Li2S(g), etc.]. The remaining fluids
(1 < k<n -2) are the dispersed Li droplet phases; each fluid
is characterized by a mean droplet diameter Dk, with the
smallest diameter at k = 1. The mass conservation equation
for fluid k is

[pkakuk - (1)

where the comma suffix denotes differentiation with respect to
the spatial coordinates; /^, cr£, and otk are, respectively, the
turbulent viscosity, turbulent Schmidt number, and the mean
volume fraction of fluid k; uk is the mean velocity in the /
direction; pk is the density; and S'mk is a volumetric mass
source term due to evaporation, condensation, and droplet
interfluid transfer as droplets decrease in size given by

n-\

\<k<n-2(2)

(3)
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In the previous equation, m'"k+l is the volumetric liquid
phase mass transfer rate from fluid k + 1 to fluid k, such as
the rate of mass of droplets in size k + 1 group that is shifted
to size k group due to evaporation. Similarly, m '" k is the mass
flowing out (as liquid phase) from fluid k, and m'"k is the
evaporation rate. For the condensing combustion products
(k = n - 1) Eq. (1) is used to compute the condensation rate
source term S'^ (n~ l\ The modeled momentum equation is

[pk<xkukuk - a*

(4)ak(pk - po)gj

where kk is the turbulence kinetic energy, vt and vk are the
kinematic turbulent viscosities of the carrier phase k = n and
fluid k, and the mean drag and mass transfer forces F£J and
F£J for 1 < k < n - 1 (dispersed fluids) are

= m"fk

0 -

• (akuk - J<x

and for k = n (carrier fluid)

(6)

(7)

Finally, the global continuity, £~ *= 1, must be included. In
the previous equation, /4 is the^molecular viscosity; g/ is the
gravitational constant, p0 is a reference density taken as the
nozzle gaseous fluid density so that the condensed phase in an
axisymmetric downward flow is accelerated by the net buoy-
ancy term in Eq. (4), p is the pressure, and f£ is a drag
function.8 The turbulent Schmidt number ok = vt/vk can be
calculated as9

a kpk/pnan)] (8)

and for k = n, ok = 1 by definition.
A multi-fluid k-e model is adopted where transport equa-

tions for the kinetic energy of turbulence k and its dissipation
rate e of the carrier fluid are solved,10 whereas vt is calculated
as

Interfluid Mass Exchange Model
Droplets are formed at the interface between the injected

gaseous oxidant (SF6) and the liquid metal bath (Li), and the
size of the formed droplets is dependent on the critical wave-
length of the disturbed gas-liquid interface.11 The entrained
droplets then decrease in size as a result of evaporation.
Hence, they "flow" (in droplet-sized 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, Eqs. (1) and (4), for fluid k are
affected by the evaporation rate m'"k, the outflow of mass
m'" k, and the inflow of mass m'" k +1 due to the decrease in
droplet diameter (dDk/dt). The expressions for m'"k and
m'"k, for k < n - 2, are given in Ref. 12. As the combustion
product temperature decreases at the end of the plume, new
droplets can be formed as a result of condensation, and mass
is transferred from fluid n to fluid n - 1. It is not expected
that the condensed product will evaporate again; hence,
m'"n~l = m'"n-1 = 0.

Combustion Model
Because of the finite evaporation/condensation rate, the

mean mass fraction of the liquid fuel (Li) will not be in
equilibrium with the corresponding gas phase. Therefore, a
mean nonequilibrium variable e may be defined as a function
of the mean local Li mass fractions.9
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Fig. 1 Axial centerline profiles of mean centerline mixture fraction,
axial velocity, gas temperature, and gas volume fraction for the MF
and LHF models.
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Fig. 2 Predicted radial profiles of the mean mixture fraction and
mean temperature for the reacting Li(#-SF6(#) system at x/d = 20
using the MF model.

The time-averaged value of any thermophysical property 4>
solely dependent on / and e may be computed as9'12

n 4 > ( f , e ) P ( f ) P ( e ) V * e (9)

where P(e) = (1 - e) d(e) + ed(l - e), a_nd P(/) is_the proba-
bility density function characterized by /and g(=f'f) and is
taken here as a beta function.9'12 Consequently,

, 0) , 1)] P(f) df (10)

where 0(/, 0) is the value of </> with no evaporation (e =0),
whereas </>(/, 1) is related to / through full thermodynamic
equilibrium state relationships (e = 1).

An exact instantaneous two-fluid mixture fraction transport
equation was introduced earlier.9'12 The modeled MF form
reads

(11)



1528 AIAA JOURNAL, VOL. 31, NO. 8: TECHNICAL NOTES

where

is the mixture density,

is the mixture velocity, r/jeff is an effective exchange coeffi-
cient, and 5/is an additional source/sink term12 resulting from
the interaction of the multifluids. Similarly, the g transport
equation can be written as

[puig - OVrff)*,,],, =

where

- Cg2pge/k (12)

lYeff = £ cLkift/Sc + ( a11 + £ ak/ak W<rg
k=l \ k=l /

and AGg is an extra generation/dissipation term.9'12

The model constants used in the present paper are CM = 0.09,
d = 1.44, C2 = 1.84, C3 = 1,2 (MF k-e model constants),
Cgl = 2.8, Cg2= 1.84, a/ = ̂ =0.7, <J*=1.0, Sc = 0.7, ae=1.3,
and (ty = 1.0.

The present MF reacting model uses an instantaneous state
relationship that is a function of / and e, A full equilibrium
(e = 1.0) state relationship for Li(£, 1273 K) - SF6(g, 289 K)
can be constructed.5'13 For the no-evaporation case (e =0),
the liquid and gas mass fractions and the mixture enthalpy are
linearly related to/[i.e., <£(/, 0) = </>(0, 0)(1 -/) + 0(1, 0)/1,
as in this case the instantaneous state simply represents a
mixing process with no chemical reaction. Constant e planes
(0<e<1.0) can thus be constructed from the e - 1 and 0
planes [e.g., </>(/, e)=(l - e) </>(/, 0) +•«*(/, 1)].

Solution Procedure
The present predictions are limited to the case of a vertical

gaseous SF6 submerged jet (at 298 K) injected into molten Li
(at 1273 K). The nozzle diameter d is 2 mm, and the inlet gas
velocity w0 is 325 m/s. The initial turbulence intensity is taken
as 5% of the mean gas velocity, and 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 estimated11 as 60 /-tin. The preceding data are essentially
equivalent to the quasi-steady-state experimental Li(Q - SF6(g)
combustor data of Parnell et al.14 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, and 60 /mi. Fluid
5 is occupied by the condensing combustion products (70 /mi
mean droplet diameter), whereas fluid 6 is only for the gaseous
phase. At the nozzle exit plane, where only gas exists (no
droplets), ak (k < 6) = 0 whereas ak (k = 6) = 1.0. At the free-
stream boundary (gas-liquid interface) a1 = a2 = a3 = a5 =
a6 = 0.0, whereas a4 = 1.0, since fluid 4 is the only fluid
available for the 60-/mi entrained Li droplets.

The solution procedure is based mainly on an extension of
a "multifluid SIMPLE" algorithm using an iterative-march-
ing integration technique for parabolic flow.8'9 The submerged
jet is overlaid with a nonuniform two-dimensional axisymmet-
ric grid (700 axial x 35 expanding radial nodes).

Results, Discussion, and Conclusions
The predicted axial mean profiles of the centerline mixture

fraction and normalized axial velocity for the MF and locally
homogeneous fluid (LHF) models are depicted in Fig. 1, in
which u, Ug, uk, and UQ are axial velocities of the mixture, gas
phase, fluid 4, and SF6 at nozzle exit. The MF model results
show that both /and ug started to decrease much further
downstream (x/d - 7) than the corresponding J and ug, for
the LHF model (x/d — 1.5). Figure 1 also 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. Although the MF model predicted a peak tem-
perature at x/d — 24, the LHF model peak temperature oc-
curs at x/d=*l.5. The total plume length, which includes
reaction, evaporation, and condensation zones, is taken at
dig = 0.1. The present MF model predicts a plume length L of
approximately 55 nozzle diameters, whereas L/d is substan-
tially underpredicted by the LHF model to a value of 6. The
MF model predicts a much longer plume, which is consistent
with the quasi-steady-state part of the experimental data of
Parnell et al.14 that indicated that L/d is approximately
50 ± 10 depending on the bath temperature, the percentage of
utilization, and the submerged jet orientation. Similar calcula-
tions using density-weighted transport equations,9 which are
similar to the present set of equations, indicated even longer
plume length, as shown by the chain line for T. Figure 2 shows
the predicted radial profiles, using the MF model, of the mean
temperature and mean mixture fraction for x/d'=2Q. It is
seen that the maximum temperature (~ 3725 K) 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.

In short, the present multifluid reacting model was used to
predict the thermophysical scalars and hydrodynamics of an
SF6 jet submerged in molten Li fuel. The predictions for the
plume length is in better agreement with the available experi-
mental data, which could be considered as a substantial im-
provement over the existing LHF submerged combustion
model.
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Introduction

A IRFOILS pitching rapidly to high angles of attack, and
the accompanying phenomenon of dynamic stall, were

first investigated for the case of sinusoidal motions. The pro-
gress in this area is reviewed by McCroskey1 and Carr.2 More
recently, constant pitch rate (i.e., ramp) motions have been
receiving a great deal of attention due to their applicability to
supermaneuverable aircraft. Some of the earlier measure-
ments of integrated load3'5 have now been complemented by
computational results6'7 and high-resolution surface pressure
measurements8; whole-field velocity information is also be-
coming available.9

Investigations into airfoils pitching at constant rate have
typically considered airfoils pitching from a zero angle of
attack to some large angle amax well beyond the static stall
angle. It has been established that a major parameter govern-
ing the flow behavior is the nondimensional pitch rate
Q* = aC/(2C/oo), where a is the constant pitch rate, C the
chord, and £/« the freestream speed. It is clear that, in reality,
the actual motion of the airfoil must deviate from the ideal
ramp due to the finite acceleration and deceleration periods
imposed by the damping of the drive system and the response
characteristics of the airfoil. The computations of "nomi-
nally" constant pitch rate motions also include a brief initial
acceleration period. To our knowledge, a systematic investiga-
tion of the effects of initial acceleration on the flow character-
istics of an airfoil pitching to high angles of attack has not
been undertaken. We note that studying such effects can pro-
vide not only further insight into the processes of vorticity
generation and accumulation on unsteady surfaces, but also
clues as to how these processes may be modified or controlled
by the deliberate shaping of the pitch-motion trajectory.

In the present experiments, flow visualization is used to
monitor the onset of leading-edge separation and the subse-
quent dynamic stall vortex development as the initial accelera-
tion is systematically varied in magnitude and duration
through the acceleration phase to constant pitch rate. The
work presented here considers the case of incompressible flow
at low-chord Reynolds numbers and relatively high pitch rate.
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a) Definition sketch; e = Ta/Tc
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b) Example of actual trajectory executed by the airfoil; ft* =0.4

Fig. 1 Constant pitch rate motion with finite acceleration and decel-
eration.

Experimental Setup
The experiments were performed in a water channel (Engi-

neering Laboratory Design, Inc.) with a test section 60 x 60
cm in cross section and 240 cm in length. The airfoil was an
NACA 0012 with a uniform chord of C = 8 cm, a span of
b = 45 cm, and was fitted on both ends with false walls
parallel to the water channel walls. For the results described
here, the freestream seed was set to £/«, = 10 cm/s resulting in
a chord Reynolds number of 8 x 103. A dc servo motor and a
digitial servo controller (Galil, DMC-610) were used to pitch
the airfoil about the quarter chord. The pitch-motion trajec-
tory started at zero angle of attack, reached the desired con-
stant pitch rate of a. after a period Ta of constant acceleration,
and stopped at the final angle of attack of 60 deg after a
period Td of constant deceleration (see Fig. la). The accelera-
tion and deceleration periods were kept equal in this work. We
characterize the pitch trajectory by the nondimensional pitch
rate 12* and an acceleration parameter e = Ta/Tc, where Tc is
the *'ideal" constant pitch rate time scale needed for the
motion. Note that the parameter e gives an indication of the
fraction of the motion time used for acceleration/decelera-
tion. The particular cases considered in this study correspond
to (12* = 0.4; e = 0.6, 0.15, 0.037) and (12* = 0.2; e = 0.15,
0.037). Typical examples of the actual pitch trajectory exe-
cuted by the airfoil are shown in Fig. Ib.

The evolution of the flow was monitored using the hydro-
gen-bubble technique and laser sheet illumination at the airfoil
midspan location. The hydrogen-bubble wire was placed ap-
proximately 1 mm upstream of the airfoil leading edge and
was pulsed at 20 Hz. Flow images were sensed by a charge
coupled device camera at a rate of 60 fields/s with an exposure
time of 2 ms/field and acquired by a digital image acquisition
system (Recognition Concepts, Inc., TRAPIX-5500) onto a
hard disk in real time.


