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Transcritical Liquid Oxygen Droplet Vaporization:

Effect on Rocket Combustion Instability

J.-P. Delplanque* and W. A. Sirignanot
University of California, Irvine, Irvine, California 92717

The response of a liquid oxygen droplet to oscillatory ambient conditions consistent with liquid-rocket
engines over a wide range of frequencies is computed. Two configurations are considered: 1) isolated
droplets and 2) droplets in an array. The consequences of nonuniformities introduced in the gas phase
by neighboring droplets on the droplet response are evaluated. The potential of gasification as the rate-
controlling mechanism was evaluated through the computation of a response factor derived from the
Rayleigh criterion. Computations show that the peak frequency for the computed response factor is
mainly correlated to the droplet lifetime and also depends on the type of flow that the droplet is expe-
riencing (with or without reversal). Consequently, droplet secondary atomization, which causes a sub-
stantial droplet lifetime reduction, induces a significant (one order of magnitude) shift in the peak fre-
quency. As a result, the frequency of the maximum response factor is too high to correspond to the
acoustic frequencies of the typical modes for standard cryogenic rocket engine chambers. Since droplets
are likely to undergo secondary atomization in the stripping regime for most of their lifetime in these
engines, this phenomenon explains the observed better stability of such engines compared to storable
propellant engines. It was also shown that the droplet gasification process, whether undergoing stripping
or not, can drive combustion instabilities for the longitudinal mode, under certain simplifying assump-
tions. The effects of mean pressure and pressure fluctuations on the droplet response were also evaluated.

Nomenclature
a = speed of sound
C,, C, = specific heats
f = frequency
G = gasification response factor
G, = elementary response factor
n = interaction index
P = pressure
T = temperature
t = time
tise = droplet lifetime
U = velocity
w = gasification rate
X = spatial coordinate
&y = relative amplitude fluctuation of ¢
A = wavelength
T = sensitive time lag
¢ = phase
Subscripts
drop = related to the droplet
inj = at injection
no oscil = under nonoscillatory conditions
oscil = under oscillatory conditions
r = related to pressure
peak = corresponding to the highest value of the
response factor
surf = at the droplet surface
u = related to velocity
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unif = under spatially uniform conditions (see text)
o0 = at infinity for the droplet
Diacritics
. = fluctuation
= mean value
Introduction

HE response of cryogenic rocket engines to combustion

instability is known to differ significantly from that of
storable propellant engines'; cryogenic rocket engines are re-
putedly more stable than storable propellant engines. The fact
that no convincing explanation for this difference has been
proposed so far indicates the deficiency of our understanding
of liquid rocket combustion instability. The objective in this
work is to investigate some of the features that are specific to
most cryogenic rocket engines, namely, near-critical ambient
conditions and the resulting droplet secondary atomization, and
how they affect the response to oscillatory (pressure and ve-
locity) conditions.

To place the present contribution in perspective, a summary
of relevant previous works is proposed. However, comprehen-
sive reviews of this topic exist"? and should be consulted for
complete information. The first models of liquid rocket com-
bustion instability based on the actual physicochemical droplet
processes are due to Strahle,’~” Priem and Heidmann,® Priem
and Guentert,” Priem,'® and Heidmann and Wieber."' Priem”™"’
first showed that the stability was affected by vaporization and
could be controlled by varying the characteristics of the va-
porization process. However, the complexity and validity of
these models were restricted by the limitations of the comput-
ers available at that time. Recently, Nguyen and Muss'? pro-
posed an extension of the Agosta—Hammer vaporization re-
sponse model that is an evolution of the model used by Priem.
They tested the influence of various droplet heat transfer mod-
eling options on the predicted vaporization response to mixed
radial and tangential modes. The infinite conductivity model
(uniform temperature) yielded the best fit with their experi-
mental data. Tong and Sirignano®™ were the first to consider
fully the droplet thermal inertia. Their model showed that if
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droplet vaporization is the controlling mechanism, self-sus-
tained acoustical oscillation can occur in the combustion cham-
ber.2 Several other analyses for vaporization response of drop-
lets have been performed. Bhatia and Sirignano,"* and Duvvur
et al."® have examined hydrocarbon droplets in an oscillatory
domain. Under certain conditions they predicted combustion
chgmber instability. Also, see the discussion in Sirignano et
al.

The early work of Wieber'® on high-pressure liquid oxygen
droplet vaporization emphasized the possible role that a near-
critical condition could play in liquid-rocket combustion insta-
bility. Various researchers have improved on Wieber’s work,
most of them in the domain of hydrocarbon fuel.'’~* Simu-
lations by Yang and co-workers™ of pressure-coupled vapori-
zation at supercritical conditions for hydrocarbons burning in
air show that the vaporization response changes significantly
when the critical mixing conditions are reached. However, the
approach chosen to compute the mass flux at the critical in-
terface is not described. Furthermore, their model is spherically
symmetric (no convection), neglecting relative velocity effects
that are believed to be predominant. Only recent contribu-
tions**** deal with the case of a liquid oxygen (LOX) droplet
vaporizing at high pressure. Litchford and Jeng® used the
quasisteady film theory developed for subcritical droplet va-
porization and the appropriate high-pressure phase equilibrium
relations. They found that the droplet surface can reach the
critical state for reduced ambient pressure slightly above one.
They indicated that secondary atomization, if it occurred,
would seriously affect their conclusions, but they did not in-
clude this phenomenon in their model.

In the present work, an open-loop system is considered
where the oscillatory gaseous flowfield is imposed and the va-
porization response of the droplet array is evaluated. To eval-
vate the combustion chamber instability, we close the loop
following the analysis of Crocco and Cheng® by assuming
concentrated combustion at the injector end, short nozzle, and
isentropic flow downstream of the combustion zone. Since it
was recently shown that most droplets in cryogenic rocket en-
gines are likely to undergo secondary atomization in the strip-
ping regime,® this phenomenon is included in the analysis.
Surface tension is the principal force maintaining drop cohe-
sion. This force vanishes as the surface of a liquid drop. ap-
proaches the critical conditions. Hence, perturbations induced
by the gas relative motion at the drop surface are more likely
to grow. Consequently, waves form on the drop surface and
are eventually stripped off as a mist of droplets. These droplets
are one to two orders of magnitude smaller than the parent
drop. Most of them are trapped in the wake of the parent drop
and, therefore, affect its heat and mass transfer behavior.

First, isolated droplets are considered. The conditions (tem-
perature, pressure, and velocity) experienced by each droplet
in the array are unaffected by the other droplets. The response
of the equivalent stream is evaluated by proper integration over
the behavior of a given number of drops. A wide range of
frequencies is covered and the influence of pressure fluctuation
relative amplitude and mean pressure value is investigated.
The possibility of droplet gasification being a driving mecha-
nism for liquid-rocket combustion instability is discussed.

The effect of the nonuniformities introduced in the ambient
gas flow by the surrounding droplets on the conclusions pre-
viously drawn is evaluated. To this end, the idealized droplet
array configuration developed previously””? is utilized. Drop-
lets are successively injected in the chamber where they
vaporize and burn, modifying the environment of the other
droplets. It is emphasized that the simplified droplet array con-
figuration is not meant to simulate an actual combustion cham-
ber. Performing actual combustion instability computations re-
quires an advanced computational fluid dynamics solver to
simulate appropriately the behavior of the continuous phase
(possibly including turbulent mixing and detailed chemical ki-
netics). This is not within the scope of this work. It is intended,

however, to further the current comprehension of combustion
instability mechanisms in liquid rockets by evaluating, in a few
idealized cases, how the response of a droplet in the array is
affected by indirect interactions between drops and by super-
critical conditions.

Model

A standard pressure standing wave is considered. The speed
of sound is evaluated at a reference temperature equal to the
average temperature in the combustor under nonoscillatory
conditions (2000 K in the base case). The velocity fluctuations
are easily deduced from the pressure expression if both viscous
and inertia terms are neglected in the momentum equation.”
The temperature fluctuation is related to the pressure fluctua-
tion through an isentropic flow assumption. A few calculations
are performed where x is frozen. Then a sinusoidal variation
in the ambient conditions of the droplet occurs.

Droplet Transcritical Gasification Model

Similarly, reference is made to Refs. 27 and 30 concerning
the details of the model used to compute phase-equilibria at
high pressures. Droplet behavior is predicted by numerical so-
lution of the adequately simplified transport equations. The
models used have been extensively described elsewhere?s~2%*°
and will only be outlined here.

Phase-equilibria are evaluated by solution of the equation
system expressing the continuity of temperature, pressure, and
fugacity for each component in each phase at the interface.
Fugacities are derived from the Redlich—Kwong equation of
state with quantum gas mixture rules.*® The droplet vaporiza-
tion model is based on the extended film model of Abramzon
and Sirignano.®® A spherically symmetric energy equation is
solved to determine the temperature inside the droplet. Possi-
ble effects of internal circulation are included through the ef-
fective diffusivity model.> Because of the reduced surface ten-
sion resulting from the vicinity of critical conditions, most
droplets in a cryogenic rocket engine undergo secondary at-
omization in the stripping regime.”® An expression for the rate
of atomization is obtained assuming that it equals the mass
flow rate in the liquid boundary layer at the droplet surface.
An integral analysis®™** of the coupled gas—liquid boundary
layers at the droplet surface including blowing effects yields

gs = D <J’ it dy) =37RpAU.Aqy /%R ¢))
(1]

where A (the nondimensional interfacial velocity) and a; (a
liquid boundary-layer velocity profile parameter) are functions
of the droplet size, its velocity relative to the gas, and gas and
liquid properties.®® Stripping has been shown® to preclude the
surface of a vaporizing droplet from reaching the critical mix-
ing conditions in a supercritical environment. In a combustion
situation, the surrounding temperature can be high enough for
the droplet surface to reach the critical mixing conditions de-
spite the occurrence of stripping. In both cases, secondary at-
omization in the stripping regime was shown to control the
droplet lifetime and to reduce it by one order of magnitude.”
The stripped liquid is also vaporizing and affects the heat and
mass transfer to the parent droplet. A corrected heat transfer
number was defined” to incorporate this effect,

Crpo (T = Ts) + Emulth

AH/Ty + Qi

ET = ?)

where E, is a correction to the driving potential due to the
presence of the mist.”® However, most of the stripped liquid
vaporizes outside the film due to advection. The source and
sink terms in the gas-phase energy and species equations were
corrected to include the effect of stripped liquid vaporization.”®
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Response Factor

Simply stated, for a given mechanism to be driving com-
bustion instabilities, it must 1) contribute to the instability and
2) do so in a way sufficient to overcome the losses of the
damping processes in the chamber. Evaluating the latter could
involve a comprehensive simulation of a liquid-rocket com-
bustion chamber (supercritical, viscous, compressible, un-
steady, turbulent, reactive, and three-dimensional flow). The
present work focuses on the response of a droplet gasifying in
the transcritical mode in an open-loop system; previous theo-
retical works"* provide an order of magnitude of the response
factor values at the stability limits.

The first issue, determining if the mechanism amplifies or
damps the instabilities, is classically assessed using the Ray-
leigh criterion, which states that an initially small pressure per-
turbation will grow if the considered process adds energy in
phase (or with a small enough phase lag) with pressure. To
quantify this criterion in the case of droplet vaporization stud-
ies, a response factor G was defined,'"'***

s
e

where the primes denote fluctuations with respect to the mean,
or nonoscillatory, values. Embedded in this definition is the as-
sumption that the characteristic times for mixing and chemical
reaction are significantly smaller than those for gasification, so
that the gasification process is rate controlling.”® That is, the
energy release rate is well approximated by the gasification rate.
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Fig. 1 Response factor integration. O: droplet injected at ¢ = 0,
¢ = 0; +: droplet injected at ¢ = 7/4, ¢ = m/2; A: droplet injected
at ¢t = T/2, ¢ = ; O: droplet injected at ¢t = 37/4, ¢ = 3m/2.

In a normalized fashion, G is the magnitude of the Fourier
component of vaporization rate (burning rate) that is in phase
with the sinusoidal pressure oscillation. This interpretation ap-
plies even when the nonlinearities in the droplet vaporization
model are considered. The use of G later in this analysis, to-
gether with the linearized representation of the chamber ef-
fects, is tantamount to a process of equivalent linearization
whereby the relevant aspects of the nonlinear behavior are rep-
resented by means of the primary Fourier component.*

If G > 0 (G < 0), the gasification process has a destabilizing
(stabilizing) tendency. However, G must exceed a threshold
value for instability to result. If concentrated combustion is
assumed at the injector end, it can be shown that G(f) must
be larger than (y + 1)/2+. This value may be obtained from
a simple analysis estimating the potential acoustic losses from -
the exhaust nozzle,* or using the more detailed sensitive time-
lag theory.”® An appropriate average value of y was selected.
For a mixture of oxygen, hydrogen, and water at 100 atm
and 1500 K (G, = 1.1 klkg K, G, = 15.5 kl/kg K, and
Cpuo = 2.44 kl/kg K), 7 ranges from 1.23 (pure H,0) to 1.37
(pure H,). For a typical composition (¥, = 0.2, Yy, = 0.2, and
Yu,0 = 0.6), v = 1.32. Therefore (y + 1)/2y = 0.88.

In the configuration considered here, the level of idealization
is such that this definition [Eq. (3)] cannot be used directly. It
should be noted that, in a real combustion chamber, the injec-
tion process is continuous. Hence, for any value of the phase
angle ¢ and at any given instant, there exists in the combustion
chamber a droplet that was injected at a time corresponding to
¢. Consequently, the integrals over Eulerian space and time in
Eqg. (3) may be replaced by integrals over Lagrangian time 7
and the phase at injection ¢ (cf. Fig. 1). Therefore,

ﬁJ‘W drde¢
§J.p’2 dr do

Note that a similar summation process to evaluate the response
factor was used by Heidmann and Wieber.**

“@

Validity of the Concentrated Combustion Assumption

The combustion chamber stability is evaluated using a con-
centrated combustion assumption, whereby all of the elements
of propellant are being consumed at the injector face. Crocco
and Cheng'? showed that the stability behavior could be ex-
tremely sensitive to the position of the combustion front and
that combustion distribution might significantly affect the sta-
bility characteristics. However, this approximation seems rea-
sonable here given the short droplet lifetime (single combus-
tion front at z = 0). A simplified analysis®® shows that a
correction for the distribution of the combustion process will
not change the conclusion about the instability for the current
propellant configuration under study.

If distributed combustion is considered, the flowfield is no
longer uniform, and mass, momentum, and energy sources are
distributed in the chamber. Crocco and Cheng*® computed the
threshold response factor for instability in the particular case
of a linear mean velocity profile from injection to & and uni-
form thereafter. In these computations, they neglected the
damping effects of the droplets (drag) and assumed a Mach
number of 0.213 for the flow entering the nozzle. They found
that reaction zone spreading is stabilizing. The maximum
threshold value of the interaction index for unstable operations
with uniformly distributed combustion is about three times
larger than the corresponding value for combustion concen-
trated near the injection point. However, for & under 0.2 (10
cm for a 0.5-m-long chamber) the threshold response factor
for instability is barely affected by combustion distribution, so
that the value for combustion concentrated at the injector face
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could be used in this case. Previous evaluations”* of the re-

action zone spreading in the configuration considered here
showed that it is well below 10 cm, validating the concentrated
combustion assumption. In this configuration M == 0.08. How-
ever, at low Mach number the threshold response factor for
instability is not significantly affected by the actual value of
M. 1t is therefore legitimate to use the results of Crocco and
Cheng to obtain a qualitative evaluation of the concentrated
combustion assumption.

Results and Discussion

Reference Case
The gasification response of an LOX droplet in an oscilla-

tory environment is evaluated. In the reference case, .. = 1000
K, P, = 100 atm, U, = 120 m/s, and the LOX droplet is
injected at 100 K with a relative velocity of 20 m/s. & = 0.02,
yielding e, = ag/(yU.) = 0.1 and &,y = ae/(yAU) = 0.6, if
the inertial terms are neglected in the momentum equation.
A wide frequency spectrum is covered (250 Hz to 50 Hz). For
each case considered the corresponding nonoscillatory case is
also evaluated.

In Fig. 2, the conditions in the gas (at infinity for the drop),
droplet radius, surface temperature, and gasification rate his-
tories are plotted. All fluctuations are evaluated with respect
to the value of the corresponding quantity at the same time in
nonoscillatory conditions. These normalized fluctuations are
not those used in the response factor computations. This type
of normalization is used for all plots of fluctuations in this
article. Note the top graph in Fig. 2 shows the conditions seen
by the droplet as it moves through the standing wave. The
gasification rate is primarily affected by the fluctuations of the
gas velocity (10% mean to peak), which causes relative ve-
locity oscillations with a relative amplitude (say = &,U./AU)
of 0.6 and gasification rate fluctuation with a relative amplitude
up to 0.3. The surface temperature does not reach the critical
mixing value and, as the ambient pressure oscillates, the cor-
responding equilibrium conditions change at the droplet sur-
face; thus the surface temperature oscillates. For the cases in-
vestigated here, the fluctuations in critical mixing temperature
were below 1% (mean to peak). Therefore, these fluctuations
had a negligible effect on the gasification rate response. Rel-
ative velocity effects are usually dominant. To obtain a good
phase resolution the gasification response of 16 droplets (in-
jected every 7/8) is computed for each frequency considered.

Figure 3 shows the computed response factor G vs fre-
quency f. At 11 kHz G peaks with a value of 1.67. This fre-
quency corresponds to a time period of 90.91 us, i.e., a ratio
to the average droplet lifetime (7,/t;) of 0.4. On average (over
the spectrum), the gasification process is contributing to the
instabilities; G is positive over a fairly wide range of frequen-
cies. Furthermore, the response factor is above (y + 1)/2y =
0.88 (horizontal dash-line in Fig. 3) for frequencies between
7-14 kHz. It is therefore concluded that, under the conditions
considered here, the gasification process has a response factor
large enough to drive the instability in this range.

Response Spectrum Analysis

To understand which factors determine the peak frequency and
what causes the secondary peak, the velocity, pressure, and gas-
ification rate fluctuation histories for the base case at 2, 11, and
30 kHz are plotted in Fig. 4. Two particular droplets are shown
with phase angles at injections of 57/8 and 37/2. It is not pos-
sible to extrapolate the behavior of the elementary response factor
from such plots; however, these are helpful to understand the
basic phenomena. Figure 4 shows that the important parameter is
the ratio of the droplet lifetime to the largest time period T* of
the wave pattern displayed. The observed wave pattemn results
from the composition of the droplet motion and the imposed
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Fig. 2 Isolated LOX droplet vaporizing in an oscillatory field.
Base case with f = 11 kHz, &, = 0.02, phase at injection: 0.

2,0‘ T LRI AN Ll l“‘Ylll T T Trrorr
15 |

1
10 | %

0.5 |- Amplifying

| Computed R_esponse

-0.5 |~ Damping [ (n-7) Fit

Response Factor [nd]

Lederbledde] ddd ity ] b o L
10° 10’ 10
Frequency [Hz]

-1.0
10°

5

Fig.3 Response factor for an isolated LOX droplet with stripping.
T. = 1000 K, P. = 100 atm, U., = 120 m/s, Vap,-o = 100 mfs,
and & = 0.02.

standing wave. This is clearer if the droplet position is approxi-
mated by Ugox(t — i), Where Uy, is an average droplet velocity.
The fluctuations are then proportional to

coS27 (Tap@) ft — )] X OS2 ). 5)

with a beating period of T* = aT,/Usx, In the base case
reported here, I'Jdmp/a = 0.1. It was observed that the ratio of
the forcing oscillation time period to the droplet lifetime was
about 0.4, this corresponds to #;,/T* = 1/4, as can be verified
in Fig. 4. For smaller forcing frequencies (larger T*), the drop-
let experiences only a fraction of the potential velocity fluc-
tuation. #;./T* = < logically corresponds to a local maximum
for the response; thus, the secondary peak occurs at about three
times the peak frequency.

The interaction index » and the time lag 7 corresponding to
this response can be evaluated.'' Figure 3 shows the resulting
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Fig. 4 Velocity, pressure, and gasification rate fluctuation histo-
ries for the base case.

plot for n = 0.835 and 7 = 45.5 us. Note that the (n — 7)
response also exhibiting a secondary peak at about 25 kHz is
a coincidence. Indeed, a more elaborate development of the
sensitive time-lag theory shows only the first peak.' It is also
emphasized in this analysis that the full nonlinear droplet heat-
ing, gasification, and drag mechanisms are considered. When
linearization is used, it leads to neglecting these terms that
were shown to be extremely important here. This indicates the
limitations of a perturbation analysis.

Influence of Pressure Fluctuation Relative Amplitude

To investigate the effect of flow reversal on the response
factor spectrum, a case with a pressure fluctuation relative am-
plitude of 0.1 is considered. The corresponding &, is about 0.5,
which is sufficient for flow reversal to occur since in this case
the mean relative velocity is 20% of the mean gas velocity.
The computed response factor spectrum is plotted in Fig. 5.
The base case response factor spectrum is shown for com-
parison.

It is noted first that the overall effect of a higher ¢, is a shift
in the peak frequency from 11 to 5.5 kHz. Furthermore, the
secondary peak is relatively higher (the secondary peak height
is 63% of the main peak’s height, whereas it is only 36% for
&p = 0.02). Moreover, the secondary peak occurs at about twice
the peak frequency (and not three times as in the base case).
This frequency shift is due to the change in wave pattern that
the droplet experiences due to flow reversal and the resulting
change in the instantaneous gasification rate fluctuation history
(see Fig. 6). The changes in the response factor spectrum in-
duced by variations of the pressure fluctuation relative ampli-
tude are clearly nonlinear. Therefore, a perturbation analysis
(linearized) would not predict them correctly.

Response of Droplets Not Undergoing Secondary Atomization

In this section, the effects of stripping on the previously
drawn conclusions are evaluated by comparison with cases
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Fig. 5 Influence of the pressure fluctuation relative amplitude on
the response factor. :
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Fig. 6 Effect of flow reversal on the instantaneous gasification
rate fluctuation history.

‘where stripping is not included, all other parameters being un-

changed. The major differences in terms of the response of
one droplet are dictated by the characteristics already observed
under nonoscillatory conditions.’*”” The droplet lifetime is
much larger here (about 4.6 ms) due to the gasification rate
being more than one order of magnitude smaller than when
stripping is included. The droplet surface temperature reached
the critical mixing conditions in all of the cases without strip-
ping covered. The pressure oscillations have a secondary effect
here in their influence on the critical mixing conditions and
thereby on the droplet surface temperature. However, this is
completely overshadowed by the velocity fluctuations and their
convective effects.

The resulting response factor is plotted vs f in Fig. 7, to-
gether with the response spectrum obtained with stripping
(mixed line). The most important feature is the frequency shift
of the peak that is now located at 500 Hz, with a maximum
value of 2.3. Nevertheless, this peak frequency still corre-
sponds to a time period to droplet lifetime ratio of about 0.4,
as in the stripping case. The secondary peak is found at 1500
Hz, three times the peak frequency as in the case with strip-
ping; this is also attributed to the smaller characteristic times
introduced by the flow reversal towards the end of the droplet
lifetime. In this case, the peak is narrower, but the maximum
reached is higher (38%). The computed response factor value
is above the concentrated combustion threshold limit (y + 1)/
2y for frequencies between 250-700 Hz. Therefore, it is in-
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ferred in this case too that the gasification process has a re-
sponse factor sufficiently large to drive the instability in the
limited range reported.

" In this case, the droplet lifetime (and therefore the peak fre-
quency) is controlled by the regression of the critical interface
(cf. Refs. 26 and 30). The value of the mean pressure should
consequently be an important factor. The most dramatic effects
are expected when the mean pressure is so low that the droplet
surface temperature does not reach the critical conditions and
undergoes usual (albeit high pressure) convective vaporization.
In Fig. 8, the base case without stripping is compared to a case
where P = 43 atm, everything else being unchanged. Under
these conditions, the droplet surface does not reach the critical
mixing conditions. Its lifetime is influenced more by the rel-
ative velocity than in the transcritical cases and is about 50%
shorter (from 4.5 to 2.4 ms). Accordingly, the peak frequency
is shifted from 500 to 800 Hz, and the peak value (at 2.73) is
more than 50% higher than the peak value for transcritical
conditions (1.75). This suggests that the transcritical regime
(without stripping) is more stable. Note, however, that the ef-
fect of the mean pressure value is a lot less significant when
stripping is included (a partial plot is provided in Fig. 8 for
comparison) and that, in this case, higher-pressure yields larger
response factors, indicating a destabilizing effect.
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Fig. 7 Response factor for an isolated LOX droplet without
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100 m/s, and €, = 0.02.
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Fig. 8 Influence of the mean pressure on the response factor.

Influence of Neighbor-Induced Gas Field Nonuniformities

As mentioned previously, the parallel-stream configuration
is not meant to simulate instabilities in a real combustion
chamber; it is rather an extension of the isolated droplet model
used in the previous section that allows the inclusion of indi-
rect droplet interaction effects on the response of a droplet in
an array to a prescribed oscillatory gaseous flow.

In the base case considered, LOX droplets with an initial
diameter of 100 um and an initial temperature of 100 K are
injected in a mixture of hydrogen (Y3, = 0.2) and water vapor
(Y,0 = 0.8), initially at 1000 K. The chamber pressure is uni- -
form at 100 atm, the gas injection velocity is 1 m/s, and the
droplets are injected at 21 m/s; stripping is included. The com-
putational domain is 1.5 cm long by 0.125 cm wide. Using
higher gas velocity, such as that considered in the cases re-
ported earlier, would require a much larger domain and sig-
nificantly more droplets, and therefore, unrealistically increas-
ing the computational load. The main purpose here is to
establish a comparison with the isolated droplet computations.
Therefore, it is necessary to approach continuous injection. In
the case considered, the isolated droplet cases suggest that in-
teresting frequencies should be around 10 kHz. At least five
droplets per cycle are needed to obtain a not-too-coarse dis-
cretization of the phase interval. Hence, the injection frequency
must be at least 50 kHz; then the droplet spacing is roughly
four droplet diameters and the equivalence ratio is 5.14. At ¢
= 1.4 ms, after the initial transient, the chamber pressure is
perturbed following a standing wave pattern with a frequency
of 10 kHz. The pressure fluctuation relative amplitude is &, =
0.02. The gas-phase velocity perturbation is obtained as in the
isolated droplet case; but, because &, is proportional to 1/U.,
the gas velocity fluctuation relative amplitude can be as high
as 12. However, the relative velocity fluctuation relative am-
plitude &, remains of the same order as in the cases reported
earlier (=0.6), since AU is unchanged at 20 m/s. Note that
neglecting the inertial terms (which leads to an error of order
M in the perturbation equations) might be questionable in real
rocket engines. However, here, the Mach numbers considered
are all less than 0.1. Furthermore, if the inertial terms were to
be included, an ordinary differential equation with complex
variable coefficients would have to be solved at each time step
and each longitudinal location to evaluate the velocity fluctu-
ation, which would increase the computational load even fur-
ther. The mean value of the gas velocity is evaluated through
a mass balance as described in Refs. 27 and 28, so that U is
a function of the longitudinal location z.
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Fig. 9 Computed gasification response of a droplet in an array
at 5, 10, and 15 kHz.
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Fig. 10 Array of LOX droplets with an initial diameter of 150 um injected at 60 m/s. Gas injection velocity: 40 m/s. Computational
domain: 7.4 X 0.185 cm. The equivalence ratio is 5.14: a) oxygen mass fraction contours, at and after the onset (£ = 1 ms) of the pressure

perturbation and b) in the nonoscillatory case at 1 and 1.2 ms.

Figure 9 shows the gasification rate fluctuation history as
well as the gas velocity and pressure fluctuations experienced
by a droplet in the base case at 5, 10, and 15 kHz. Here again,
it is clear that the velocity fluctuations are predominant in the
determination of the gasification response. The pressure ex-
perienced by the droplet is almost sinusoidal because the ratio
of the droplet velocity to the sound velocity is small (T* <<
~ T). For larger frequencies (smaller T), the standing wave pat-
tern is more discernible. The small inaccuracies that can be
observed on the computed gasification rate fluctuations are
caused by small instantaneous relative velocities where the
breakup criterion is marginally satisfied.

At the onset of the oscillations (1 ms), the mean longitudinat
velocity experiences a transient increase. Eventually, the exit
velocity is about 30% higher than the corresponding nonos-
cillatory value. The mean longitudinal velocity profiles (not
shown) indicate that this increase occurs in a region between
2—5 cm from the inlet. Comparison of the oxygen mass frac-
tion contour plots at 1 and 1.2 ms, in both this oscillatory case
(Fig. 10a) and the corresponding nonoscillatory case (Fig.
10b), shows that gasification is enhanced in that region (from
2 to 4 cm). Indeed, z = 28 mm corresponds roughly to a ve-
locity antinode under the conditions considered here. Since
velocity effects are predominant in the oscillatory vaporization
results, this effect of oscillatory ambient conditions on the

mean longitudinal velocity is extremely significant in terms of
gasification rate response.

Isolated Droplet vs Droplet in an Array Response Comparison

The predicted response of a droplet in an array (base case)
is compared to that of an isolated droplet vaporizing at the
same conditions in Fig. 11. Note that the fluctuations plotted
in these figures are normalized by the instantaneous value of
the considered quantity, computed for the same droplet in non-
oscillatory conditions, so that what is compared here is the
difference between the departures from the nonoscillatory be-
havior only. Furthermore, even though the gas velocity fluc-
tuation U, can be as high as 2.0 (cf. Fig. 11), the relative
velocity fluctuation relative amplitude is still of the order of
0.6, which explains that the gasification rate fluctuation relative
amplitude is of the same order as that shown in Fig. 2.

The array configuration and the isolated droplet configura-
tion are significantly different. In the array configuration, the
droplets go through a reaction zone and the local species con-
centration and the relative velocity experienced by the droplets
are influenced by the neighboring droplets. The difference in
mean relative velocity results in a slight reduction of the strip-
ping rate and a longer lifetime predicted for droplets in the
array configuration. However, the effect on the relative veloc-
ity fluctuation is relatively minor and the computed responses
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Table 1 Comparison of the response factors obtained by the
isolated droplet method and the droplet in an array method®

Uniform
response

f, kHz Isolated drop® Drop array® factor
5 ; 0.217 (16) 0.425 (12) 0.1075
10 0.221 (16) 0411 (6) 0.1077
15 0.273 (16) 0.739 (4) 0.726 (4) 0.1082

*The uniform response factor values are shown for reference.
*The numbers in parentheses indicate the number of droplets per cycle.

Isolated droplet

400 _‘ - Droplet in an array E_r—_'_

o200k [
19 +

3 0r

5 200 .

400 L

[%]°°.d
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Fig. 11 Comparison of the predicted isolated droplet response to
an oscillatory field (10 kHz) with the predicted response of the
same droplet in an array (¢ = 87/5).

almost coincide (they differ only by a few percents and a small
phase lag). This is consistent with the observation made pre-
viously concerning the importance of relative velocity fluctu-
ations. Note that the effect of the reaction zone in the array
configuration, resulting in higher droplet temperature, is insig-
nificant since the stripping rate is mechanically, rather than
thermally, controlled.”**’

The computed response factors in both configurations are
compared in Table 1. In the array configuration, the Eulerian
expression of the response factor may be used. The chemical
conversion rate is available in this configuration. However, the
limitations imposed on the mesh size by the point-source ap-
proximation yield a poor resolution of the reaction zone. The
droplet response is mechanically controlled (stripping) rather
than thermally, and therefore is not significantly affected by
these inaccuracies. Hence, the gasification rate is still assumed
to be controlling and is used to compute the response factor.
The computed thickness of the reaction zone, even though it
is overestimated, indicates a very fast chemical reaction, there-
fore validating this assumption. For the three frequencies con-
sidered, the response factor in the array configuration was al-
ways larger than that obtained with the isolated droplet
configuration. However, because of computational limitations,
continuous injection cannot be approached in the array config-
uration as well as with the isolated droplet model. For instance,
at 15 kHz, only four droplets per cycle could be used. If only
four droplets per cycle are used with the isolated droplet
model, the computed response factor becomes 0.74, which
compares well with the value obtained in the array configu-
ration at 15 kHz. At lower frequencies, the numbers of droplets
used become comparable and the higher response factor ob-
served in the array configuration is attributed to the longer
droplet lifetime.

The response factor resulting from a perturbation analysis
(as defined by Crocco') was also computed for comparison

purposes. Note that in the derivation of this quantity the com-
plex combustion response factor is assumed to be uniform. In
the present study, however, the response factor is not uniform.
Using this expression therefore amounts to using an average
value for the complex combustion response factor in its deri-
vation. In these computations, the damping effects of the drop-
lets (drag) and the nozzle were not included for consistency
with the other response factors computed here, the expression
is therefore,’

L

—(2 — Ya/L f U, (x)sin(2mx/L) dx
(4]

Guonie =

L

y I:Ug(L) + w/L f U, (x)sin(2mx/L) dx]

0

The values obtained for G,,;; are much lower than those ob-
tained by the two other methods (cf. Table 1). These discrep-
ancies are attributed to the previously mentioned differences
in the assumptions of the models resulting from their different
goals. In this study a better understanding of the factors con-
trolling the droplet gasification response is sought, so that the
domain investigated is fairly small. Models such as the (n —
7) model aim at providing a prediction of the response of the
whole combustion chamber. The use of linearization and per-
turbation methods results in an oversimplification of the actual
vaporization process.

Conclusions

It was shown that the gasification process has enough po-
tential to drive longitudinal mode combustion instabilities, un-
der the simplifying assumptions used in this work. Further-
more, the peak frequency for the computed response factor is
correlated to the droplet lifetime. Therefore, secondary atom-
ization, which causes a substantial reduction of the droplet
lifetime (one order of magnitude), results in a significant shift
of the peak frequency, away from the common modes for stan-
dard rocket engines. This phenomenon could explain the ob-
served better stability of cryogenic rocket engines relative to
storable propellant rocket engines, since, for cryogenic pro-
pellants, most droplets are likely to undergo secondary atom-
ization in the stripping regime.

A secondary peak in the response function was identified
and linked to both the magnitude of the droplet velocity to
sound velocity ratio and the possible occurrence of flow re-
versal. The effects of relative velocity fluctuations are predom-
inant and cannot be overlooked in combustion instability stud-
ies. Effects of pressure fluctuations on the critical interface
location appear to be minor in the cases investigated. Super-
critical mean pressures have mixed effects: destabilizing for
droplets undergoing secondary atomization, but stabilizing for
the others.

The comparison of the values computed in both configura-
tions indicates that the response spectra obtained with the va-
porizing isolated droplet configuration underestimate the driv-
ing potential of the gasification process. It is emphasized,
however, that the array configuration presented here is ex-
tremely idealized so that only trends could be obtained.
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