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Open-Loop Response of a Burning
Liquid Monopropellant

C. B. Allison* and G. M. Faetfrf
Pennsylvania State University, University Park, Pa.

A direct comparison was obtained between the theoretical and experimental response of a burning liquid
monopropellant surface to imposed pressure oscillations. The comparison extended beyond the quasi-steady
frequency regime into the range where the combustion process interacts with the thermal wave in the liquid
phase. The theory considered both gas and liquid-phase transient effects, involving a numerically integrated,
first-order perturbation analysis. The experiment employed hydrazine as the test fuel, burning as a strand. With
kinetic parameters fixed by steady burning rate measurements, the model gave good predictions of liquid-phase
temperature distributions during steady combustion as well as the amplitude and phase of the oscillatory com-
ponent of the burning rate in the presence of imposed pressure oscillations. The combustion response tends to
peak in two frequency ranges; one corresponding to interaction with liquid-phase transient effects, which could
be verified both theoretically and experimentally; the second corresponding to gas-phase transient effects, which
could only be examined theoretically. Both ranges provide conditions where the amplifying power is sufficient to
drive combustion instability.
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Nomenclature
constant, Eq. (15)
vapor pressure parameter
pre-exponential parameter
constant, Eqs. (27) and (28)
specific heat of liquid and gas
diffusion coefficient
activation energy
standard heat of formation of species /
heat of vaporization
vapor pressure parameter
molecular weight
reaction order
pressure
heat of combustion
gas constant
mass velocity
Temperature

burning rate constant, Eq. (38)
velocity
reaction rate
distance
position and velocity of surface
mass fraction
specific heat ratio, Eq. (15)
gas specific heat ratio
temperature dependence of pre-exponential
factor
constant, Eq. (15)
amplitude of pressure oscillation
dimensionless distance, Eq. (16)
Shvab-Zeldovich variable, Eq. (1 7)
thermal conductivity
stoichiometry parameters, Eq. (8)
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Superscripts

= density
= phase angle
= frequency

= liquid
= fuel
=surface
= steady-state quantities
= first-order quantities
= far from liquid surface

= dimensional quantities

Introduction
A knowledge of the response characteristics of liquid

^mcombustion processes has received attention due to its
importance with regard to combustion instability in liquid-
propellant rocket engines. Past work in this area has involved
a number of theoretical studies of bipropellant combustion
response (see Ref. 1 and references cited therein). The ob-
jective of the present investigation was to consider the re-
sponse of a liquid monopropellant, with emphasis on ob-
taining experimental results for comparison with theory.

The experimental apparatus involved the strand com-
bustion of a liquid monopropellant, providing a one-
dimensional geometry. Hydrazine was chosen as the test fuel,
since its ability to burn with low velocity allows testing where
the combustion process interacts with liquid-phase transient
effects (a frequency regime where peak response is expected)
while maintaining low test frequencies (1-10 Hz) for ex-
perimental accuracy.

The procedure of the investigation involved modeling the
combustion process as a perturbation solution through first
order in the amplitude of the pressure oscillation. The theory
considers transient effects in both gas and liquid phases.
Steady combustion measurements of burning rates and liquid
temperature distributions were used to check the zero-order
analysis. With satisfactory agreement at this point, com-
parison of theoretical and experimental oscillatory com-
bustion results was then undertaken. The bounds of the



1288 C.B. ALLISON AND G.M. FAETH AIAA JOURNAL

Fig. 1 Sketch of the oscillatory strand combustion apparatus.

linearized theory were determined by experimentally
measuring the influence of the amplitude of the pressure
oscillations on the combustion response. Using parameters
that provided reasonable agreement between theoretical and
experimental response characteristics, the implications of the
results with regard to combustion instability characteristics
were then examined.

Apparatus
A sketch of the strand combustion apparatus is shown in

Fig. 1. A complete description of the system may be found in
Ref. 2. The liquid hydrazine was contained in a glass tube and
ignited at the top by means of a heater coil. Combustion
caused the liquid surface to move down the tube, past the ob-
servation windows.

A rotary valve arrangement was used to provide oscillatory
pressure variations within the test chamber.3 This system
allowed independent variation of the mean pressure, and the
amplitude and frequency of the pressure oscillation in the test
chamber.

The motion of the liquid surface was recorded as a
shadowgraph on a 35 mm strip camera. The overall optical
gain of the surface position measurements was 125:1. Cham-
ber pressures were measured with a quartz transducer and
recorded on an oscillograph. A synchronizing time signal was

-placed on both the strip camera and oscillograph records.
Liquid-phase temperatures were measured in steady com-
bustion tests, using a method described in Ref. 4.

Hydrazine (95 + % purity, obtained from Eastman Organic
Chemicals Co.) was used for most tests. Analysis of this fuel
indicated an actual composition of 98.6% hydrazine, 1.3%
water, and 0.1% trace impurities. Testing was also done using
99.4% purity hydrazine (Matheson, Coleman, and Bell
Corp.).

Theory
The present analysis of liquid monopropellant combustion

is similar to solid-propellant combustion analysis of T'ien,5 in
many respects. A major distinction involves the observation
of conventional phase equilibrium at the surface of the
liquid,4'6 and the use of this condition in the analysis, as op-
posed to the Arrhenius surface gasification rate of solid-
propellant combustion.

The analysis considers both gas- and liquid-phase transient
effects, and variable physical properties are treated in the gas
phase. The combustion process is assumed to be one-
dimensional, premixed, and laminar; with a one-step, irrever-
sible reaction taking place. In the gas phase, the molecular
weights and specific heats of all species are taken to be con-
stant and equal; the gas is ideal; the Lewis number is unity;
and the thermal conductivity is assumed to be independent of
composition and proportional to temperature. In the liquid
phase, properties are assumed to be constant, with negligible
reaction and dissolved gas concentration.

Similar to earlier treatments,5 the wavelength of the

periodic pressure disturbance is assumed to be long in com-
parison with the width of the combustion process. Inertia! and
viscous effects are neglected, eliminating the need for con-
sidering the momentum equation.

The coordinate system is chosen to be fixed with respect to
the mean position of the liquid surface, which has an in-
stantaneous position x*s(t*). The chemical reaction is defined
as follows; for Nspecies in the system

N /V

V ^ ' m V* "fi
LJ ^ i L' J — H ^ i «- l J
/=/ /= /

The equations of conservation of mass and energy in the
liquid phase (x* <x*s (/*)) are

v*f = constant (1)

The equations for conservation of mass, species, and
energy in the gas phase [x*s(t*) <x*] are

(dp*/dt*)+3p*v*/dx* = 0 (3)

(4)

(5)

ar** - . ar*; ——
a r ar* n ap* ,. ,

- ———— X* ————— - ————— = <7*W rdx* L a** J dt* * F

where

(7)

(8)

Since the liquid is incompressible, the cold-end boundary con-
dition is

x —* oo i —• / _ go (y)

In addition to continuity of temperature and pressure at the
liquid surface, there are four other conditions to be satisfied
at this point. Conservation of mass at the moving surface
reduces to

p*f(v*f-xl) =p*(v*-x])

Conservation of energy yields

= Tx*

(10)

dT* ~| r . 97"*
dx* dx*

The insolubility of the liquid phase to nonfuel gases provides

= p'f(v'f-x's)(YFiS~l) (12)

Finally, the fuel mass fraction is related to the surface tem-
perature through the Clausius-Clapeyron equation

(13)
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The remaining boundary conditions specify the fuel mass
fraction and temperature in the gas phase far from the liquid
surface. Since a gas-phase reaction of the form of Eq. (6)
must eventually go to completion, this yields

(14)

where T^is a known function of time, based upon the overall
energy release of reaction and the form of the imposed
pressure oscillations.

To simplify further developments, the following dimen-
sionless quantities are defined:

E=E*/R*Tao

L =

= C}/C*p df=pf\f/(3

a=
Po

t=

p=p*/p*0

OOfl

**P*<*0CpV**>o

(15a)

(15b)

A = MR*T" (15c)

where the subscript, oo#, refers to a zero-order (steady-state)
quantity, evaluated at infinity.

The treatment of variable gas-phase properties is ac-
complished by defining the following transformation

~sTmpd*01 J xs(t)

A Shvab-Zeldovich variable is also introduced

(16a)

(16b)

(17)

The assumed ideal gas equation of state and gas-phase ther-
mal conductivity variation yield

pT=p\ = 08)

A perturbation analysis is used for the solution of this set of
equations, assuming that the amplitudes of oscillation are
small. Noting that pressure is only a function of time, and
seeking oscillatory solutions implies

P ( t )

r(0

xs(t)

(19a)

(19b)

(19c)

(19d)

(19e)

where e is the amplitude of the pressure oscillation.
Substituting Eqs. (15), (16), and (19) into Eqs. (1) and (2)

yields the following zero-order (steady) and first-order
equations in the liquid phase

2 ) -dT0/drj = 0 (20)

-iuTI=r}dT0/drj (21)

with the boundary conditions

ir- -oo T^

j = 0 T0=T0s

The solution of Eqs. (20-23) is

Tj-0 (22a)

(22b)

(23)

x exp 2df

(24)

In the gas phase, the zero-order equations immediately
yield r0= Q0 = l, for all values of r;. The zero-order form of
the energy equation is

(d2T0/dr1
2)-(dT0/dr1)

+ q}-"AT0
1+d-"(r-T0)"exp(-E/T0)=0 (25)

with the boundary conditions

r rtT —I

•i-v i ——- =q+T0s-l (26a)
L d?7 Jrj = 0 +

T0s = 1-aqexp [ -LflT0s] (26b)

77-00 T0^l (26c)

Equation (25) was solved numerically. The three boundary
conditions of Eq. (26) permit a unique value of A to be found,
yielding the mean burning rate. To complete the numerical in-
tegration in the half-infinite domain of the gas phase, the
asymptotic expansion of Eq. (25) at large 17 was considered.
The form of the expansion depends upon the reaction order2

as follows:

/z = y r0 = 7-Cexp{ (l-[l+4Aexp(-E)] 1/2)/2r1} (27)

/i=2 T0 = l-[A/qexp(-E)r]-C] ~! (28)

where C is an unknown constant. The solution involved se-
lecting a value for A and C using either Eq. (27) or Eq. (28) to
generate starting values for integration at large but.finite rj.
Equations (26) then provided two boundary conditions for
determining unique values for A and C by double interaction.
With this method, the outer boundary condition of Eqs. (26)
is only satisfied at infinity, as opposed to the point where
numerical integration began.

The first-order perturbation equations in the gas phase are

y-i 1.
dr,2

+ T,

7

1 + d-n

]/«r0 (29)

d f ( d 2 T j / d r i 2 ) -

n . E n . l nqw0- , T + —^ -/co + dj1 ~J o l o -* • J * 2 o

dT0 _ d2T0
r' dr, di?2 (30)
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The first-order burning rate perturbation r/ is a constant and
w0is

Table 1

w0=(A/q")T0
]+*-"(l-T0)"exp[-E/T0] (31)

The boundary conditions of Eqs. (29) and (30) at the liquid
surface, y = 0, are:

26,

~ L dr?
(32)

+•'->• »+[^] = 0+

LfT,,
To,2

exp

(33)

(34)

The remaining boundary conditions are determined by con-
sidering the behavior of Eqs. (29) and (30) for large 77. This
yields

(35)

which is the form for isentropic flow.
The first-order problem involves the solution of two linear,

second-order differential equations, Eqs. (29) and (30), in-
volving an unknown constant, r7. The five boundary con-
ditions, Eqs. (32-35), are sufficient to complete the solution.
The solution employed asymptotic treatment of the outer
boundary, similar to the method used for the zero-order
solution. The details of the procedure may be found in Ref. 2.

The first-order burning rate perturbation can be related to
the experimentally observed liquid surface oscillation as
follows

(36)

Since xsl and rl are complex numbers, both amplitude and
phase angle can be compared between theory and experiment.

As a baseline, the response was also computed for the case
where both the liquid and gas phases were quasi-steady. If the
following general form for the strand burning velocity is
taken

Properties used in the theoretical
model

Property Value

F*_oo (A")
TWO (A)
d
<7*(cal/g)
L*(cal/g)
Z,;(cal/g)
£«tf*(atm)
7
p}(g/cm3)
C}(cal/g-K)
Cp(cal/g-K)
Xjoo (cal/cm-sec-K)
XyCcal/cm-sec-K)

298
1345

0
1180
410

9750
12.601
1.126
1.0
0.74
0.74

4.2xlO~4

9.3 x lO~ 4

material was used in the bulk of the tests. Increasing tube in-
side diameter from 4-12 mm caused a reduction in the burning
velocity that has been observed by others.4'7 This was due to
surface tension phenomena providing more surface area (per
unit cross-sectional area) for the combustion process. A
correction was applied for this effect by plotting the data for
various tube sizes at each pressure and extrapolating to an in-
finitely large tube.2

Figure 2 shows the present corrected hydrazine burning
rates as a function of pressure. The hydrazine burning rate
data of Antoine7 (stated to be 100% pure hydrazine in a
12.7-mm tube) is also shown on the figure. Antoine's results
were in good agreement with the present data in a 12-mm in-
side diameter tube, and are slightly above the data corrected
for surface tension effects, as discussed earlier.

Theoretical burning rates were obtained by fitting the zero-
order (steady) theory at a particular correlation condition for
various reaction orders and activation energies. When reac-
tion order, activation energy, and correlating pressure are
chosen, solution of the zero-order equations provides a value
for A. The measured burning rate at this pressure then yields
B* through Eq. (15) and the properties in Table 1. With B*
fixed, the value of A at any other pressure provides the burn-
ing rate at that pressure for comparison with the
measurements. The results of these calculations are shown in
Fig. 2. Table 2 summarizes the conditions of correlation,
for first and second-order reactions, and the computed value
of B* as a function of reaction order and activation energy.

In agreement with earlier work,7'9 the combustion process
is first order at low pressures, shifting to second order at
pressures greater than atmospheric pressure (in the global
sense). The effect of activation energy on the correlation of
burning rate is seen to be small in Fig. 2. Therefore, activation
energy was investigated as a parameter in the oscillatory por-
tion of the investigation.

the oscillatory motion of the liquid surface becomes

xsl*/e=-nu}*P0*"/(iu*)

(37)

(38)

The physical properties of hydrazine used in the
calculations are listed in Table 1 . 2

Steady Combustion
Burning Rate Results

There was little difference in the burning velocities of the
98.6 and 99.4% purity materials, therefore, the lower purity

60.
40.

o EXPERIMENTAL
98.6% PURITY

A" ANTOINE,
100% PURITY ,
12.7mm TUBE 9

-i2 E 10.QC o

ft:
<tiJ 2.

oxr '•
.2 .4 .6 I. 2. 4. 6. 10. 20. 40.

PRESSURE (atm)

Fig. 2 Theoretical and experimental steady strand burning rates as a
function of pressure.
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Table 2 Global kinetic parameters used in the theoretical model"

E

1
10
15
30

£•*
(Kcal/mole)

2.673
26.73
40.08
80.16

**(/i = l)
(sec-1)

3.473 xlO4

7.468 xlO9

B*(n=2)
(cm3 /g-sec)

7.608 XlO 7

8.385 XlO1 3

3.749 XlO16

8.446 XlO23

Correlation conditions: /i = l; P$ = \ atm, ^=0.021 cm/sec; and n = 2;
PO = 6.7 atm, vj = 0.084 cm/sec.

Liquid Temperature Results

Theoretical and experimental liquid-phase temperature
distributions are compared at two different pressures in Fig.
3. The experimental temperature readings at positive distances
result from the formation of a liquid flm around the ther-
mocouple as it leaves the surface, and should be disre-
garded.4 The theoretical and experimental liquid-phase tem-
perature distributions agree very well, providing confidence in
the physical property values used in the analysis. Liquid-
surface temperatures were also compared ov^r the pressure
range 0.5-20.4 atm, with good agreement between theory and
experiment.2 This provides justification for the assumption of
conventional phase equilibrium at the liquid surface.

Oscillatory Combustion

Preliminary Measurements

With a reasonably satisfactory model of the steady
hydrazine combustion process having been determined,
oscillatory combustion was considered. Initial tests verified
that oscillatory chamber pressure variations for a nonburning
liquid column did not cause hydrodynamic disturbances that
could be misinterpreted as a part of the combustion response.

EXPERIMENTAL
0 4mm I.D. TUBE

98.6% PURITY

3°°:I5 -.10 -05 0.0

DISTANCE (mm)
Fig. 3 Theoretical and experimental liquid phase temperature
distributions.

Figure 4 shows a typical test record of pressure and liquid-
surface position as a function of time for a combustion case.
The results provide both the amplitude and phase angle (with
respect to the pressure oscillations) of the liquid-surface
oscillations. Repeatability between tests at the same condition
gave maximum differences of 25 %.

Pressure Oscillation Amplitude Effects

To determine the experimental bound of the linearized
theory, a series of tests was conducted at a constant mean
pressure and frequency, with varying pressure oscillation am-
plitude. The results of these tests are shown in Fig. 5, where
both normalized surface oscillation amplitude xsl/e and mean
burning rate are plotted as a function of the normalized am-
plitude of the pressure oscillations e.

In the linear regime, both xsl/e and mean burning rate
should be independent of e. This linear regime is seen to ex-
tend to values of e of about 0.20. At higher values of e, both
xs]/e and the mean burning rate increase as a result of
nonlinear effects. Based on these results, the remaining
measurements were limited to e<0.15 to insure proper com-
parison with the linear model.

Response Measurements

Response measurements were made at mean pressures of
9.77 and 1.18 atm. Figures 6 and 7 show the amplitude and
phase angle measurements at the higher pressure, along with
theoretical results from both the quasi-steady theory, Eq.
(38), and the unsteady theory for various activation energies.
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Fig. 5 Effect of pressure oscillation amplitude on liquid surface
oscillation amplitude and mean burning rate.

I.O 1.5
TIME (sec)

Fig. 4 Typical experimental pressure and liquid surface oscillations
as a function of time.

Po=9.77 atm
o-EXPERIMENTAL-

I 2 4 6 10
FREQUENCY (Hz)

Fig. 6 Theoretical and experimental magnitude of the liquid surface
oscillations as a function of frequency at a mean pressure of 9.77 atm.
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Fig. 7 Theoretical and experimental phase angle of the liquid surface
oscillations as a function of frequency at a mean pressure of 9.77 atm.

While the unsteady theory allows for transient effects in both
phases, it should be noted that the gas phase is essentially
quasi-steady at these test conditions.

The assumed value of the activation energy in the transient
theory has a greater influence on the oscillatory results than
was the case for the prediction of mean burning rate. The
results of Figs. 6 and 7 suggest a value of E in the range 10-15
for the best match between the transient theory and ex-
periment with regard to both amplitude and phase angle.

The quasi-steady theory predicts a lower oscillation am-
plitude than the observed value, and always predicts that the
burning rate is in phase with the pressure oscillation [which
provides a constant 90° phase angle for the surface oscillation
through Eq. (38)]. The results of Fig. 7 indicate a loss of
quasi-steady behavior, with the burning rate oscillation
leading the pressure oscillation. This is due to an interaction
between the combustion process and liquid-phase transient ef-
fects. The interaction causes an increase in the combustion
response, which can be seen by comparing the quasi-steady
and transient predictions of the surface oscillation amplitude
in Fig. 6.

Similar results at a pressure of 1.18 atm are illustrated in
Figs. 8 and 9. As shown in Fig. 2, this pressure falls in the
range where the mean burning rate is changing from first tb
second order. However, it was found that first-order kinetics
in the transient theory could not provide a simultaneous
match of both the amplitude and phase-angle data.2
Therefore, second-order kinetics were considered. This in-
volved recorrelation of the steady-state solution, since the
original correlation (for second-order kinetics) shown in Fig.
2 yields too low a value for the steady burning rate at
pressures near one atmosphere. The recorrelation only in-
fluences the value of B*, which must be increased so that the
mean burning rate agrees with the measured values. At each
activation energy, the recorrelated values of B* are 2.81 times
larger than the values listed in Table 2 for a second-order reac-
tion.2 With this correction, values of E in the range 10-15
provided a good fit of both the amplitude and phase-angle
data, as shown in Figs. 8 and 9. Notably, this activation
energy range is the same as for the data at 9.77 atm.

The ratio of the quasi-steady to the actual amplitude of
oscillation and the shift in phase angle from the 90° quasi-
steady value is greater in Figs. 8 and 9 than at the higher
pressure (Figs. 6 and 7). This occurs since the same ex-
perimental frequency range extends farther into the regime
where transient liquid-phase effects are important (the charac-
teristic frequency of the liquid phase has become smaller due
to the lower burning rate at the lower pressure). At 1.18 atm,
the burning rate lags the pressure oscillation, in contrast to the
results at 9.77 atm where the burning rate was generally

ii
<Q

.1

: .06

\ .04
I
! .02
i
I -Ol

.006

.004

.002

• Po= 1.18 atm
o EXPERIMENTAL v
THEORETICAL \
——— QUASI-STEADY\

- ——— n=2, E=l s v
—— n=2, E=IO

' ——— n=2, E=I5
—— n = 2, E=30

.4 .6 I 2 4 6
FREQUENCY (Hz)

10 20

Fig. 8 Theoretical and experimental magnitude of the liquid surface
oscillations as a function of frequency at a mean pressure of 1.18 atm.

^ 1201
P?= 1.18 atm .

.^-EXPERIMENTAL,
THEORETICAL \

— --QUASI-STEADY^
——— n=2, E=l
——-n = 2, E=IO
——— n = 2, E=I5
........ n =2, E=30

.2 .4 .6 I 2 4 6 10
FREQUENCY (Hz)

Fig. 9 Theoretical and experimental phase angle of the liquid surface
oscillations as a function of frequency at a mean pressure of 1.18 atm.

leading the pressure oscillation. The second-order transient
theory is seen to model this lead-lag shifting of the burning
rate properly.

Discussion

With the mean burning rate and liquid temperature
distributions well matched by the zero-order theory, the first-
order transient model provides a good estimation of the am-
plitude and frequency of the combustion response in the linear
range. For hydrazine, the best estimation of the response was
obtained with second-order global kinetics and E in the range
10-15 for pressures of 1.18 and 9.77 atm. The mean burning
rate is shifting from first to second order at pressures near
1.18 atm. Therefore, the higher-order response characteristics
dominate at mean pressures somewhat below the range where
the mean burning rate shifts to higher order.

The previous results have concentrated on xsl over the ex-
perimental range. Figure 10 illustrates the computed burning
rate response characteristics over a wider range of conditions,
with physical properties and kinetic parameters equivalent to
hydrazine (more extensive results of this type may be found in
Ref. 2). Two versions of the transient analysis are shown on
the figure, the completely unsteady model discussed earlier
and a version assuming a quasi-steady gas phase where tran-
sient phenomena are limited to the liquid phase.

From Fig. 10 one sees that, at lower frequencies the burning
rate oscillation is in phase with the pressure oscillation, and
both phases are quasi-steady. As the frequency approaches
the characteristic frequency of the liquid-phase thermal wave,
the phase and amplitude of r l reached a peak in this region.2

As the frequency increases beyond the characteristic liquid-
phase thermal wave frequency, gas-phase transient effects
become important. Generally, the quasi-steady gas-phase
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04;

GAS PHASE
——— QUASI-STEADY
-—— UNSTEADY

Table 3 Critical frequency ranges for strand combustion"

-100 O

LJ
-200 _l

CD

-300 <

-400 CO

-500 Q_

10 J H 10° \Q'

FREQUENCY-
10

Fig. 10 Computed burning rate oscillation amplitude and phase
angle as a function of frequency.

10"* I03 \0~* 10"' I 10

FREQUENCY- 0>

Fig. 11 Computed real part of the acoustic admittance as a function
of frequency and pressure.

model no longer adequately represented the response for o;
greater than 10"1 —10~ 2 . The gas-phase transient effects
cause a reduction in the magnitude of rlt reaching a minimum
near the characteristic frequency of the gas phase, w = l . A
second peak response region is observed for dimensionless
frequency values somewhat greater than unity. Higher
frequencies cannot be considered by the present analysis,
since inertial effects, etc., which have been neglected in the
present analysis, become important. Despite the different
boundary conditions at the surface, these general trends are
similar to the computed results of T'ien5 for homogeneous
solid-propellant combustion response.

The real part of the acoustic admittance of the burning fuel
is of interest in determining stability characteristics.1 When
gas-phase transient effects are important, this parameter
varies with distance form the liquid surface, approaching a
constant value at large distances. Using asymptotic analysis,
the admittance was determined from the present calcula-
tions.2 A portion of these results is shown in Fig. 11, for
property values, etc. characteristic of hydrazine.

With increasing frequency, two positive peaks are observed
in the real part of the acoustic admittance plotted in Fig. 1.
The first peak occurs near the characteristic frequency of the
liquid-phase thermal wave, while the second is associated with
frequencies slightly above the gas-phase characteristic
frequency. Between these two zones, damping associated with
the onset of gas-phase transient effects results in negative ad-
mittance values. These general characteristics are also
qualitatively similar to T'ien's5 results for solid propellants.

Combustion instability is usually associated with values of
the real part of the acoustic admittance greater than a value
on the order of unity. l Table 3 summarizes the frequency
ranges where this criterion is satisfied for the results of Fig.
11. The values have been converted to dimensional form, with
the two frequency ranges corresponding to the liquid and gas-
phase transient regimes. At atmospheric pressure, only the
gas-phase transient range has sufficient amplification to drive
instability, while at pressures greater than 10 atm, both
regimes are of significance.

Mean pressure
(atm)

1
10

100

Liquid transient
range (Hz)

15(approx)
450-1650

Gas transient
range (Hz)

300-1500
4500-21500
> 225, 000

aProperties from Tables 1 and 2; n = 2, E= 10.

Combustion instability is usually associated with the
frequency range 500-30,000 Hz.l At low pressures, Table 3 in-
dicates that this range would involve gas-phase transient ef-
fects; while for pressures greater than 10 atm interaction of
the combustion process with the liquid-phase thermal wave is
the more significant phenomena. These findings suggest that,
while the use of a quasi-steady gas-phase assumption at low
pressures might be adequate for mean burning characteristics
of monopropellants, potentially important contributions to
the combustion response can be overlooked with this ap-
proach.

The relationship between the present results and the
practical problem of droplet combustion in a liquid-fueled
rocket engine is very approximate at best. Analysis of
monopropellant droplet combustion indicates that strand and
droplet behavior is similar when the reaction zone is close to
the liquid surface.10 This is the case for large droplets at
elevated pressure. If this tentative relationship is accepted, the
present study suggests that sufficient amplification is
available to drive combustion instability for hydrazine within
the frequency range usually associated with this phenomenon.
The present results are only suggestive, however, more
definitive results must await through consideration of droplet
combustion response over the complete size range of droplets
within a spray.

Conclusions

1) Measurements indicated that steady hydrazine strand
combustion has a pressure dependence of Vi at subat-
mospheric pressures and unity at pressures above at-
mospheric. Conventional phase equilibrium at the liquid sur-
face was observed throughout the range 0.5-20.4 atm.

2) For pressure oscillation amplitudes in the linear regime,
at mean pressures of 1-10 atm, good predictions were ob-
tained for the amplitude and phase angle of the liquid-surface
oscillations using second-order global kinetics with E in the
range 10-15. The observed shift from burning rate fluc-
tuations lagging the pressure fluctuation at low pressures to
leading them at high pressures was correctly modeled by the
theory. The measurements indicated the onset of nonlinear ef-
fects for e> 0.2.

3) The combustion response of hydrazine peaks in two
frequency ranges. The peak at lower frequencies was
examined both theoretically and experimentally. It results
from the interaction of the combustion process with the ther-
mal wave in the liquid phase. The peak at higher frequencies
was only examined theoretically. It corresponds to the in-
teraction of the combustion process with gas-phase transient
effects. This behavior is qualitatively similar to the response
of homogeneous solid propellants, determined in Ref. 5
(which used a similar transient model).

4) Ranges of pressure and frequency were calculated where
liquid hydrazine combustion exerts sufficient amplifying
power to drive combustion instability, at frequencies
corresponding to those usually associated with the
phenomenon of combustion instability. At low pressures, this
range was associated with gas-phase transient effects, while at
high pressures the range corresponded to combustion in-
teraction with the liquid-phase thermal wave. This suggests
that gas-phase transient effects may be important to response
characteristics at low pressures, where the gas phase might or-
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dinarily be assumed to be quasi-steady. The application of
these findings to droplet combustion is tentative at best,
however, and the droplet case deserves further consideration.
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