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Separated-Flow Considerations for Pressure-Atomized
Combusting Monopropellant Sprays

T.-W. Lee,* L.-K. Tseng,* and G. M. Faetht
University of Michigan, Ann Arbor, Michigan 48109

The drop and spray combustion properties of the hydroxyl-ammonium nitrate (HAN)-based monopropellant
LGP 1845 were studied. Drop-burning rates were measured with drops supported in a combustion gas environ-
ment at pressures of 0.2-7.0 MPa. Some internal gasification of drops—causing swelling, partial bursting, and
microexplosions—was observed throughout this region, but these disturbances decreased with increasing
pressure. Effective drop-burning rates (including effects of both surface gasification and bursting) were
relatively constant, ca. 10 mm/s, and were consistent with earlier strand-burning-rate measurements of gelled
propellant. Pressure-atomized combusting sprays were studied in combustion gas environments at pressures of
3-9 MPa. The liquid-containing region was significantly larger than earlier measurements of Birk and Reeves,19

as well as predictions based on the locally-homogeneous-flow approximation of multiphase flow theory. In con-
junction with drop-trajectory calculations, based on present measurements of drop-burning rates, these findings
suggest significant effects of separated flow in combusting HAN-based monopropellant sprays.

Nomenclature
CD = drop drag coefficient
d = injector diameter
dp = drop diameter
Kp = drop-burning rate
k = turbulence kinetic energy
L = length of injector passage
Oh = Ohnesorge number
p = pressure
Re = Reynolds number
r - radial distance
rp = drop radius
t = time
We = Weber number
x = streamwise distance
oif = liquid volume fraction
e = rate of dissipation of turbulence kinetic energy
jit = viscosity
p = density
a = surface tension

Subscripts
c = centerline value
/ = liquid-phase property
g = gas-phase property
p = drop property
o = injector exit condition
oo = ambient condition

Superscripts
= time-averaged property
= Favre-averaged property

Introduction

COMBUSTING monopropellant sprays have applications
to regenerative liquid-propellant guns, throttleable thrust-

ers, and underwater propulsion systems. The objective of the
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present study was to experimentally investigate aspects of
monopropellant spray combustion, seeking to extend earlier
theoretical results obtained in this laboratory.1'3 Two spray
processes were considered: 1) the combustion properties of in-
dividual drops supported in combustion gas environments at
pressures of 0.2-7.0 MPa and 2) the structure of pressure-
atomized combusting sprays in combustion gas environments
at pressures of 3-9 MPa. The measurements were used to
assess the importance of separated-flow phenomena within
pressure-atomized combusting monopropellant sprays, i.e.,
effects of finite velocities and transport rates between the
phases. Similar to our earlier work,1'3 the investigation was
limited to a hydroxyl-ammonium nitrate (HAN)-based mono-
propellant (LGP 1845) which is of interest for several high-
pressure monopropellant combustion systems.

Individual drop-burning rates are needed to help under-
stand the properties of combusting monopropellant sprays.
Earlier studies relevant to drop-burning rates of HAN-based
monopropellants have included measurements of strand-
burning rates4'6 and the burning rates of individual drops in
heated environments.7'10 McBratney4'5 measured strand-
burning rates of HAN-based monopropellants at pressures of
7-100 MPa. The propellant liquid was gelled with two weight
percent Kelzan in order to stabilize turbulent-like disturbances
of the liquid surface that are normally encountered during
strand combustion tests at high pressures. The strand-burning
rates of gelled LGP 1845 were high (approximately 20 mm/s)
and the pressure dependence was relatively weak (approxi-
mately p0-1). A frothy region was observed at low pressures,
where the thermal disturbance of the combustion wave ex-
tends an appreciable distance into the unburned propellant
suggesting significant reaction in the condensed phase for
these conditions. These results are valuable; however, the use
of a gelling agent raises questions concerning its influence on
the process. Vosen6 measured strand-burning rates of two
ungelled HAN-based monopropellants, LGP 1846 and a 9.1
molar solution of HAN and water at pressures of 7-30 MPa.
The burning rates of both propellants were very high, 100-25
mm/s, and liquid surfaces were clearly disturbed, indicative of
turbulentlike instability of burning liquid strands normally
seen at high pressures. Therefore, these results are difficult to
interpret to find the fundamental combustion properties of the
propellants.

Zhu and Law7 studied the drop combustion properties of
LGP 1845 and other HAN-based propellants in combustion
gases at 1170 K and 1 atm. The drops were observed to heat up
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with no radius change at first, then to gasify from the surface
for a time (with surface regression rates of approximately 0.2
mm/s), and finally, to burst when the drop diameter had de-
creased by roughly 15%. Beyer8'9 and Beyer and Teague10

studied the combustion of LGP 1846 drops supported in nitro-
gen at temperatures of 570-920 K and pressures of 0.1-8.2
MPa. These observations yielded results similar to Zhu and
law7: after a heat-up time and a period of relatively slow sur-
face gasification (0.2 mm/s at 730 K and 1 MPa), the drops
then burst— particularly the larger drops. Both sets of drop
experiments suggest that bulk liquid reaction and microexplo-
sions may be important for combustion of HAN-based mono-
propellants, but drop environment temperatures were low in
comparison to the adiabatic combustion temperature of the
monopropellant, (approximately 2150 K). Therefore, the
drops may not have ignited in a manner representative of
spray combustion.

Earlier theoretical work in this laboratory addressed liquid-
surface and spray properties of combusting HAN-based
monopropellants.1-3 Analysis of liquid-surface properties in-
dicated relatively high liquid-surface temperatures (in the
range 800-1050 K for pressures greater than 10 MPa) and unu-
sually high pressures for the liquid surface to reach its thermo-
dynamic critical point (250 MPa with an estimated uncertainty
of 50 Vo).1'2 The high temperatures of the liquid surface pro-
vide greater potential for significant effects of chemical reac-
tion in the bulk liquid than most monopropellants helping to
explain observations of microexplosions reported in Refs.
7-10. Furthermore, the high critical combustion pressure also
implies that spray combustion of HAN-based monopropel-
lants involves subcritical combustion with a drop-containing
combusting spray for most applications.

The earlier analysis of combusting HAN-based monopro-
pellant sprays,1'3 was based on the locally homogeneous flow
(LHF) approximation of multiphase flow theory, i.e., the as-
sumption that velocity differences between the phases are
negligible at each point in the flow11'13 and the thin laminar
flamelet approximation of turbulent premixed flame theory
proposed by Bray.14'15 Turbulent mixing was estimated using a
Favre-averaged k-e turbulence model with empirical constants
established from measurements in noncombusting variable-
density round jets.16'17 However, the constants used are very
similar to early proposals based on constant-density turbulent
flows.18 The performance of the analysis was evaluated using
the measurements of Birk and Reeves19 for pressure-atomized
combusting LGP 1846 sprays at pressures of 6-8 MPa. There
was encouraging agreement between predictions and measure-
ments; however, predictions were very sensitive to the degree
of flow development at the injector exit which was not known
very well. Therefore, this assessment was not definitive. Later
measurements of noncombusting pressure-atomized sprays by
Ruff et al.13 established the strong sensitivity of spray proper-
ties to the degree of flow development at the jet exit and ob-
served reasonably good performance of LHF predictions in
the dense-spray region (liquid volume fractions greater than
0.2) near the injector exit for atomization breakup. However,
these measurements also disclosed significant deficiencies of

the LHF approximation for other breakup regimes and in the
dilute portion of the spray—the last observation being in gen-
eral agreement with other recent evaluations of the LHF ap-
proach for dilute sprays.11'12

The present investigation sought to extend past work con-
cerning both drop and spray combustion of HAN-based
monopropellants. Drop combustion was observed using an
approach similar to Beyer and Teague10 for pressures of 0.2-7
MPa; however, the drop environment more closely matched
the gas temperature of a combusting monopropellant spray.
Measurements of spray properties were undertaken seeking to
confirm the measurements of Birk and Reeves,19 while consid-
ering a broader range of experimental conditions at pressures
of 3-9 MPa. The new spray measurements—in conjunction
with both LHF predictions and drop trajectory calculations
based on the present drop-burning rate measurements—were
used to assess the importance of separated-flow phenomena
for these flows.

Drop Combustion
Experimental Methods
Apparatus

Figure 1 is a sketch of the drop combustion test apparatus.
The supported-drop technique was used with the drops ex-
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Fig. 1 Sketch of drop combustion apparatus.

Table 1 Combustion product properties9

Test environment gases
Mixture
Temperature (K)
Composition (% by volume)c

H2O
C02
N2
Ar

LGP 1845b

2150

69.2
12.9
17.4

Burner ld

2295

18.8
9.1

71.2

Burner 2d

2230

18.0
8.9

72.6

Spray
2790

19.8

38.3
40.9

aComputed for 10 MPa using the Gordon and McBride algorithm, but effects of dissociation are
small.
bReactant composition (% by mass): HAN, 63.2, THAN, 20; and H2O, 16.8.
°Major species only. Minor species include CO, H2, NO, OH, and O2.
d Volume flow rate of burner gases (cold) of 6.28x 10 ~5 m3/s.
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Fig. 2 Sketch of drop support assembly.

posed to gases in the postflame region of a premixed burner
that was operated within a pressure vessel. The pressure vessel
had an inside diameter and length of 130 and 430 mm and was
fitted with two quartz windows (25-mm diam) so that the
drops could be observed.

The premixed burner had a diameter of 10 mm with a stain-
less steel screen (wire diameter of 0.17 mm, 2000 wires/m,
square pattern) to help stabilize the flame. The gas flow rates
of the premixed burner were metered and controlled with criti-
cal flow orifices and pressure regulators. Burner operating
times were short, just sufficient to stabilize the premixed flame
and to complete the drop combustion test. Burner gas flows
were initiated and terminated with solenoid valves while the
burner was ignited with an exploding wire. The pressure rise of
the chamber (measured with a pressure transducer) was small
in the period when the burner was operating approximately
5%; therefore, the chamber pressure was set by backfilling it
with air. The properties of the postflame region of the
premixed burner roughly approximated the temperatures of
constant-pressure adiabatic combustion of the monopropel-
lant, but contained significantly lower concentrations of water
vapor. See Table 1 for the combustion product properties of
LGP 1845 and the burner gases (denoted burner 1 and 2).

The drop support assembly is illustrated in Fig. 2. The
drops were mounted on quartz fibers before the chamber was
pressurized. The fibers were 50-150 jum in diameter with the
bottom end of the fiber flame polished to a bead having a
somewhat larger diameter to help support the drop. The drop
was surrounded with a retractable shield to protect it from
transients when the premixed flame was ignited. Once the
premixed flame was stabilized, the shield was rapidly retracted
by fusing its wire retainer so that the unbalanced pressure
force on the shield forced it to one side of the pressure vessel
where it was stopped by a rubber cushion. In general, the time
required for the shield to move across the burner was less than

of the drop lifetime in the burner gases.

Instrumentation
Drop diameter was measured as a function of time using

shadowgraph motion picture photographs. The arrangement
of the illuminating and camera system is illustrated in Fig. 1.
The drops were backlighted by a continuous arc source using a
condensing lens to direct the light to a diffusion screen located
at one of the windows. The shadowgraphs were recorded using
a motion picture camera operating at roughly 1000 pictures
per second, which incorporated an internal timing marker.

Results and Discussion
Some typical plots of drop diameter as a function of time

are illustrated in Fig. 3. Results of two tests (each) at pressures
of 0.51 and 2.1 MPa are shown for initial drop diameters in
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Fig. 3 Drop-diameter histories at 0.51 and 2.1 MPa.

the range 580-650 ^m. The beads on the quartz fibers to help
support the drops had diameters of 300 and 200 jum for
pressures of 0.51 and 2.1 MPa, respectively. The motion of
the retractable shield disturbed the premixed flame causing it
to flap for a time even after the shield had cleared the burner
exit; therefore, the time when the drop was actually sub-
merged in the postflame gases was uncontrolled and variable
and the origin of these plots is somewhat arbitrary.

The results illustrated in Fig. 3 for a pressure of 0.51 MPa
are typical of behavior at low pressures. After a somewhat
variable delay, probably influenced by flapping of the burner
flame as noted earlier, the drops would begin to swell due to
the development of bubbles within the liquid. The bubbles
would periodically burst carrying off some of the liquid. Occa-
sionally, bursting of a bubble was severe enough to either
carry off all of the liquid or to cause the drop to fall from its
support similar to the one example illustrated in Fig. 3. Thus,
internal reaction and bursting with some mechanical removal
of liquid caused by bursts appears to be the main mechanism
for the reduction of drop diameter at low pressures.

The degree of drop swelling, due to the presence of bubbles
in the bulk liquid, and the severity of drop bursting progres-
sively decreased as the pressure was increased. The results il-
lustrated in Fig. 3 for a pressure of 2.1 MPa are typical of
high-pressure conditions. These conditions exhibited some
degree of internal bubble formation; however, effects of bub-
bles bursting were relatively mild, and complete bursting of
bubbles was not observed at pressures of 2.1 MPa and higher.

Reduced effects of internal bubbles at high pressures appear
to be largely caused by increased gas density so that a given
degree of bulk liquid reaction yields a lower volume of gas:
this reduces bubble sizes and growth rates which tends to
reduce the severity of bursting phenomena. Counter to this is
the fact that liquid-surface temperatures tend to increase with
increasing pressure for the present range of conditions (reach-
ing a maximum at roughly 25 MPa): this is expected to in-
crease rates of bulk liquid reaction.1'2



JULY-AUGUST 1990 SEPARATED-FLOW CONSIDERATIONS FOR COMBUSTING SPRAYS 385

The time period of drop swelling, or relatively constant
drop diameters, was irregular due to uncertainties concerning
the time when the drop was submerged in the combustion gas
environment. However, the period when the drop diameter de-
creased was analyzed to obtain effective drop-burning rates.
Plots of drop diameter as a function of time in the period
where the drop diameter is decreasing are illustrated for the
present test conditions in Fig. 4. The origins of these plots are
arbitrary since the data has been plotted to overlap in the re-
gion where the drop diameter is decreasing. In addition, con-
ditions where the drops burst completely at low pressures have
been excluded. Results at low pressures show wide variations
due to significant effects of bubble swelling and bursting, but
the diameter traces become more regular and repeatable at
high pressures. These data were fitted to determine effective
burning rates for the drops Kp= -drp/dt. The resulting fits
are also illustrated in Fig. 4.

Present effective burning rates are plotted as a function of
pressure in Fig. 5. These results are for drop diameters in the
range 300-1200 /*m and include effects of both internal reac-
tion forming bubbles which burst, mechanically removing
some liquid, as well as conventional gasification at the surface
of the drop. This combination of effects causes the effective
burning rate to be highest at the lowest pressure, where burst-
ing dominates the process, and then to show relatively little
change with pressure over most of the region considered dur-
ing present tests. The strand-burning results of McBratney4'5
and Vosen6 are also illustrated in Fig. 5. The present results
are a crude extension of McBratney's4'5 measurements of
gelled propellants at higher pressures. The results of Vosen6

are much higher than the rest of the measurements because of
effects of liquid-surface disturbances of burning liquid strands
at high pressures noted earlier.
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Fig. 4 Drop-diameter histories in the combustion period.

Spray Combustion
Experimental Methods
Apparatus

The present spray combustion test apparatus was similar to
the arrangement used by Birk and Reeves.19 A sketch of the
apparatus appears in Fig. 6. The experiments were conducted
in the same chamber as the drop combustion tests. The com-
bustion gas environment was produced by filling the chamber
with a combustible mixture and then igniting it with two
sparks to achieve the combustion gas properties summarized
in Table 1 (denoted spray). The pressure of the spray tests was
adjusted by varying the initial pressure of the combustible gas
mixture since combustion of this gas approximated a constant
volume process. The combustible gas mixture had adiabatic
temperatures that were somewhat greater than the adiabatic
constant-pressure combustion temperature of the monopro-
pellant, but that were still within the range of conditions en-
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Fig. 5 Apparent drop-burning rates as a function of pressure.
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Fig. 6 Sketch of spray combustion apparatus.
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countered in liquid propellant guns due to temperature in-
creases caused by constant-volume combustion. Heat losses
from the combustion products also tended to reduce tempera-
tures to the range of adiabatic constant-pressure combustion
of the propellant based on chamber pressure measurements.

The spray was pressure atomized using injectors having exit
diameters of 0.31, 0.58, 1.08, and 1.17 mm. The inlet of the
injectors had baffles to control any swirl in the liquid and
smooth entries to reduce effects of cavitation. Injectors having
length-to-diameter ratios of 2, 17, and 42 were considered
since earlier work indicated that the degree of flow develop-
ment at the injector exit influenced spray-mixing proper-
ties.2'3'13 The injectors were directed vertically upward.

A test was run by placing a propellant sample (3-4 ml) in the
fuel delivery tube and filling the injector passage up to its exit.
A cap was then placed over the exit to prevent gas inflow when
the chamber was filled with the combustible gas mixture and
further pressurized as this gas burned. The propellant flow
was initiated by venting nitrogen from an accumulator into the
fuel delivery tube by opening a solenoid valve. Once the
pressure of the propellant was greater than the chamber
pressure, the cap popped off, and the resulting propellant flow
generated a spray in the hot gas mixture. The process ended
when all the propellant was consumed. The injector passage
continued to be purged by the nitrogen flow from the accumu-
lator for a time before the accumulator flow was ended.

Instrumentation
The combusting sprays were observed using motion picture

shadowgraphs as illustrated in Fig. 6. Backlighting was pro-
vided by a flash lamp source, approximately l/*s flash dura-
tion, which was synchronized with the camera; therefore, the
image of the spray was effectively stopped on the film. The
shadowgraphs were recorded with a 16-mm high-speed camera
operating at roughly 1000 pictures per second using Tri-X neg-
ative film. The camera optics yielded a field of view having a
diameter of 25 mm; therefore, it was necessary to adjust the
position of the injector to observe the full length of the liquid-
containing region.

The present monopropellant does not produce particulates
when burned, and gas temperatures are relatively uniform in
monopropellant spray flames; therefore, the boundaries of the
spray were reasonably well defined—similar to past measure-
ments of Birk and Reeves.19 A typical shadowgraph photo-
graph from the present tests is illustrated in Fig. 7 (this is a
composite photograph due to the limited field-of-view of the
camera). The background is somewhat mottled due to turbu-
lent thermal boundary layers on the windows; however, these
disturbances could be readily separated from the spray. The
films were analyzed to yield mean and fluctuating time-
averaged liquid volume fractions. Dark zones were assigned to
unburned liquid reactant and light zones to gaseous combus-

tion products. For each test, 10-30 frames had sufficient con-
trast for analysis during the steady flow portion of the spray
combustion process. Separating dark and light zones was
somewhat subjective; and since the measurements correspond
to line-of-sight projections, they are biased downstream and
radially outward from correct point measurements of mean
and fluctuating liquid volume fractions. Predictions were ana-
lyzed to estimate the line-of-sight biases as discussed in the
next section.

Test Conditions
Test conditions for the spray-combustion measurements are

summarized in Table 2. Most of the injector flows correspond
to fully developed flow at the injector exit, which corresponds
to turbulent pipe flow. Injection velocities were in the range
49-65 m/s; these conditions correspond to the atomization
breakup regime, i.e., a drop-containing shear layer begins to
develop at the liquid surface immediately at the injector exit.12'13

Theoretical Methods
Present measurements were compared with predictions

based on the approach developed earlier in this laboratory.1'3
Drop-trajectory calculations were also carried out in order to
help assess effects of separated-flow phenomena. Both
methods of prediction are described in the following.

Spray Predictions
The main features of the spray-combustion model will be

described only briefly in the following; original sources should
be consulted for details.

The model involves use of the LHF approximation of mul-
tiphase flow theory11"13 and the thin laminar flamelet approxi-
mation of premixed turbulent flame theory.14'15 Turbulent
mixing was treated using a Favre-averaged turbulence
model.14'17 This approach provides a useful limit where both
multiphase and chemical-reaction phenomena are controlled
by turbulent mixing, which minimizes the empiricism needed

Fig. 7 Shadowgraph photograph of the combusting monopropellant
spray: injector diameter = 0.58 mm, ambient pressure = 3.19 MPa, in-
jector pressure drop = 2.07 MPa, and fully developed flow.

Table 2 Summary of combusting spray test conditions

Diameter
(mm) L/d

Flow
type3

Radial measurements:
1.17 17 PDF
1.17 17 FDF
1.17 17 FDF
1.08 2 SF
0.58 42 FDF
0.58 42 FDF

Ambient
pressure
(MPa)

3.11
7.07
9.10
6.83
3.19
6.15

Pressure
drop

(MPa)

2.02
1.79
1.81
1.93
2.07
2.76

Injector
velocity
(m/s)b

52.7
49.3
49.7
51.4
53.2
61.6

Rec

12600
11800
11900
11400
6300
7300

Ohd

0.021
0.021
0.021
0.022
0.030
0.030

We}

70700
62400
63300
62200
35800
47900

Axial measurements:
0.58
0.58
0.58
0.31

42
42
42
42

FDF
FDF
FDF
FDF

3.22
6.16
8.99
6.51

2.33
1.81
2.14
3.05

56.6
49.5
54.3
64.8

6700
5900
6400
4000

0.030
0.030
0.030
0.041

40400
30900
37100
27800

aFDF = fully developed flow; SF = slug flow; bUnity flow coefficient;
kg/ms; dOh = pf/Vpfda, a = 0.0669 kg/s2; *VJef=pfU0

2d/a\
e = /ofu0d//*f, /xf = 0.0071
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for predictions, e.g., initial drop-size and velocity distribu-
tions, chemical-kinetic properties, etc., are not needed to
define the problem. The main limitation of the LHF approxi-
mation is that its use generally tends to overestimate the rate
of development of sprays, particularly in dilute-spray regions
far from the injector exit.11'13 However, Ruff et al.13 find that
the LHF approach using the present turbulent-mixing model
provided reasonably good estimates of the mixing properties
of the near-injector, dense-spray region of nonevaporating
pressure-atomized sprays in the atomization breakup regime—
conditions that are representative of present tests.

The thin laminar flamelet approximation implies that het-
erogeneous monopropellant flames cover all liquid surfaces.
Except for very near the liquid surface, the liquid is at the
same state as in the injector; whereas beyond the outer edge of
the thin flame the gas has uniform properties equivalent to the
adiabatic flame conditions noted in Table 1. Under the LHF
approximation, relative velocities between the phases (slip) are
neglected.

Other major assumptions of the calculations are 1) steady
(in the mean) axisymmetric flow with no swirl; 2) low Mach
numbers with negligible potential and kinetic energy changes
and negligible viscous dissipation; 3) boundary-layer approxi-
mations apply; 4) negligible effects of radiant energy ex-
change; 5) equal exchange coefficients of all species and heat;
and 6) high Reynolds numbers so that laminar transport is
negligible in comparison to turbulent transport. Justification
of these assumptions is presented in Refs. 1 and 3.

Under these assumptions, flow properties can be found by
solving governing equations for conservation of mass,
momentum, and reaction progress variable in conjunction
with second-order turbulence model equations for turbulence
kinetic energy and its rate of dissipation.14>15 The formulation,
all empirical constants used in the turbulence model, and the
method of solution can be found in Ref. 3.

The predictions were also used to estimate potential effects
of line-of-sight biasing on the measured distributions of
liquid-volume fractions using a stochastic approach developed
for radiation calculations in this laboratory.21 Knowing the
time-averaged probability density function of the reaction
progress variable along paths through the flow, the reaction
progress variable was simulated for a series of statistically in-
dependent eddies along the path. Counting the presence of any
liquid in the path as a condition which would block the light,
giving a dark image on the film, yielded estimates of time-
averaged mean and fluctuating liquid volume fractions for the
path. This procedure has not been calibrated using known
flows; however, it does provide at least a qualitative indication
of potential effects of line-of-sight bias.

Drop-Trajectory Analysis
Direct assessment of the approximations of the LHF ap-

proach for the monopropellant sprays was undertaken using
drop-trajectory calculations, similar to the approach used by
Shearer et al.22 and Mao et al.23 for nonpremixed spray
flames. These calculations were limited to drops moving along
the axis of the spray. The drops were assumed to be always in
contact with the gas phase which was taken to have the proper-
ties summarized in Table 1. Estimates of the gas velocities
along the axis were obtained from the LHF predictions.

Drop-trajectory calculations were limited to deterministic
analysis and ignored effects of turbulence/drop interactions;
therefore, mean gas velocities from the LHF analysis were
used in the governing equation for drop motion. Drops were
assumed to be surrounded by gas immediately at the injector
exit ignoring the all-liquid core present in these sprays.13 Ef-
fects of drop heat-up were also ignored; the drop radius was
assumed to decrease throughout the entire trajectory at 10
mm/s—based on the results of Fig. 6 for the present test
range. This high burning rate implies that the decomposition
flame is located near the drop surface, well within the boun-
daries of the flowfield around the drop; therefore, gas-phase

properties used to estimate drop drag were taken to be am-
bient gas properties, and effects of forced convection on drop
burning rates were ignored. Similarly, eventual loss of the
linear burning rate law of monopropellants (Kp = -drp/dt
= constant) for small drops, where effects of curvature
become important, was also ignored. This is justified since
present burning rate results and the evaporation constants ob-
served by Zhu and Law7 and Beyer8 suggest that this transi-
tion would occur for very small drops, approximately 1 /mi in
diameter. Other aspects of the analysis were similar to those
Refs. 22 and 23: the flowfield around the drop was assumed to
be quasisteady; virtual mass, pressure-gradient, Basset
history, and gravitational forces were ignored; swelling of the
drops was ignored; and drop drag was estimated using the
standard drag correlation for solid spheres.

Under these assumptions, the governing equations of drop
motion along the axis are as follows12:

dxp/dt =

ddp/dt = -2k p

dup/dt = -3pgCD\up-u (up -

(1)

(2)

(3)

where

CD = 24(1 , Rep < 1000;

CD = 0.44, Rep> 1000 (4)

The initial condition is up = u dp=dpo and = 0 at / = 0.
Equations (1-3) were integrated using a Runge-Kutta algorithm.

Results and Discussion
It was not possible to observe ignition from flame luminos-

ity due to strong background lighting; however, ignition was
readily identified from chamber pressure records. Typical
pressure records, with and without propellant injection, are il-
lustrated in Fig. 8. For the baseline test without propellant in-
jection, chamber pressures decline continuously after the
premixed gas has burned due to heat losses from the hot-
combustion products to the cold-chamber walls. In contrast,
the record with propellant injection exhibits a plateau region
due to combustion energy release from the propellant in the
period where it was flowing. Furthermore, injection of water
or unignited monopropellant (not shown in Fig. 8) increased
the rate of pressure decay in comparison to baseline conditions
with no liquid injection since the spray rapidly quenched the
hot-gas mixture. Based on these observations, it was possible

CHAMBER PRESSURE
(PROPELLANT INJECTED)!

CHAMBER PRESSURE
(NO PROPELLANT INJECTED)

200 400 600

T I M E ( m s )
Fig. 8 Pressure-time records with and without propellant injection.
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Fig. 9 Time-averaged liquid volume fractions along axis. Open symbols, present study; closed symbols, Birk and Reeves19; solid and dashed lines
are predictions with and without line-of-sight bias correction.

to consistently ignite the propellant spray at pressures as low
as 2.7 MPa: the present measurements, however, were con-
fined to pressures of 3-9 MPa.

The measurement period is also illustrated in Fig. 8. Typi-
cally, measurements were begun roughly 50 ms after the in-
stant when the injector pressure just exceeded the chamber
pressure and injection began so that the injector pressure drop
was high enough to reach the atomization breakup regime.
Measurements were then made over a period of about 50 ms,
after which water vapor condensation on the windows reduced
contrast to the point where the spray was hard to distinguish.
Injector pressure drops varied somewhat during the period of
measurements: conditions summarized in Table 2 are for the
midpoint of the data period. The effect of variation of the
pressure drop during the data period is probably not large,
however, since changes in maximum injector pressure drops
had little effect on observations within the atomization
breakup regime.

Measured and predicted time-averaged liquid volume frac-
tions along the axis afc are plotted as a function of normalized
distance from the injector exit, x/d, in Fig. 9. Both present
measurements and those of Birk and Reeves19 are shown on
the plot. Predictions include direct values of afc as well as
results allowing for line-of-sight bias as noted earlier.

Test conditions used by Birk and Reeves19 were similar to
present test conditions, except that injector L/d was in the
range 1.2-2.4, the injector inlet was not rounded (see Lee et
al.3 for a sketch of the injectors), and injector pressure drops
were 1.5-2.0 times higher than the present study. The motion
picture shadowgraphs of both investigations were obtained in
a similar manner and were analyzed in this laboratory. Each
set of experimental results also exhibits a significant degree of
internal consistency and repeatability when plotted in the
manner of Fig. 9. Finally, pressure traces indicated that meas-
urements were obtained for combusting sprays for both stu-
dies. Nevertheless, present measurements exhibit a much
longer liquid-containing region than those of Birk and
Reeves,19 e.g., afc = 0.5 at x/d roughly 150 and 25 for the two
sets of measurements. There are a number of possible reasons
for these differences. First of all, Birk and Reeves19 used a
sharp injector inlet which could have caused cavitation in the
injector passage, yielding a more finely atomized spray with a
rapid rate of radial spread. Second, propellant flow rates per
unit cross-sectional area of the combustion chamber were
20-100 times larger for the measurements of Birk and
Reeves19 than the present measurements. This suggests higher
recirculation flow velocities near the edge of the spray, in-
creasing radial spread, and mixing rates as well. Next, Birk

and Reeves19 did not employ a cap over the injector to prevent
gas inflow as the chamber pressure increased during combus-
tion of the premixed gas mixture; ingested gas would enhance
atomization similar to a twin fluid injector—in fact, occa-
sional sputtering of the injector flow was observed, which
tends to support some degree of gas ingestion. Additionally,
the injector used by Birk and Reeves19 did not have a flow
straightener, and swirl induced in the injector flow passage
could have resulted in unusually high radial spread rates;
although their fuel-injection system only involved rectilinear
motion and does not appear to be fundamentally prone to in-
duce swirl. Finally, Birk and Reeves19 employed somewhat
higher injector pressure drops which would be expected to
yield smaller drop sizes in the spray; nevertheless, spray condi-
tions for both investigations were in the atomization breakup
regime. Furthermore, the pressure drop increase does not ap-
pear to be sufficient to explain the differences in Fig. 9 based
on the relatively small effect of pressure-drop variations ob-
served during the present investigation. In any event, extensive
rechecking of measurements using the present injectors and
test chamber could not reproduce the results of Birk and
Reeves.19

Present measurements in Fig. 9 are roughly similar (in terms
of x/d) at all test conditions, with the downstream limit of the
liquid-containing region at x/d approximately 350. Since these
results involve a range of pressures and injector diameters, this
behavior suggests a mixing-controlled process supporting the
use of LHF analysis—a conclusion reached in Ref. 3 based on
the measurements of Birk and Reeves.19 Closer examination
of the data, however, reveals trends that suggest significant
separated-flow effects. First of all, results for the 0.31-mm-
diam injector consistently exhibit higher values of afc at a par-
ticular x/d than the 0.58-mm-diam injector. This is a
separated-flow property since drop diameters are not strongly
affected by injector diameters; whereas drops of a particular
size must penetrate a certain distance in order to disappear:
this results in a tendency for penetration distances x to be con-
stant for separated flows rather than x/d.n Another effect is
that dtfc at a particular x/d is generally lower for a chamber
pressure of 8.99 MPa than for the other pressures considered
for the 0.58-mm-diam injector: this behavior parallels the ef-
fective burning rate results of Fig. 6 where drop-burning rates
at 9 MPa are higher than for pressures in the range 3-6 MPa,
all of which are roughly the same. The effect of pressure is still
not very strong, however, in view of larger data scatter at 9
MPa, which is caused by reduced shadowgraph contrast as
pressures increase. A final effect is that use of long and short
L/d injectors yielded roughly the same results while mixing-
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controlled flows would result in much faster mixing rates for
the long L/d injector.13

Predictions illustrated in Fig. 9 are for fully developed flow
at the injector exit, which corresponds to the bulk of present
test conditions. Effects of ambient pressure, injector diame-
ter, and injector Reynolds number had little effect on the pre-
dictions; therefore, only single lines are shown for results with
and without the line-of-sight bias correction. Comparing pre-
dictions with and without the line-of-sight bias correction in-
dicates significant effects of bias for intermediate values of
d/c; however, predictions of the downstream end of the liquid-
containing region are not strongly influenced by bias.

In view of the bias uncertainties, the predictions illustrated
in Fig. 9 are in fair agreement with the measurements of Birk
and Reeves.19 This observation prompted earlier enthusiasm
about the value of the LHF and thin laminar flamelet approxi-
mations for predicting flows of this type. However, compari-
son of predictions with present measurements implies that use
of the LHF approximation causes the rate of development of
the spray to be substantially overestimated in agreement with
most other evaluations of the LHF approximation for
sprays.11"13

Radial profiles of time-averaged liquid volume fractions at
various distances from the injector are illustrated in Fig. 10.
All measurements shown in the figure were obtained during
the present investigation. Predictions shown on the figure ac-
count for line-of-sight bias and are for fully developed flow at
the injector exit. Similar to results along the axis, predictions
were relatively independent of test conditions, and only a sin-
gle line is shown for each stream wise position. Results ignor-

0 4 8 12
2 r / d

Fig. 10 Radial profiles of time-averaged liquid volume fractions.
Predictions include line-of-sight bias correction.

ing line-of-sight bias are narrower than the plots illustrated in
Fig. 10; however, the outer extent of the liquid-containing re-
gion is about the same.

Similar to results along the axis, the measured radial pro-
files are crudely similar for all the test conditions when plotted
in the manner of Fig. 10. In terms of r/jc, the radial similarity
variable of turbulent jets, the liquid-containing region extends
to 0.05-0.07, rather than 0.15, which is a typical width based
on scalar properties in turbulent jets. Predictions provide a
fair estimate of flow widths near the injector exit but progres-
sively fail with increasing distance from the injector exit-
tending to over estimate the rate of development of the flow.
This behavior is similar to other evaluations of the use of the
LHF approximation for both nongasifying and gasifying
sprays.

Drop-trajectory computations illustrated in Figs. 11 and 12
also support significant effects of separated flow. Drop velo-

v\yioor\ .200
\ Y

d = 0.58 mm
p=10 MPa

Kp = 10mm/s

up/upo (TYP.)

10 100
x/d

1000

Fig. 11 Predicted drop properties along axis for a 0.58-mm injector
diameter.

dpo(nm)=10

d=0.31mm
p = 10 MPa

Kp = 10 mm/s

up /upo <TYP-)'

dpo(mn)=10

10 100
x/d

1000

Fig. 12 Predicted drop properties along axis for a 0.31-mm injector
diameter.
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cities and diameters along the axis are plotted as a function of
distance from the injector for injector diameters of 0.58 and
0.31 mm along with LHF velocity predictions. Results are
shown for initial drop diameters of 10, 20, 100, and 200 /*m.
Limited measurements of drop-size distributions in the present
sprays, using slide impaction at x/d= 150 and 300, indicated
maximum drop diameters in the range 100-200 /mi; whereas
drops much larger than 200 /*m would be subject to secondary
breakup due to excessively high drop Weber numbers12; there-
fore, maximum drop sizes considered in Figs. 11 and 12 are
representative of the maximum drop sizes probably present in
the combusting sprays.

The LHF predictions illustrated in Figs. 11 and 12 exhibit a
decay of velocity beyond the potential core-like region which
is inversely proportional to distance—similar to single-phase
jets. Due to the small injector diameters, this represents a
rapid deceleration rate so that the larger drops overshoot the
velocity of the continuous phase and only approach it again
toward the end of their lifetime. Furthermore, LHF predic-
tions indicate little liquid beyond x/d= 220, where otfc ~ 10~4;
whereas the drop-trajectory calculations show the larger drops
passing well beyond this position. Finally, comparing the
results of Figs. 11 and 12 shows that drops of a given size
reach larger values of x/d for the smaller injector diameter
since rates of deceleration are faster, and the actual distance
traveled for a particular value of x/d is smaller for the smaller
diameter injector. These trends are in general accord with the
measurements illustrated in Fig. 9.

Taken together, the results of Figs. 9-12 suggest significant
separated-flow effects for combusting HAN-based monopro-
pellants over the present test range. In view of the relatively
modest variation of burning rate with pressure seen in Fig. 6,
the insensitivity of drop-drag properties to pressure11'12 and
the relatively high critical combustion pressure of HAN-based
monopropellants (ca. 250 MPa1'2), it is likely that separated-
flow phenomena are important for combusting HAN-based
monopropellant sprays for most of their range of application.

Conclusion
The present study considered the combustion properties of

the HAN-based monopropellant LGP 1845, both as drops and
sprays, in combustion gas environments at pressures of 0.2-9
MPa. The spray measurements and drop-trajectory calcula-
tions based on the present drop-burning rate measurements
were used to evaluate predictions of spray properties based on
the locally homogeneous flow and thin laminar flamelet ap-
proximations, due to Faeth et al.1 and Lee et al.1>3 Major con-
clusions of the study are as follows:

1) Measurements yielded effective drop-burning rates of ca.
10 mm/s for drop diameters of 300-1200 pm and pressures of
0.2-7 MPa. The effective drop-burning rate involved both re-
action within the bulk liquid causing bubble formation and
bursting, dominating the process at low pressures and conven-
tional gasification from the drop surface, dominating the pro-
cess at high pressures. Taken together, these effects cause
burning rates to be relatively independent of pressure over the
present test range.

2) Present measurements of drop-burning rates at pressures
of 0.7-7 MPa are generally consistent with earlier strand
burning-rate measurements of gelled propellants due to
McBratney4'5 at pressures greater than 10 MPa.

3) Present measurements exhibited a much larger liquid-
containing region for combusting sprays at pressures of 3-9
MPa than the earlier measurements of Birk and Reeves19; even
though test conditions and methods of data analysis were
similar, e.g., o;/c = 0.5 at x/d roughly 150 and 25 for the two
sets of experiments. Reasons for these differences have not
been firmly established, but different injector passage condi-
tions, possibly leading to effects of cavitation, swirl, and finer
atomization for the measurements of Ref. 19, have been ad-
vanced as a possible explanation.

4) Although earlier evaluation of predictions using the LHF
and thin laminar flamelet approximations appeared promising
based on the measurements of Birk and Reeves,19 current
findings suggest that this approach substantially overestimates
the rate of development of the flow, which is consistent with
recent findings for other pressure-atomized spray pro-
cesses.11'13 Separated-flow phenomena appear to be important
for combusting HAN-based monopropellant sprays over
much of their range of application.
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