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Introduction

HEAR coaxial injectors are currently found in liquid propel-

lant rocket engines that use liquid oxygen and hydrogen as the
propellants, such as the Space Shuttle Main engine (SSME) and the
first stage Ariane 5 Vulcain engine. Liquid oxygen is injected into
the combustion chamber through a central tube while hydrogen in
a gaseous form is fed through an outside annular passage at a high
velocity relative to the liquid jet. Impelled by liquid turbulence and
gas-to-liquid interfacial interactions, liquid is stripped from the jet
and entrained into the surrounding shear flow where the liquid lig-
aments and droplets experience further breakup and atomization.
The resulting spray then vaporizes and mixes with the gaseous fuel
to produce a volatile mixture for combustion.

There have been several previous experimental investigations to
measure droplet sizes and velocities produced by shear coaxial in-
jectors by means of phase Dopplerinterferometrywhere the fuel and
oxidizer simulants were evaporating or combusting. Sankar et al.'
analyzed a GN,/LN, spray for both a shear coaxial and quadruplet
injector. The gas pressure and liquid injection post recess were var-
ied for the shear coaxial injector. Data were presented for the mean
axial velocity and Sauter mean diameter for differentlocationsin the
spray. They found no definite relationship between the recess and
atomization. However larger gas pressures, or higher gas velocities,
improved atomization.

Glogowski et al.?> examined shear coaxial sprays with both an
air/water system and a GN,/LN, system. The injector design was
based on the SSME injector. They measured droplet velocity and
diameter with the phase Doppler particle analyzer (PDPA) for both
air/water and GN,/LN,. The GN,/LN, tests looked at the effect of
mixture ratio and chamber pressure past the critical pressure of ni-
trogen and showed improved atomization with lower mixture ratios.

Pal et al.? also modeled their injector after the SSME rocketinjec-
tor. The paper included a comparison of PDPA data from air/water
and liquid-oxygen/gaseous-hydrogenexperiments. Both tests were
run with similar flow conditionsexcept for the Reynolds and Weber
numbers and the ambient pressure. The authors found that Sauter
mean diameters from the hot-fire experiments were larger than those
from the cold-flow experiments. The mean droplet velocity was
smaller for the GH,/LOX tests than for the air/water tests. The pur-
pose of this study was to measure LOX droplet sizes as a function
of the relative velocity between the LOX and the hydrogen under
combusting conditions.
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Experiment

Shear Coaxial Injector Element

The baseline dimensions of the injector used in this study are de-
rived from the dimensions of the prototype injector element of the
fuel preburner to the SSME although the operating conditions are
different. The fuel annulus diameter is 5.03 mm, and the LOX post
outer and inner diameters are 3.76 and 2.26 mm, respectively. The
LOX postis recessed 2.54 mm into the injector element. To deter-
mine the injection properties of the gas, the temperature along with
the fluctuating and mean components of the pressure are measured
in the fuel plenum region. Likewise the pressure and temperature of
the liquid are measured in the supply line at the entrance to the LOX
post. The injector segment is separated into two concentric brass
sections. The forward section contains a threaded insert that forms
the outer diameter of the fuel annulus and can be replaced between
tests without complete chamber disassembly in order to change the
fuel velocity without changing its mass flow rate. The rear section
provides the coupling of the injector to the propellant feed system.

Hot-Fire Experiment

The subscale combustion chamber was modular in design, allow-
ing for simple variation of the chamber length, location of optical
access, injector design, and throat diameter. The individual cham-
ber segments include the injector, window, igniter, blank, and noz-
zle segments. With all segments in place, the interior length of the
combustionchamber measures 25.7 cm. The chamberis designedto
operate for 4 s at steady-state chamber pressures up to 10 MPa. The
window segment is intended for droplet size and velocity measure-
ments within the liquid oxygen spray using an Aerometrics PDPA.
To reduce or eliminate contaminants from collecting on the win-
dows during engine testing, a purge gas section was incorporated
into the design of the window segment. Eight small holes inject
nitrogen gas across the inner surface of the windows within the
window recess region. Preliminary tests with the window segment
located at the chamber midsection verified adequate window purg-
ing with nitrogen flow rates less than 10% of the total propellant
flow rate. Measurements of the chamber inner surface temperature
and the steady and oscillating components of chamber pressure are
made in this segment.

The nozzle segment houses a water-cooled nozzle throat insert
that is sized for a specific mass flow rate and chamber pressure. A
stainless-steel flange retains the insert within the nozzle segment
while serving a second function as a pressure relief mechanism.
Propellantignitionis accomplishedwith a gaseous-oxygengaseous-
hydrogen torch igniter. Both gases are introduced into a small com-
bustion chamber attached to the side of the igniter segment and
ignited by a high-voltage, electrical discharge. The resulting flame
is drawn into the main chamber to ignite the main propellant and is
then turned off when main chamber ignition is achieved.

Results and Discussion

For the hot-fire experiments that were conducted, mixture ratios
rangedfrom3.4t0 5.0, whichresultedin velocityratiosbetween11.1
and 30.1. However the majority of the tests were conducted with a
mixture ratio of approximately 4.25. Different mixture ratios were
achievedby varying the gaseous-hydrogenflow rate and holding the
LOX flow rate constant at 0.113 kg/s, the actual SSME LOX flow
rate. Chamber pressures ranged from 2.0 to 4.3 MPa. All tests were
conducted at chamber pressures below the critical pressure of pure
oxygen (~5 MPa).

Figure 1 shows the LOX droplet arithmetic mean diameter D
vs the velocity ratio. The accuracy of the droplet diameter measure-
ments was 3.3 um. All measurements were taken along the axis
at a distance of approximately 12 cm downstream of the injector
face. Closer to the injector the spray was too dense to obtain PDPA
measurements. A dramatic increase in the arithmetic mean diam-
eter can be seen as the velocity ratio drops below a value of 12.
The LOX droplet area mean diameter D, displays the identical be-
havior. Figure 2 shows the LOX droplet velocity measured with an
accuracy of 1.5 m/s as a function of the velocity ratio for the same
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Fig. 1 LOX droplet arithmetic mean diameter as a function of gas/
liquid velocity ratio (chamber pressures from 2.0 to 4.5 MPa).
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Fig. 2 LOX droplet axial velocity as a function of gas/liquid velocity
ratio (chamber pressures from 2.0 to 4.5 MPa).
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Fig. 3 LOX droplet arithmetic mean diameter as a function of gas/
liquid momentum ratio (velocity ratios from 11.1 to 30.1).

tests. It can be seen that the droplet velocity increases linearly with
the velocity ratio. The droplet velocity for low velocity ratios is ap-
proximately equal to the LOX injection velocity of 30 m/s. Radial
scans made at several pressures showed the largest droplets along
the axis of the spray with the drop size decreasing as one moved
away from the axis. The droplet velocity was found to increase lin-
early with radial distance, moving from the slow moving liquid core
to the high velocity gas stream.

Analysis of the experimental data showed that the arithmetic
mean diameter measured along the axis at a distance of approxi-
mately 12 cm downstream of the injector face correlates well with
the gas/liquid momentum ratio, defined here as

M, :ng;/,o,U,z (1)

Figure 3 depicts the arithmetic mean diameter as a function of mo-
mentum ratio on a log-log scale, showing that the data lie closely
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Fig. 4 c¢* efficiency as a function of gas/liquid momentum ratio (veloc-
ity ratios from 11.1 to 30.1).

along a line for momentum ratios between 0.2 and 2.4. A curve fit
applied to these data results in the expression

Dyo = 33.2M 06 )

for the dependenceof arithmetic mean diameter on momentum ratio
M, at the measurement location for the pressures just given. In
particular,the dropletsizes that this expressionpredictsfor pressures
greater than 4.5 MPa do not match experimental results, indicating
that pressure has a much greater effect on atomization as the critical
pointis approached.

Figure 4 shows the ¢* efficiency plotted vs the momentum ratio
for the tests performed between 2.5 and 3.0 MPa using a 1.16-cm-
diam nozzle throat. The actual ¢* was calculated from the mea-
sured chamber pressure and the fuel, oxidizer and purge gas flow
rates while the theoretical c* was calculatedusing the NASA Glenn
CET93 equilibrium code.* As can be seen in Fig. 4, the result of a
lower momentum ratio is a reduction in the combustion efficiency
for the subscale rocket combustion chamber, probably as a result of
the larger LOX drop sizes. Using the actual values of the c¢*, cal-
culated chamber residence times ranged from 1.5 to 2.0 ms. Lafon
et al.’ computed the lifetime of a 50-um LOX droplet at the same
chamber conditions as those obtained in these experiments to be
approximately 4 ms. The measured droplet diameters varied by a
factor of two, thus droplet lifetimes varied by a factor of four. Thus
the predicteddropletlifetimesare of the same order as the calculated
chamber residence times, and a factor of four change in the droplet
lifetime could easily resultin incomplete combustion for the larger
droplet sizes.

Conclusions

A subscalerocketcombustionchamber was operated with a single
full-size SSME preburner element at a liquid oxygen flow rate of
0.113 kg/s. The effect of gas/liquid velocity and momentum ratios
on LOX droplet size and velocity distribution was examined with
a PDPA for mixture ratios between 3.2 and 5.6. Droplet sizes were
found to decrease with increasing gas/liquid velocity or momentum
ratio while the droplet velocities increased. The c¢* efficiency was
found to increase with increasing velocity and momentum ratios.
A correlation was presented to predict the droplet arithmetic mean
diameter as a function of gas/liquid momentum ratio for chamber
pressures between 2.0 and 4.5 MPa.
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Equation for Additive Drag
Coefficient at Static Conditions
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Introduction

ALCULATION of additive drag at static conditionsis usually

not a problem simply because multiplying the drag coefficient
by the dynamic pressure (which is zero at static conditions) is al-
ways zero. However, in some computer codes, if the additive drag
coefficient is determined by dividing the additive drag force by the
dynamic pressure, a zero divide error can result at static conditions.
This problemis eliminated if the drag coefficient at static conditions
is determinedindependentlyof the dynamic pressure. This technical
Note describeshow such an expressionwas derived from an existing
additive drag coefficient equation.

Procedure

To use freestream velocity in the determination of airbreathing
propulsionthrust, the systemboundaryis extended forward of the in-
let cowl so that freestream velocity air crosses the system boundary.
This requires that the drag component attributable to the airstream
ahead of the inlet is included in determining the overall engine
thrust. The nomenclature as used in this Note and in Ref. 1 is shown
in Fig. 1.

The additive drag coefficient is calculated in Ref. 1 from

Cdprc = [(PL - POO)AL + pcVL-zAc - poovozvoo]/qooAL (1)

where P, is static pressure at the cowl lip, Py is freestream static
pressure, A, is the cowl lip area, p, is the air density at the cowl lip,
V. is the air velocity at the cowl lip, p is the freestream air density,
V. isthe freestreamair velocity, A, is the capture area of freestream
flow, and ¢, is the freestream dynamic pressure. However, because
goo =0 when M, =0, this expression becomes indeterminate at
static conditions. Yet the plot of Cd,,. as a functionof A, /A, and
M, (see page 196 in Ref. 1) shows finite values of Cd,,. values for
M, =0. Therefore, all of the variables on the right side of Eq. (1)
should be definable in terms of A, /A, and M. However, as will
be shown, the desired expression of Cd,,. as a functionof A, /A,
and M, only is not possible. Ultimately, application of L’Hopital’s
rule will be required to obtain the desired expression for Cd,,. at
static conditions.
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The first step is to rewrite Eq. (1) as the sum of three terms

Pc_Poo Ac LVZAL oovaoo
Cdpm:( ) 4 P VA PV 2)
GooAc Goo Ac GooAc

which is simplified to

P. Py V2 V2 Ay
Cdpm:____;_p_t_p—oo 3)
9o 9o 9o GocAe

Note that A, /A, now appears explicitly in the third term. Also
Goo = 20V, pV: =yM:P, )
Therefore, substituting Eq. (4) into Eq. (3) gives

P, Py y P.M?
Cdye = ] > 1 2 +5 2

Poo Via Ace
1 2
1P yM2A,

5)

which becomes

cd 2P, 2 +2PL.ML.2 5 Ay ©
TETPLyM2 yM2 o P M2

or
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Next, note that
P./Py = (P./Pr)/(Ps/Pr) ®)

where Pr is the stagnation pressure for isentropic flow from
freestream conditions to the cowl entrance. Then, because the ratio
of static to total pressure for isentropic flow can be written as

P/Pr ={1+[(y — D/21M*})/" 7 ©)

therefore,

p, {1+ —nam)

P {1 iy - 1)/2]M§O}V/(l—y)

| D /212 y/(l=y)
+ - .
_ 1+ =2 10)
L+ [(y — D/2IM;,
Also note that the freestream and cowl areas can be related by
Af A = (A /A (A [ A7) (1

where A* is the cross-sectionalflow area where M = 1 for isentropic
flow. Then with

r+Dh/2(y =1

A 1 2 -1

Lo+ (12)

A* M|y+1 2
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Voo_!j v Fig. 1 Inlet nomenclature.



