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A new, high-pressure facility was used to investigate GO,/GH, single-element, shear, coaxial injectors with
operating conditions typical of rocket engines. Oxygen-to-hydrogen mass flow ratios of 4 and 6 at operational
chamber pressures of 6.2, 4.9, 4.5, and 2.8 MPa were investigated by 1) keeping the propellant mass flow rates
constant while changing the exhaust nozzle diameter, and 2) by keeping the exhaust nozzle diameter constant and
changing the propellant mass flow rates to change the chamber pressure. Axial heat fluxes, injector face temperature,
and exit nozzle temperature were measured. The injector’s outer diameter was 2.7 mm and the chamber cross section
was square with a side L = 2.5 cm. Maximum heat release occurred at 2.4 L from the injector face. The injector face
temperatures showed little to no dependence on chamber pressure except for high mass flow ratios. A clear
dependence exists, however, on the chamber length. The profiles of heat flux and chamber wall temperatures
indicated no pressure dependence and only a slight dependence on propellant injection velocities when the mass flows
were kept constant. A scaling of heat flux values based on fuel mass flow rate, instead of chamber pressure, is,
therefore, suggested. The lack of pressure dependence and only slight dependence on the propellant injection
velocities suggested that the basic dynamic structures of the combusting flow were mainly dominated by the chamber

geometry.

Nomenclature

area, m?

heat capacity, J/ (kg - K)
valve flow coefficient
oxygen OD jet diameter, mm
thermal conductivity, W/(m - K)
Mach number

mass flow rate, g/s
oxygen-to-fuel ratio
pressure, MPa

volumetric flow rate

heat flux per unit area, W/m?
gas constant, m?/s? /T
specific gravity

temperature, K

chamber wall temperature, K
time, s

velocity, m/s

axial distance, m

specific heat ratio

density, kg/m?

equivalence ratio,

(Moa/ My )actua/ (Mo / M )stoichiometric
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Subscripts

0 = oxygen
h = hydrogen
0 = stagnation conditions
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1. Introduction

ONSIDERABLE efforts exist to model combustion in rocket

chambers and calculate the conjugate heat transfer to the walls
[1]. These efforts have met only partial success so far and require
comprehensive experimental data, including wall heat fluxes and
inflow measurements, that is, species concentration, velocity
distribution, etc., for validation. To date, sets of data have been
generated in various facilities covering different ranges of pressure,
mass flows, and, in certain cases, inflow data. There is, still, a need to
acquire a comprehensive set of data in the same facility over a broad
range of conditions to facilitate the development and validation of
computational models before computational fluid dynamics (CFD)
becomes an effective design tool for rocket combustion chambers,
components’ performance, or cooling systems [2]. Most CFD model
results in the past have been based on steady-state 2-D analyses of
the largely unsteady and 3-D processes in the rocket combustion
chamber; only recently has investigation into unsteady combustion
systems begun. Furthermore, heat transfer into the combustor walls
has rarely been addressed, even though the strength, life cycle, and
cooling system effectiveness are highly dependent on the heat
transfer into and out of the chamber wall [3]. Although several
experimental studies of high-pressure combustion systems have
been conducted [4-9], the facilities were of different sizes, internal
geometries, fuel composition, and injection configuration and,
therefore, the heat release and wall heat fluxes were different, as were
the chamber dynamics. All facilities listed above included optical
access to measure inflow parameters. Additional studies of wall heat
fluxes were done in a windowless chamber with detailed wall
instrumentation [10]. These studies covered different operational
regimes, targeted a host of combustion applications—for example,
gas-turbine combustors [4]—and different fuel systems from
gaseous oxygen/hydrogen [8] to liquid hydrocarbons [7]; most were
disconnected from a parallel computational effort.

The experimental facility used in this study was designed to
optimize the, sometimes contradictory, requirements of exper-
imental testing and CFD modeling and provide heat fluxes, inflow
data, and accurate boundary conditions up to 60 atm for a single-
element, shear injector to generate a broad range of data for code
validation. In the study presented here wall heat fluxes were
measured for a GH, /GO, system with mass flow ratios, 7ig, / rity, =
4 and 6 and chamber pressures in the range of 20-60 atm. The
chamber pressure was adjusted by 1) changing the mass flows, thus
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Table 1 Coaxial-shear injector features comparison. Includes UF, Penn State, SSME, and GGIT injectors

UF 1 UF2 PSU SSME GGIT 1 GGIT 2 GGIT 3 GGIT 4
ID of O, post, in. (mm) 0.0472 (1.2) 0.0591 (1.5)  0.3051 (7.75) 0.0876 (2.226) 0.173 (4.394) 0.173 (4.394) 0.173 (4.394) 0.173 (4.394)
ID of H, annulus, 0.0866 (2.2) 0.0984 (2.5) 0.3752(9.53) 0.148(3.76)  0.203 (5.156) 0.203 (5.156) 0.203 (5.156) 0.203 (5.156)
in. (mm)
OD of H, annulus, 0.1058 (2.687) 0.1058 (2.687) 0.5 (12.7) 0.1980 (5.03)  0.227 (5.766) 0.231 (5.867) 0.235(5.969) 0.249 (6.325)
in. (mm)
0,/H, injection area ratio 0.6 2.32 0.85 e 2.9 2.46 2.14 1.44
0,/H, velocity ratio 0.1-0.7 0.1-0.5 0.29 —_— 0.126 0.148 0.17 0.257
0,/H, mass flow ratio 1.0-6.0 3.7-18.2 4.0 —_— 5.9 5.9 5.9 5.9
8.25-1.33 2.15-0.44 1.98 —_— 1.35 1.35 1.35 1.35
Chamber pressure, atm 0-60 0-60 12.9 B 75 75 75 75

keeping the injection velocities constant and 2) by maintaining the
mass flows constant and changing the chamber exit area. In this case
the injection velocities changed accordingly; however, the velocity
and density ratios remained constant. Wall heat fluxes, injector face
temperatures, and exit nozzle temperatures were measured. In
addition, instantaneous broadband flame emission images and
average broadband flame emission images were obtained for selected
conditions. These images are useful to indicate flame liftoft distance,
shear layer growth, instantaneous flame propagation phenomena,
and average flame speeds.

II. Experimental Facility

The high-pressure combustion experimental facility used in this
study was designed to allow optical access for flow diagnostics. The
injectors are coaxial, shear, single element designed to match
geometrical parameters of injectors used in previous work [8,11].
Table 1 lists the main geometrical and operational parameters of the
two injectors used at the University of Florida—UF 1 and UF 2—
which are shown schematically in Fig. 1. Included in the table are the
Pennsylvania State University (Penn State) facility used for optical
diagnostics [9] and the four injectors’ geometries used during the
gas-gas injector technology (GGIT) program [11]. The space shuttle
main engine (SSME) injectors’ dimensions are also included to

UFI UE2
D1, in(mm) | 0.047 (1.2) |0.059 (1.5)
D2, in(mm) | 0.087 (2.2) |0.098 (2.5)
D3, in(mm) | 0.106(2.7) |0.106 (2.7)

indicate the relative proportionally of these different designs. The UF
injectors are close to half the dimension of the SSME injectors and
close to 5 times smaller than the Penn State injectors. The GGIT
injectors have an oxidant inside diameter (ID) and outside diameter
(OD) close to twice the size of the SSME injectors and differ among
each other by the hydrogen OD thereby maintaining the oxidant post
thickness the same. The post oxidant post thickness plays a
significant role in flameholding and the development of the shear
layers and was also maintained constant in the UF injectors’
configuration at 0.5 mm. This is close to the GGIT post thickness,
which was 0.42 mm in all configurations and close to half the size of
the Penn State oxidizer post of 0.9 mm. The SSME post thickness is
0.75 mm. The O/F velocity ratio in the UF facility ranges between
0.1-0.7 covering the range of conditions of the other injectors in the
table. The mass flow ratios cover a broad range, in particular, when
the UF 2 injector is considered, considerably larger than normally
practiced in practical applications to expand the capability to provide
a broad range of results for comprehensive code validation. Finally,
the facility operates with pressures up to 60 atm which is close to the
range used in the GGIT studies and a second high-pressure facility
used at Penn State [10], which is axisymmetric rather than 2-D as the
UF facility.

Figure 2 shows a schematic of the UF facility indicating the
modular construction. The chamber is made of copper given the high

Fig. 1 Injectors detail.

Quartz Windows (Uncooled)

Segmented Chamber Wall

Injector Assembly

Exit Nozzle

Fig. 2 Combustion chamber configuration. The injector location can be adjusted to access optically different regions of the flame. The chamber length
can be modified by positions of the chamber section resulting in over 25 chamber lengths.
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thermal conductivity of the material. The chamber’s cross section is
2.5 x 2.5 cm? (1 in. square) with large, 3 mm, corner radius to reduce
stress concentration areas and hot spots while allowing maximum
optical access capabilities. The modular construction allows
chamber length modification over 25 different configurations to
evaluate the chamber length effect on the flowfield recirculation
regions and to permit the placement of the windows at different
locations. The windows are made of UV-grade fused silica with a
softening temperature above 1600°C and transmissivity as low as
225 nm. The windows are 2.5 cm in diameter and are 1.25 cm thick.
They are placed on four sides of the chamber allowing a viewable
field of 19 mm diameter. The windows are uncooled and the inner
sides include a machined step to guarantee that the windows were
flush with the internal chamber wall.

To further facilitate geometrical changes the injector design
provides the ability for recessed, flush, and protruding oxidizer post
configurations. A spacer sleeve and a spacer baffle are used to hold
the oxidizer nozzle in the center of the injector housing. The spacer
baffle supports the oxidizer tube and further serves to uniformly
distribute the fuel flow around the oxidizer nozzle.

Other facility components include the exhaust nozzle which
incorporates temperature measurement for accurate prediction of

Operation Mode Key

— GHyY/GO,

----% GHyAir

—-—-% Complete System N, Purge

- Overpressure

Exhaust

boundary conditions in computations, the ignition source, and the
gases supply system.

A diagram of the gases supply and purge system is shown in Fig. 3.
The propellant feed system can provide either gaseous oxygen (GO,)
or air as the oxidizer and gaseous hydrogen (GH,) as the fuel. The
entire system is a pressure fed system, meaning there are no pumps
and the propellants and the nitrogen are all supplied via high-pressure
gas bottles. The GO, supply is provided by an array of 10 bottles at
17.9 MPa (2600 psi) connected in parallel and the GH, supply is
provided by a single hydrogen bottle at 17.9 MPa (2600 psi). This
combination provides sufficient fuel for 20-30 tests depending on
the test lengths, which are normally limited to 6 s from ignition. The
purge is provided by pressurized nitrogen connected to the fuel and
oxidizer lines such that it purges the lines from the supply systems
downstream. This nitrogen system also offers the capability to
prepressurize the chamber immediately before the combustion test.
The gases mass flows are controlled through choked needle valves
with the flow rate coefficient determined precisely from the metering
valve micrometric vernier. Solenoid valves open and close the gas
lines in a sequence controlled by the control and data acquisition
system. A detailed description of the facility, the data acquisition,
and control is given in [12].
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Fig. 3 Schematic diagram of the facility propellant/purge feed system.
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Table 2 Experimental conditions: group A: mg,/my, = 4, my, = 0.396 g/s, ID,,,,,. variable, L ,,mpe. fixed. Group B: mg,/my, = 6,
my, = 0.285 g/s, ID,,,i. variable, L., ..per fixed. Group C: mg, /my, = 4,my, = 0.396 g/s, ID,,,.i. fixed, L amper Variable. Group D: mg, /my, = 4,
my, = variable, ID,,, . fixed, L ,amper fixed

P, O/F, O/F, Hydrogen mass flow, Hydrogen velocity, Exit nozzle ID, Chamber length,
MPa mass flow velocity 0] g/s m/s mm mm
Group A 6.21 4 0.41 2.0 0.396 42.52 1.36 169.3
4.86 4 0.41 2.0 0.396 54.33 1.59 169.3
4.55 4 0.41 2.0 0.396 58.03 1.70 169.3
2.76 4 0.41 2.0 0.396 95.67 2.38 169.3
Group B 6.21 6 0.62 1.33 0.285 30.60 1.36 169.3
4.86 6 0.62 1.33 0.285 39.10 1.59 169.3
4.55 6 0.62 1.33 0.285 41.76 1.70 169.3
2.76 6 0.62 1.33 0.285 74.53 2.38 169.3
Group C 4.86 4 0.41 2.0 0.396 54.33 1.59 150.7
4.86 4 0.41 2.0 0.396 54.33 1.59 132.1
4.86 4 0.41 2.0 0.396 54.33 1.59 112.6
4.86 4 0.41 2.0 0.396 54.33 1.59 94.0
Group D 2.75 4 0.41 2.0 0.187 45.34 1.70 169.3
3.90 4 0.41 2.0 0.280 47.87 1.70 169.3
4.93 4 0.41 2.0 0.377 50.99 1.70 169.3
5.87 4 0.41 2.0 0.470 53.39 1.70 169.3

A. Heat Flux Calculation

The chamber extensions shown in Fig. 2 incorporate heat flux
sensors made of thermocouple pairs placed next to each other and
separated by 7 mm in a transverse direction. The temperature
gradient measured at each axial location is used to infer the local heat
flux. Because the walls do not achieve thermal steady conditions
during the 5-6 s experiment the Fourier law for heat transfer must be
corrected with an unsteady term that accounts for the heat
accumulated in the walls, as follows:

k cAx(T,, — T,

qa ZE(Ti,Z_To<2) +%% M
Here, the density y and heat capacity ¢ for copper 110 are
8700 kg/m? and 385 J/(kg - K), respectively. The temperature
subscript i represents the thermocouple closest to the inner chamber
wall, o represents the thermocouple farthest from the inner chamber
wall, “1” represents an initial time, and “2” represents a final time. In
Eq. (1), g4 is the heat flux per unit area obtained from the experiment
using Ax as the distance between any thermocouple pair. The
nonsteady component mounted to 5—10% of the total heat flux.

III. Results
A. Wall Heat Fluxes

The experiments described below used a GH, /GO, system with
O/ F mass flow ratios of 4 and 6 (® = 2.0 and 1.33) and chamber
pressure ranging from 2.8 to 6.2 MPa. Table 2 includes a list of the
experiments grouped in four sets. The first two sets, groups A and B,
included experiments with mass flow ratios of 4 and 6, respectively,
during which the gases mass flows were kept constant and the
chamber pressure was adjusted by changing the exit nozzle orifice.
The third set, group C, evaluated the effect of chamber length while
maintaining all other parameters constant. Finally, the fourth set,
group D, maintained a fixed geometry and mass flow ratio at 4,
achieving chamber pressure changes by changing the gases mass
flows. Complete sets of data are listed in [12]. The resulting gas
injection and chamber flows were turbulent.

Figures 4 and 5 show the pressure rise and wall heat fluxes,
respectively, for an experiment with chamber pressure of 4.86 MPa
and O/F = 4 indicating that full steady conditions were not recorded
during the 8 s test. The figures indicate that at certain locations the
heat fluxes have reached steady state while the pressure tends to rise
slightly caused by the thermal expansion of the uncooled exit nozzle.
In all of the following figures the heat fluxes were calculated toward
the end of the experiment when steady state is essentially reached at
all axial locations. Instantaneous, 500 ns images of the flame shown
in Fig. 6 indicate the onset of jet instabilities at 4d ;. These images are
direct photography and, therefore, integrate through the jet. They are

due, mostly, to water emission in the visible range [13] with
additional chemilluminesence from OH. An average of 132
instantaneous images shown in Fig. 7 indicates the formation of the
“dark” core, a parameter that is used at times to verify computational
prediction, with a length of 6d;. The flame liftoff distance can be
estimated from this image and is found as 1 mm at these experimental
conditions. Additionally, the shear layer is seen to bend toward the
centerline, that is, toward the oxidizer as it develops away from the
injector, which is characteristic of fuel-rich shear layers [14].
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Fig. 4 Chamber pressure versus time for P, ,mp.r =4.86 MPa,
mg,/my, =4 and v, /vy, = 0.46. The plot indicates that pressure
steady state is not fully achieved during the 8 s sequence.
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Fig. 5 Heat flux for P ,per = 4.86 MPa, mq,/my, = 4. The legend
indicates the heat fluxes axial distance from the injector face.
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Width / d;

Height / d;
Fig. 6 Instantaneous flame image at P ,.,.r = 4.86 MPa, O/F =4,
my, = 0.396 g/s, and vg, /vy, = 0.46. Broadband flame emission with
exposure time of 500 ns indicates the jet instabilities forming at 4 jet
diameters.

Width (mm)
W N = o s AW

0 2 4 6 8 10 12 14 16 18
Height (mm)
Fig. 7 An average of 132 instantaneous images. Most of the emission is
due to OH and water hence the averaged image indicates the length of the
dark core. At these experimental conditions the dark core is 6 jet
diameters.
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Fig. 8 Wall heat fluxes for O/F = 4.0 and constant mass flow rates.

The exit nozzle area was changed to modify chamber pressure. The heat
flux profiles are independent of pressure.

Figures 8 and 9 show the wall heat fluxes determined for O/F =
4.0 and 6.0, respectively, with constant mass flows and variable exit
area to change the chamber pressure. The heat fluxes are independent
of pressure in these cases because the mass flow remains constant and
the change in heat transfer caused by velocity changes through the
Reynolds number is negligible. The differences over more than
twofold pressure increase remained below 18% at the location
sensitive to displacement of the stagnation point and below 8% at all
other locations. This includes the accuracy of the heat flux
measurement evaluated as 2%.

The heat fluxes show a maximum of 3.2 and 3.4 MW/ m?,
respectively, at 30d; from the injector face, further decaying slowly
in the axial direction toward the chamber exit. The chamber wall
temperature plot, determined analytically from the heat fluxes,
indicates that the wall temperatures increase, peak, and decrease
along the length of the chamber, as shown in Fig. 10. This seems to
indicate that the shear layer, the hottest portion of the flame, contacts
the chamber wall at the location of the peak wall temperature, or
around 83 mm, that is, 41d s from the injector face. This location is
the same for both equivalence ratios. However, the distance from the
injector face at which the highest heat release occurs appears to be
around 30d; from the injector face. The maximum heat release
location appears to have little dependence on mass flow ratio and

35

st ]
< 251
: o *
s 21 * 3 i ®P=6.21MPa
x ., WP - 4.86 MPa
L 15+ u AP = 4.55MPa
§ z XP =2.76 MPa
T 4]

05+
0 + + + + + +
0 10 20 30 40 50 60 70

Distance from Injector Face (x/d;)

Fig. 9 Wall heat fluxes for O/F = 6.0 and constant mass flow rates.

350

300 + !
G 2501 § *P=6.21MPa
5 ¥ WP =4.86 MPa
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0 t t t t t t
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Distance from Injector Face (x/d;)

Fig. 10 'Wall heat temperatures inferred from heat fluxes at O/F = 4.

injection velocities, and no pressure dependence. Because the heat
fluxes and chamber wall temperature profiles did not seem to be
affected by changes in chamber pressure, mass flow ratios, velocity
ratios, and injection velocities, they would appear to be dominated
mainly by geometrical features.

When the exit nozzle area is fixed and the gases mass flows are
changed thereby changing the chamber pressure the heat fluxes
change with the mass flow and the resulting chamber pressure change
as shown in Fig. 11. Scaling all heat flux data with chamber pressure
raised at a power of 0.6 normalizes the entire data set, as shown in
Fig. 12a, similar to the findings in [10]. The fact that the profile
remains similar across all pressures suggests that the dynamic
structures within the combusting flow are pressure independent if all
other factors remain constant. Furthermore, the results from the
combustion tests where the mass flow rates were held constant, in
which the injection velocities must increase for the same injector
geometry, indicate that the dynamic structures within the combusting
flow are only slightly dependent on the injection velocity, as
indicated by slightly varying values in the heat fluxes with similar
profiles. This suggests that the basic dynamic structures of the
combusting flow are mostly dependent on the chamber geometry,
with little dependence on injection velocities and no pressure
dependence.

The scaling with chamber pressure is useful in cases when the
chamber nozzle is kept constant. It fails, however, for experiments
when the mass flow is kept constant and the chamber pressure is
varied by changing the exhaust nozzle diameter. In these cases a
scaling based on the square root of the mass flow normalizes all the
data as indicated in Fig. 12b. This scaling is a preferable choice
because it satisfies all conditions irrespective of the chamber
geometry and it satisfies both sets of data with and without constant
exit area. Clearly, the wall heat fluxes will scale with the Reynolds
number, given that the other major parameter in any Nusselt number
formulation, the Prandtl number next to the wall remains relatively
unchanged. That correlation, however, is more complex and subject
to a more detailed convective heat flux analysis; for a first
approximation, the square root of the mass flow appears to be a
reasonably accurate parameter.
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Fig. 11 Wall heat fluxes for O/F = 4.0 with variable mass flows and constant exit nozzle.
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a) Heat flux values scaled with chamber pressure
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b) Heat flux values scaled with mass flow

Fig. 12 a) Heat flux values scaled with the chamber pressure for O/F = 4.0; b) square root scaling with mass flow normalized wall heat fluxes
irrespective of the experimental method used to change the chamber pressure for O/F = 4.0.

B. Injector Face Temperature experiment at each location indicating, in all cases, that larger
temperature fluctuations are recorded at the location closer to the
injector. There is a noticeable increase in face temperature as
pressure increases at the larger O/F = 6 as noticed in Fig. 14.

Moreover, at the higher mass flow ratio, the injector face

The injector face temperatures for O/ F mass flow of 4 show little
pressure dependence, as shown in Fig. 13. Two locations were
measured at 2.1 and 4.2 mm from the injector center axis. The bars on
the data points indicate the range of fluctuation recorded during the
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Fig. 13 Injector face temperatures at O/F = 4.0. Temperatures are
measured at 2.1 and 4.2 mm from the injector center. Bars indicate the
temperature fluctuation. There appears to be no dependence on chamber
pressure at this mass flow ratio.
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Fig. 14 Injector face temperatures at O/F =6. An increase in
temperature is recorded as the chamber pressure increases. At lower
pressures the 2.1 mm location has a lower temperature than in the case of
lower O/F.
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SRR
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Fig. 15 Effect of chamber length on the injector face temperatures at
O/F =4 and P, mper = 4.9 MPa. As the chamber length increases the
temperature closer to the injector decreases. Farther away from the
injector the temperature is less sensitive.

temperatures are closer than in the case of the lower mass flow
recorded in Fig. 13. This suggests that considerable changes in the
flow pattern of the recirculation exist both in space and, given the
range of temperature fluctuation, in time. These fluctuations were
identified in computational studies, such as [3], and are of particular
interest because they are closely coupled to the jet mixing and,
therefore, affect the overall chamber dynamics.

The chamber length effect on the injector face temperature results,
as well, from the recirculation pattern. This effect is shown in Fig. 15.
The temperature measured at 4.2 mm from the center axis shows little
change with a decrease in chamber length. The temperature
measured at 2.1 mm, however, shows a sizable increase as the
chamber length decreases. This increase can be due to hotter gases in
the recirculation region as the chamber length decreases or to an
accelerated recirculation in the shorter chamber.

IV. Summary

A high-pressure facility with optical access has been built and
instrumented to cover a range of experimental conditions for single,
coaxial, gaseous jets. The results of wall heat flux measurements for a
range of pressures and mass flows indicated the following:

1) Maximum heat release occurs around 60 mm, or 30d; from the
injector face.

2) The heat flux and chamber wall temperature distributions seem
to have no direct pressure dependence and only a slight dependence
on propellant injection velocities, however, a strong dependence on
mass flows is noted.

3) The lack of pressure dependence and only slight dependence on
the propellant injection velocities, as shown by the similarity in heat
flux profiles, suggests that the basic dynamic structures of the
combusting flow are mainly dominated by geometrical effects.

4) A scaling of heat flux values with the square root of fuel mass
flow rate, instead of chamber pressure, is suggested for a simplified,
first order scaling.

5) The injector face temperatures exhibit large time fluctuations
but are not affected by changing pressure except in the case of large
mass flow ratios.

6) The chamber length clearly changes the recirculation pattern
with longer chambers reducing the injector face temperature.
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