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The present work focused on improving the engine performance with different fuel equivalence ratios
and fuel injections. A scramjet model with strut/cavity integrated configurations was tested under Mach
5.8 flows. The results showed that the strut may sreve as an effective tool in a kerosene-fueled scramjet.
The integration of strut/cavities also had great effect on stablizing the combustion in a wide range of
fuel equivalence ratio. The one-sdimensional analysis method was used to analyze the main charac-
teristics of the model. The two-stage fuel injection should have better performance in increasing the

chemical reaction rate in the first cavity region.
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Scramjet engine has been investigated over fifty years
and several engines have been flight-tested in the past
few years!'?. Hydrocarbon fuels such as kerosene have
high potential utilization in the future hypersonic trans-
portations for the merit of easy storable and high energy
density. However the disadvantages of kerosene are the
long ignition delay time and low chemical reaction rate.
The low combustion efficiency in a supersonic flow is a
major shortage for the kerosene fueled scramjet'™.

The ignition delay of kerosene is usually longer than
the flow residence time in scramjet combustor, so the
kerosene must be ignited by additional method such as
torch or cavity, etc.l**!. Vinogradov et al.’! used cavity
and integrated pilot hydrogen to ignite and stabilize
combustion in a two-dimensional scramjet at low hy-
drogen equivalence ratio (ER=0.1). In some cases,
combustion continued after pilot hydrogen flow was
terminated. Yu et al.”* investigated the performance of
supersonic combustion with different cavities and injection/
cavity integration configurations in the direct-connect
supersonic combustion test facility. The stable super-
sonic combustion and better combustion efficiency were
obtained using cavity with pilot hydrogen (ER~0.1) than
before. The characters of cavity flame-holder were sen-

sitive to the flow condition and fuel feeding scheme!.

Only when the fuel injected into the cavity was properly
tuned, minimum flame oscillations can be obtained!' ",
Since deeper fuel penetration is required for increasing
combustion efficiency at high equivalence ratio, the fuel
penetration depth becomes an obstacle when fuel is in-
jected from the walll'®!. The scramjet engine with a cen-
tral strut was designed to enhance mixing in the core
region of the flow. The better performance was obtained
by hydrogen injected from the strut under Mach 8 con-
ditions"*). However there was no systematic report on
the kerosene injection parameters effect on the per-
formance of the cavity-based scramjet engine in combi-
nation with the strut.

In supersonic combustor, the finite rate kinetics is
strongly coupled with the fluid mechanics. A high thrust
increment was obtained by the staged fuel injections in a
dual-mode combustor!'” and a diverging supersonic
combustor'"!, but the performance strongly depended on
the injector location. Therefore studies are essential to
obtain the better heat release and pressure distribution

through staged fuel injections'®.
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In this paper, the study was based on our previous re-
search of the scramjet model with different combustor
configurations. The effects of fuel injections location
and two-stage fuel injections were investigated in free-jet
tunnel. Mechanism of two-stage fuel injections gives
clues of improving scramjet performance.

1 Test facility and scramjet model

1.1 Test facility and instruments

The test facility used in scramjet experiments is a high-
enthalpy free-jet tunnel (Figure 1), the so-called HPTF
(hypersonic propulsion test facility). It provides typical
test conditions as Mach number Ma~5.8, total pressure
P=4.5 MPa, total temperature 7;=1900 K and mass flow
rate 4 kg/s by a rectangular facility nozzle with the exit
of 300 mm in width and 190 mm in height. The pressure
inside the test cabin is 4 kPa which duplicates the engine
entrance pressure condition of 25 km altitude, achieved
by a single staged triple-nozzles air ejector with 40 kg/s
mass flow rate.

The static pressures along the model are measured by
PSI 8400 pressure scanner with 128 channels. The six
components of force balance are used to measure the
thrust increment of engine.

1.2 Scramjet model

A sidewall compression scramjet engine was used in the
tests. The engine shown in Figure 2 is rectangular at the
entrance and exit, and the duct is 0.2 m wide, 0.07 m
high and 1.8 m long. It is divided into four sections: inlet,
isolator, combustor and nozzle. The compression angle
of inlet is 7°. A cowl is at 474 mm from the leading edge,
and the thickness of the strut is 22 mm. The combustor
is 800 mm long with 1.5° divergence angle. The nozzle

is 300 mm long with straight walls. The strut with stag-
gered wedge tail serves as a compression surface at the
inlet as well as a fuel injector in the combustor. Recessed
cavities functioning as the flame-holder in the combustor
are used, as shown in Figure 3. Both strut and cavity
generate variant vortexes that help the mixing and com-
bustion, as well as extending the fuel residence time.

2 Results and discussion

The experimental investigations were carried out with
different fuel injection locations and combinations of the
fuel injections, as shown in Figure 3. The kerosene was
injected perpendicularly from the strut or/and sidewall.
There were three positions at the strut, named as S1, S2,
S3, and two positions on the sidewall, C1 and C2. There
are 5 holes in each position, and the diameter of holes is
0.3 mm. It is distributed with an equal distance of 14
mm. The pilot hydrogen is injected from H1 and H2.
The equivalence ratios of pilot hydrogen were the same
for all tests, ERy;=0.05, ERy»,=0.025.

Several grades of the fuel equivalence ratios were
tested to research the effect on the engine performance.
The static pressure distribution along the model can in-
dicate the combustion process inside the engine, and the
thrust increment can evaluate the engine performance.

2.1 Fuel injection from strut

Figure 4 shows the pressure distributions along the
scramjet model with fuel injected at S3 and HI1. The
X-coordinate is the dimensionless length normalized by
the inlet length (474 mm), X/X,=1 means the position of
the cowl. The Y-coordinate is the dimensionless pressure
normalized by the static pressure of the incoming flow
(2.7 kPa).
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Figure 1 Test facility.
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Figure 2 Sketch of the scramjet model.
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Figure 4 Pressure distributions along the scramjet model with
different equivalence ratios (fuel injection: S3).

The hollow scatter is the case without fuel and solid
scatters denote different equivalence ratios. The position
of peak pressure is at the region of the first cavity, the
value increases with the equivalence ratio until the value
reaches about 0.87, and then the peak pressure has little
drop when ER=0.96. Figure 5 shows the corresponding
thrust increment (A7), which increases with the fuel
equivalence ratio until ER=0.87, and then the thrust in-
crement decreases a little when ER=0.96.

The distributions of the static pressure are similar for
different fuel equivalence ratios. The zigzag corresponds
to the shock wave reflection. The inlet static pressure
hardly changes. The pressure ratio at the exit of isolator
is from 2.0 to 3.0, and therefore the flow inside the iso-
lator maintains supersonic at all test conditions. The
combustion is stable under different fuel equivalent ra-

tios. The similar pressure profile suggests the combus-
tion processes are similar, but the heat release or chemi-
cal reaction rate increases at high fuel equivalence ratio.
Since the method of changing fuel equivalence ratio is
changing the injection pressure at the same fuel holes,
the high equivalence ratio may induce better mixing due
to higher pumping pressure and stronger interaction be-
tween fuel injection with main flow. Therefore, when
equivalence ratio increases, more fuel joins the reaction
or the combustion efficiency improves due to better
mixing. The thrust increases with equivalence ratio to a
special value, which has relation to the combustor con-
figurations. The fuel mixing mainly depends on the
shear layer generated from cavity front or strut, but the
fuel penetration depth changes a little at high movement
ratio. That induces local mixing rate to be saturated, and
also the combustion efficiency approaches a limitation,
so there are few differences between ER=0.87 and
ER=0.96. The pressure and thrust results injected from
S2 are similar to S3.
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Figure 5 Thrust increment with fuel equivalence ratios (fuel injec-
tion: S3).

2.2 Fuel injection from sidewall

Figure 6 shows the pressure distribution along the model
with fuel injected at C1 and H1. The pressure distribu-
tion resembles the case of S3. It indicates that the cavity
is the main region for heat release. The maximum pres-
sure is lower than the case of S3 at the approximate
equivalence ratio (0.88). The better performance shows
that the advantage of fuels is injected from strut.

Figure 7 shows that the thrust increments change with
fuel equivalence ratio. The thrust increment increases
with fuel equivalence ratio until £R=0.8, and then de-
creases when £R=0.88. The maximum thrust increment
is lower than the case of S3. According to the results of
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Figure 6 Pressure distributions along the scramjet model (fuel
injection: C1).
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Figure 7 Thrust increment with fuel equivalence ratios (fuel injec-
tion: C1).

pressure, the reason may be that the fuel injected from
sidewall decreases the flow speed of main flow, then
decreases counter flow Mach number of shear layer, and
finally influences the mixing process. However fuel in-
jected from strut can avoid disturbing the initiation of
shear layer. Therefore it can obtain better performance
with fuel injected from strut.

2.3 Fuel injections from both sidewall and strut

In order to get better performance, the combinations of
the fuel injections are used for spatial fuel distribution.
Figure 8 shows the static pressure results with two-stage
fuel injections, and the fuel equivalence ratios are shown
in Table 1. The following three cases have almost the
same equivalence ratios but different injection positions.
The highest pressure is the case of S2+C2, the next is
the fuel injection from S2+C1, and the lowest is the case
of C1+C2.

Comparing the pressure results in the above cases, the
static pressure with two-stage fuel injection at S2+C2 is
higher than whichever single fuel injection cases. The
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Figure 8 Pressure distributions along the scramjet model with

two-stage fuel injections.

00 O0nnoan 1
T T T T

Table 1 Fuel equivalence ratios of two-stage fuel injections
Cases S2 C1 C2 Total ER
(S2+C2) 0.79 0.32 1.1
(S2+C1) 0.76 0.36 1.12
(C1+C2) 0.75 0.33 1.08

case injected at S2+C1 is close to the case only injected
at S3, but higher than C1. The case injected at C1+C2 is
close to the case only injected at C1, and even the total
equivalence ratio is higher than it. The results indicate
that the second fuel injection has little effect on pressure
distribution along the model, because the local concen-
tration of oxygen might be low for insufficient diffusion
of a great amount of reactants at the second cavity re-
gion.

The thrust results are shown in Figure 9, and the line
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paralleled to the X-coordinate represents the total drag of
scramjet model without fuel. It includes the uninstalled
engine drag and support configurations drag. The results

indicate that two-stage fuel injections obtain positive
thrust under test condition and higher thrust increment
than other cases.
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Figure 9 Thrust increment with two-stage fuel injections.
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3 Numerical analysis

In order to make the main characteristic inside the model
scramjet clear, an analytical method was developed
based on the calculation of one-dimensional equations
connected to a Chemkin subroutine of Plug Flow Reac-
tor. The kerosene combustion model has 17 species and
34 step chemical reactions. The flow is supposed to be
uniform at cross section. The wall temperature assumes
to be a constant value. The static temperature of main
flow is correlated from experimental data, so that the
other parameters such as pressure, velocity, Mach num-
ber and heat release rate can be calculated from the
equations.

Figure 10(a) shows the analysis results of the model
with combination injections S2 (ER=0.79) and C2
(ER=0.32). The solid line is the static pressure along the
model, and the dot is the experimental static pressure.
The numerical analysis gains good agreement with the
experimental data. The line with hollow triangle is the
Mach number along the model. It decreases when pres-
sure increases to the peak value, and then it gets the
lowest value about 1.26 at first cavity region. The dash
line is the dimensionless reaction heat release rate (di-
vided by the inlet total enthalpy) along the model. It de-
creases sharply along the flow direction until the second
fuel is injected and the trend becomes gentle. The com-
bustion efficiency (thermal releases increment/fuel ca-
loric heat capacity) of engine is about 64%.

Figure 10(b) shows the results of the fuel injection
only at S3 (ER=0.79). The peak pressure is about 8%
lower than the case of S2+C2, and the peak heat release
rate is 16% lower than it. The total combustion effi-
ciency decreases to 46%. Different heat release rates
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along the model show that the second fuel injection
helps to maintain a high pressure in combustor at the
first cavity region, and makes it benefit more for reac-
tion.

The mole fractions of species along the model at case
of S2+C2 are shown in Figure 11(a). The mole fraction
of CO; increases rapidly at the first cavity, and then in-
creases slowly when passing through the cavity region.
The mole fraction of H,O resembles the CO,. The final
mole fractions of these two products determine the total
heat release rate. There are also some unburned fuels,
semi-production like CO in the exhaust. Hence they
bring additional heat release loss for engine potential
performance.

Figure 11(b) shows the mole fraction of the species
along the model at the case of S3. The mole fractions of
CO; and H,O are lower than the case of S2+C2, though
they have the same fuel equivalence ratio at the first
cavity region. The heat release rate decreases and Mach
number increases at the same region in comparison with
the case of S2+C2.

The pressure in the case of S2+C2 is higher than the
case of S3, which may be the fuel injection at the second
fuel position increasing the local temperature and pressure.
The pressure wave propagates to the upstream through the
boundary or cavity, and then increases the temperature of
the first fuel injection region. Finally the steady combus-
tion at the first injection region gains higher temperature
and pressure than the single fuel injection state at the
same equivalence ratio, because the flow properties have
changed. Because the chemical reaction is not a linear
process, the pressure along the combustor declines rapidly
under constant diverging angle.
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Figure 10 Numerical analysis results of static pressure, Mach and heat production. (a) Two-stage fuel injection S2+C2, ER=0.79+0.32; (b)

one-stage fuel injection S3, ER=0.79.
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Figure 11 Numerical analysis results of gas components. (a) Two-stage fuel injection S2+C2, ER=0.79+0.32; (b) one-stage fuel injection S3,
ER=0.79.

In our model, the nozzle cannot be designed for fully
expansion and some semi-productions also increase heat
energy losses. If the pressure can keep constant in com-
bustor, and combine two-stage or multi-stage fuel injec-
tions with a reasonable engine flowpath design, the bet-
ter performance can be obtained further.

4 Conclusions

The performance of the cavity-based scramjet model
with different fuel injections strategy was investigated in
a high-enthalpy free-jet tunnel. A numerical analysis
with chemical reaction revealed the mechanics of per-
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Strut was an effective tool to increase the engine per-
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work at wider range of fuel equivalence ratio. Positive
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