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Abstract Supersonic model combustors using two-stage
injections of supercritical kerosene were experimentally
investigated in both Mach 2.5 and 3.0 model combustors with
stagnation temperatures of approximately 1,750 K. Super-
critical kerosene of approximately 760 K was prepared and
injected in the overall equivalence ratio range of 0.5–1.46.
Two pairs of integrated injector/flameholder cavity modules
in tandem were used to facilitate fuel-air mixing and stable
combustion. For single-stage fuel injection at an upstream
location, it was found that the boundary layer separation
could propagate into the isolator with increasing fuel equiv-
alence ratio due to excessive local heat release, which in
turns changed the entry airflow conditions. Moving the fuel
injection to a further downstream location could alleviate the
problem, while it would result in a decrease in combustion
efficiency due to shorter fuel residence time. With two-stage
fuel injections the overall combustor performance was shown
to be improved and kerosene injections at fuel rich condi-
tions could be reached without the upstream propagation of
the boundary layer separation into the isolator. Furthermore,
effects of the entry Mach number and pilot hydrogen on com-
bustion performance were also studied.
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1 Introduction

In hydrocarbon-fueled scramjet operations, the onboard fuel
will also be used as a coolant and its temperature and state
will vary in different flight stages. When both fuel temper-
ature and pressure are higher than the thermodynamic crit-
ical point, the fuel becomes supercritical, and supercritical
fuel exhibits liquid-like density and gas-like diffusivity [1].
During injection the supercritical fuel can be directly trans-
formed to the gaseous state without atomization and vapori-
zation processes. Our previous experimental investigation [2]
demonstrated that the use of supercritical kerosene injec-
tion has the potential of enhancing fuel-air mixing and pro-
moting overall burning intensity. In comparison with liquid
fuel injections at similar fuel flow rates, experimental results
[2,3] in a Mach 2.5 model combustor showed that the static
pressure rise in the combustor with supercritical fuel injec-
tion increased by 10–15% at equivalence ratios below 0.5.
However, the advantage of supercritical fuel injection has not
been fully exploited with the single-stage injection. Espe-
cially, further increase in the fuel flow rate and the pressure
rise with single-stage injection was limited by the upstream
propagation of boundary layer separation due to excessive
heat release [4].

In order to suppress the upstream propagation of the
boundary layer separation at higher fuel equivalence ratios,
either a longer isolator or a further downstream injection loca-
tion could be used. A longer isolator may cause an increase in
drag and engine weight, while moving the injection location
to further downstream may cause a decrease in combustion
efficiency and lower pressure rise due to the shorter residence
time for reactions. The concept of staged fuel injection [5–8]
utilizes dispersed heat release to avoid locally excessive pres-
sure rise occurring in the case of single-stage fuel injection at
high equivalence ratios. As such, better pressure distributions
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and higher thrust can be attained in a staged supersonic com-
bustor [5–8]. In a practical scramjet operation, it is also
advantageous to use proper fuel distributions to adjust the
fuel delivery in accord with different flight conditions and
achieve an optimum engine performance.

It is worth noting that the advantage of using staged fuel
injections is not limited to the suppression of boundary layer
separation only. The combustion of an upstream-injected fuel
can provide an environment of large radical pool and high
turbulent intensity for the downstream-injected fuel, thereby
improving fuel/air mixing and enhancing burning efficiency.
To further explore the potential of using a staged supersonic
combustor combined with supercritical fuel injection, a series
of experiments were conducted to characterize the combus-
tion of supercritical kerosene injected at two different stages
in both Mach 2.5 and 3.0 model combustors. Kerosene was
injected through two pairs of integrated injector/flamehold-
er cavity modules installed in tandem along the flow path.
The effects of fuel injection location, combustor entry Mach
number, and pilot hydrogen on the combustor performance
were investigated and discussed in this experimental study.

2 Experimental specifications

2.1 Test facility

The experiments were conducted in a direct-connect wind
tunnel facility, which consisted of a vitiated air supply sys-
tem, a multi-purpose supersonic model combustor, and a ker-
osene delivery and heating system. The facility operation,
control, and data acquisition were accomplished with a com-
puter. The vitiated air heater, burning with H2, O2 and N2,
was used to supply heated airflow with a stagnation temper-
ature of T0 = 1,750 ± 70 K. Different convergent-divergent
nozzles were used to accelerate the flow to Mach 2.5 or

3.0. For comparison, the static pressure at the combustor
entrance was kept almost identical for the two Mach numbers.
As such, the corresponding stagnation pressures were set to
P0 = 1.12±0.02 and 2.44±0.06 MPa for the Mach 2.5 and
3.0 flows, respectively. The stagnation pressure and tempera-
ture of the vitiated air were measured using a CYB-10S pres-
sure transducer and a Type-B thermocouple, respectively.

The model combustor is shown in Fig. 1. It had a total
length of 1,105.5 mm and consisted of one nearly constant
area section of 115 mm and three divergent sections of
370 mm, 293.5 and 327 mm with the expansion angles of
1◦, 3◦ and 4◦, respectively. The entry cross section of the
combustor was 70 mm in height and 51 mm in width. In
Fig. 1, the “0” indicated at the beginning of the constant area
section represents the origin for all the static pressure distri-
butions to be presented and discussed later.

Two pairs of integrated fuel injector/flameholder cavity
modules in tandem were installed on both sides of the com-
bustor, each cavity with a depth of 12 mm, a 45◦ aft ramp
angle, and an overall length-to-depth ratio of 7.3. There were
four rows of wall injectors for kerosene injection, desig-
nated as Stages A–D in Fig. 1, corresponding to stream-
wise locations of 395, 573, 635 and 693 mm, respectively.
Each row of injectors consisted of nine orifices of 1.0 mm in
diameter evenly spaced in the spanwise direction and orien-
tated normal to the wall surface. A small amount of pilot
hydrogen was used to facilitate the self-ignition of kero-
sene in the supersonic combustor. There were five orifices of
1.0 mm in diameter available for the pilot hydrogen injection.
Room temperature pilot hydrogen was injected normally to
the airflow just upstream of the first pair of cavities, spe-
cifically at the streamwise location of 314 mm. The typical
equivalence ratio of pilot hydrogen used in this study was
0.09. Distribution of the static pressure in the axial direction
was determined using Motorola MPX2200 pressure trans-
ducers installed along the centerline of the model combustor

Fig. 1 Schematic of the Mach
2.5/3.0 model combustor (top)
and configurations of two
integrated fuel
injection/flameholder modules
(bottom). All length dimensions
are in mm
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Fig. 2 Time history of thrust value during an experiment

sidewalls. The experimental uncertainty in the static pressure
measurements was approximately 3%.

The entire test rig was mounted upright on a platform.
Three weight sensors (Shanghai TM, Model No. NS-TH3),
equilaterally spaced and connected in series, were used to
support the platform and to measure the thrust changes dur-
ing the experiments. This system yielded a maximum force
reading of 7,500 N with an uncertainty of 0.2%. Figure 2
shows a typical result of time history of the thrust signal for
a single run. The airflow started up at the point “a”. Sub-
sequently, the thrust was seen to increase rapidly and level
off within 1 s. Fuel injection then began at the point “b”.

The thrust level further increased due to the fuel injection
and the subsequent combustion, and quickly stabilized at the
point “c”. After a certain experimental duration, the flows
of H2 and O2 in the vitiated air heater and the fuel injec-
tion in the combustor were shut off at the point “d ”, and
hence the thrust quickly dropped to the point “e”. The resid-
ual thrust reading beyond the point “e” was due to the purge
N2 flow.

The nearly constant thrust level between the points “c”
and “d ” shown in Fig. 2 demonstrates the steadiness of
the supersonic combustion and the adequacy of the present
test facility. The thrust increment as a result of fuel injec-
tion and combustion is then defined as the thrust increase
from the value at the point “b” to the average value between
the points “c” and “d ”. This thrust increment will be later
used as one target parameter for the combustor performance
assessment.

2.2 Kerosene delivery and heating system

Supercritical kerosene at temperature of 750 ± 20 K was
prepared under varying pressures using the two-stage ker-
osene heating and delivery system developed in Ref. [2].
A schematic of this system is shown in Fig. 3. The first-
stage heater was a storage type that can heat kerosene of
0.8 kg up to 570 K with negligible coking deposits and
the second-stage heater was a continuous type, which was
capable of rapidly heating kerosene to 750 K within a few
seconds.

Fig. 3 Schematic of kerosene
delivery and heating system
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Prior to each experiment, the kerosene in a storage cyl-
inder was pumped into the first-stage heater by a piston
driven by high-pressure nitrogen gas. Two pneumatic valves
(Swagelok, Model No. SS6UM and SS10UM) installed,
respectively, at the exits of the first- and second-stage heaters
were employed to turn on/off the two heaters sequentially.
When kerosene in the first-stage heater reached a desired
temperature at a given pressure, it was pressed into the sec-
ond-stage heater and heated up to the working temperature
before injected into the model combustor.

Two groups of K-type thermocouples (Omega, Model No.
KMQSS-0.032E), denoted as TC11–13 and TC21–27 in
Fig. 3, were installed on the surface of or inserted into the
heater tubes. These thermocouples were used to monitor the
fuel temperature distribution along the heating system and
achieve the feedback control of the heating system. Stable
fuel temperature and pressure at the exit of the heating system
were accomplished and maintained during each experiment.

The mass flow rates of the supercritical kerosene were
controlled and measured by sonic nozzles. The associated
calibration procedure has been documented elsewhere [2].
In the cases of two-stage fuel injections, two sonic nozzles
of different throat diameters were installed in parallel at the
exit of the second-stage heater, as shown in Fig. 3. The mass
flow rate of each sonic nozzle was determined based on the
fuel temperature and pressure measured just upstream the
nozzles. Considering the measurement accuracies of throat
area, fuel pressure, and fuel temperature, the overall uncer-
tainty associated with the measured fuel mass flow rate was
within 5%.

3 Results and discussion

3.1 Single-stage fuel injection: effect of equivalence ratio
on combustor performance

Experiments were first conducted in the Mach 2.5 combustor
with single-stage fuel injection (at Stage A) under approx-
imately identical airflow conditions: a stagnation tempera-
ture of T0 = 1,750 ± 70 K, a stagnation pressure of P0 =
1.12±0.02 MPa, and a mass flow rate of q = 1,200±20 g/s.
The kerosene was injected at the supercritical conditions of
Tf = 750 ± 20 K and Pf = 4.0–4.98 MPa. As such, the
fuel mass flow rate varied from approximately 41–114 g/s,
and the corresponding kerosene equivalence ratios were in
the range of φf = 0.52−1.43.

Figure 4 compares the measured static pressure distri-
butions along the combustor for different fuel equivalence
ratios. The case of “no combustion” (i.e. no fuel injection)
was also plotted in Fig. 4 as a reference. It is seen from
Fig. 4 that the overall pressure level increases with increas-
ing equivalence ratio. Moreover, for φf > 0.6 the pressure

Fig. 4 Static pressure distributions with single-stage fuel injection at
different fuel equivalence ratios. Vitiated Mach 2.5 air: T0 ≈ 1,750 K
and P0 ≈ 1.12 MPa

rise began to propagate upstream out of the isolator and into
the divergent section of the supersonic nozzle due to the sep-
aration of boundary layer caused by locally excessive heat
release and shock-boundary layer interaction. As a result, the
entry conditions (such as Mach number) of the combustor are
expected to be changed, which should be avoided because it
would cause an engine un-start.

Table 1 lists the measured values of specific thrust incre-
ment (�), defined as the thrust increments per unit mass flow
rate of air, for the conditions of Fig. 4 as well as all other
experiments conducted herein. Figure 5 plots the results cor-
responding to Fig. 4, showing the dependence of � on fuel
equivalence ratio. The specific thrust increment is seen to
increase with increasing kerosene equivalence ratio up to 0.9
and then become nearly constant for φf beyond 0.9.

3.2 Single-stage fuel injection: effect of fuel injection
location on combustor performance

To avoid the combustion-induced pressure rise propagating
upstream out of the isolator, experiments with single-stage
fuel injection at different locations were carried out in the
same Mach 2.5 combustor. The airflow and kerosene con-
ditions were kept approximately identical to those used in
Fig. 4. Two kerosene mass flow rates of 71±2 g/s and 114±
2 g/s were tested, which correspond to the kerosene equiva-
lence ratios of φf = 0.9±0.02 and 1.44±0.02, respectively.

Figure 6 compares the static pressure distributions in the
Mach 2.5 model combustor with four different kerosene
injection locations (Stages A–D) for φf ≈ 0.9. Although
the same amount of kerosene was injected at each loca-
tion, the overall pressure rise with the Stage A injection
was much higher than the other three injection cases. As
the injection stage was moved to the downstream location,
the overall pressure level decreased. It is also noted that the
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Table 1 Experimental conditions and measured thrust increments per unit air mass flow rate

Figure Vitiated air Kerosene Injector location �/(m · s−1)

P0/ MPa T0/K M q/(g · s−1) Pf / MPa Tf /K φf or φ1/φ2

1.12 1,720 1,213 4.00 774 0.52 242

1.13 1,775 1,204 4.56 767 0.60 297

4 1.13 1746 2.5 1,214 4.98 767 0.65 A 322

1.12 1,779 1,191 4.93 768 0.91 370

1.11 1,759 1,190 4.94 758 1.43 369

6 1.12 1,779 2.5 1,191 4.93 768 0.91 A 370

1.13 1,760 1,214 4.88 762 0.90 B 347

1.13 1,781 1,202 4.91 763 0.90 C 310

1.13 1,730 1,204 4.87 770 0.89 D 285

7 1.11 1,759 2.5 1,190 4.94 758 1.43 A 369

1.13 1,765 1,209 4.95 748 1.44 B 312

1.14 1,820 1,200 4.90 731 1.46 C 312

1.13 1,837 1,184 4.96 742 1.44 D 343

1.13 1,736 1,218 5.03 763 0.51/0.37 A + B 330

8 1.13 1,742 2.5 1,216 5.07 756 0.52/0.38 A + C 348

1.14 1,795 1,207 5.15 777 0.51/0.37 A + D 351

10 2.45 1,801 3.0 1,475 4.58 755 1.05 A 363

2.43 1,791 1,466 4.53 763 1.03 B 299

2.50 1,822 1,495 4.52 760 1.00 C 250

2.43 1,764 1,477 4.52 746 1.04 D 220

2.50 1,884 1,465 4.10 750 0.46/0.62 A + B 344

11 2.38 1,721 3.0 1,471 4.13 761 0.45/0.61 A + C 298

2.44 1,766 1,486 4.12 757 0.45/0.61 A + D 296

Fig. 5 Specific thrust increment as a function of fuel equivalence ratio
for the conditions of Fig. 4

pressure downstream of the second cavity module increased
slightly when changing the injection location from Stage A
to Stage D.

Fig. 6 Comparison of static pressure distributions with single-stage
fuel injection at four different locations for fuel equivalence ratio of
φf ≈ 0.9. Vitiated Mach 2.5 air: T0 ≈ 1,750 K and P0 ≈ 1.12 MPa

The thrust increment decreased from 370 to 285 m/s when
the injection location was moved from Stage A to Stage D.
It can be explained by the fact that as the injection location
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Fig. 7 Comparison of static pressure distributions with single-staged
fuel injection at four different locations for fuel equivalence ratio of
φf ≈ 1.44. Vitiated Mach 2.5 air: T0 ≈ 1,750 K and P0 ≈ 1.12 MPa

moves downstream, the residence time available for fuel-air
mixing and the subsequent combustion became more limited.

Figure 7 shows and compares the pressure distributions
for single-stage fuel injection at a higher fuel equivalence
ratio of φf ≈ 1.44. The trend of static pressure distribution
variation with different injection locations is seen to be sim-
ilar to that shown in Fig. 6. As listed in Table 1, � decreased
from 369 to 312 m/s when the injection location was moved
from Stage A to Stage C, but increased to 343 m/s for Stage
D injection even with much lower pressure rise in the first
half section of the combustor. It appears that for Stage D
injection, the higher pressure rise downstream of the second
cavity module where the divergent angle of the combustor
was the largest accounted for the increase in �.

3.3 Effect of two-staged fuel injection
on combustor performance

To circumvent the pressure rise propagating out of the iso-
lator and simultaneously maintain a relatively high specific
thrust increment, two-stage fuel injections were tested in the
present supersonic model combustor, by keeping the total
fuel mass flow rate constant as used in Fig. 6. The first-stage
injection was at the location of Stage A with 57.5% of the
total kerosene mass flow rate, while the remaining 42.5%
was injected through one of the other three stages. As such,
the overall kerosene equivalence ratios at the first and second
stages were φ1 ≈ 0.52 and φ2 ≈ 0.38. Figure 8 compares
the static pressure distributions with the three injection com-
binations, namely A + B, A + C, and A + D. It is of interest to
see from Fig. 8 that the static pressure profiles for all three
two-stage injection combinations were very similar, although
some small variations occurred near the entrance of the com-
bustor. The differences in the specific thrust increments for

Fig. 8 Comparison of static pressure distributions using three different
combinations of two-stage fuel injections with constant total fuel mass
flow rate. Vitiated Mach 2.5 air: T0 ≈ 1,750 K and P0 ≈ 1.12 MPa

all three combinations were also very small, as shown in
Table 1. Compared to the single-stage injection cases shown
in Fig. 6, � of the A + B combination (330 m/s) was slightly
smaller than that of Stage B single injection (347 m/s), while
�’s of the A + C and A + D combinations (348 and 351 m/s,
respectively) were significantly larger than those of Stage
C (310 m/s) and Stage D (285 m/s) single injections. This
comparison therefore demonstrates the potential of two-stage
injections in enhancing the fuel-air mixing and the overall
burning intensity. Such an enhancement could be attributed
to several factors, including the availability of radical pools,
the changes in local Mach number, and the increase in turbu-
lence intensity resulting from the burning of the fuel injected
at the first stage.

Further experiments were conducted to examine the
effects of varying the fuel injection ratio between the first
and second stages, by keeping the conditions of airflow and
total kerosene mass flow rate nearly the same as those used
in Figs. 6 and 8. Sonic nozzles with different throat diam-
eters were used to distribute the two-stage fuel injections,
which allowed systematic variations in φ1 and φ2 while fixing
φ1 + φ2 approximately constant at 0.90. The measured spe-
cific thrust increments were then plotted against φ2/(φ1+φ2).
Figure 9 summarizes the test results using the two-stage
injection combinations of A + B and A + D. Within the cur-
rent experimental uncertainty, � is seen to generally decrease
with increasing portion of the second-stage injection for the
injection combination of A + D, while first decrease and then
increase for the injection combination of A + B as φ2/

(φ1 + φ2) was increased. Hence, it suggests that for the pur-
pose of thrust optimization, as much fuel as possible should
be injected at the upstream stage as long as there is no com-
bustion pressure propagating out of the isolator.
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Fig. 9 Specific thrust increments as a function of φ2/(φ1 +φ2) for the
two-stage injection combinations of A + B and A + D

3.4 Effect of entry mach number on combustor performance

The combustor entry Mach number plays an important role in
affecting the combustor performance. A higher entry Mach
number would reduce the overall burning intensity due to
shorter combustor residence time, particularly with fuel
injected at locations closer to the combustor exit. To ver-
ify the effectiveness of staged injections on performance
enhancement with a higher entry Mach number, a series of
experiments with single- and two-stage kerosene injections
were also carried out in a Mach 3.0 model combustor under
the following airflow conditions: a stagnation temperature
of 1,750 ± 70 K, a stagnation pressure of 2.45±0.03 MPa,
and a mass flow rate of 1,480 ± 20 g/s. The kerosene was
injected at the supercritical conditions of 750 ± 20 K and
4.55 ± 0.03 MPa. The total kerosene mass flow rate was
103 ± 2 g/s, corresponding to an overall equivalence ratio of
1.03 ± 0.03.

Figure 10 shows the single-stage injection results by com-
paring the static pressure distributions along a Mach 3.0 com-
bustor with fuel injected at four different locations of A–D.
In comparison with the Mach 2.5 test results shown in Fig. 6,
although the trend in pressure level variations with differ-
ent injection locations is similar, larger disparity in static
pressure distributions between injection locations of B–D is
noted. Particularly, Fig. 10 shows very low burning inten-
sity for the Stage D injection case, in which most of injected
fuel left the combustor without combustion. Compared to
the Mach 2.5 cases, Table 1 further demonstrates that the
specific thrust increments of the Mach 3.0 cases decreased
significantly for fuel injections at Stage B–D but remained
approximately the same for Stage A injection. As discussed
earlier, a higher flow speed reduces the fuel residence time

Fig. 10 Comparison of static pressure distributions with single-stage
fuel injections at four different locations under similar fuel injection
conditions. Vitiated Mach 3.0 air: T0 ≈ 1,750 K and P0 ≈ 2.45 MPa

Fig. 11 Comparison of static pressure distributions with two-stage fuel
injections under similar fuel injection conditions. Vitiated Mach 3.0 air:
T0 ≈ 1,750 K and P0 ≈ 2.45 MPa

inside the combustor, leading to lower level of fuel-air mixing
and less extent of complete combustion.

Figure 11 compares the static pressure profiles for the
three injection combinations of A + B, A + C, and A + D in
the present Mach 3.0 combustor. Approximately 42.5% of
the total fuel mass flow rate was injected through Stage A and
the remaining 57.5% was injected through one of the three
stages B–D located at the second cavity module. Figure 11
shows that the static pressure profiles for all three combina-
tions were fairly similar. It can also be seen form Table 1
that the specific thrust increments for all two-stage injec-
tions increased significantly as compared to the single-stage
injections at the downstream locations of B, C and D. Com-
parison of thrust increment with staged injection for Mach
2.5 and Mach 3 combustors shows that staged injection is
more beneficial for higher Mach number flow.
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Fig. 12 Comparison of static pressure distributions with and without
pilot hydrogen injections. Vitiated Mach 2.5 air: T0 ≈ 1,750 K and
P0 ≈ 1.12 MPa

3.5 Effect of pilot hydrogen

The preceding experimental results were obtained with the
help of pilot hydrogen at an equivalence ratio of 0.09. To clar-
ify the role of pilot hydrogen in the cases with two-stage fuel
injections, the pilot hydrogen during the experiments was
turned off about one second earlier than kerosene. Thus, the
combustor performances with and without pilot hydrogen can
be assessed. Figure 12 compares the static pressure distribu-
tions in our Mach 2.5 model combustor with fuel injections
at Stage A, Stage D, and the combination of A + D, with
and without pilot hydrogen injection. The airflow and fuel
injection conditions were kept nearly identical to those used
in Fig. 7. When the pilot hydrogen was turned off, it is seen
from Fig. 12 that stable combustion was still maintained in all
cases investigated. Moreover, the overall pressure level was
almost not affected for Stage A injection, and decreased only
slightly for the cases with Stage D injection and the A + D
injection combination. Similar effect of pilot hydrogen on
combustor performance was also observed for the Mach 3.0
combustor, but the reduction in static pressure when the pilot
hydrogen was turned off was slightly larger than that for the
Mach 2.5 cases.

4 Conclusions

Combustor performances with single- and two-stage injec-
tions of supercritical kerosene were experimentally investi-
gated and compared in both Mach 2.5 and 3.0 model
combustors. Static pressure distributions within the combus-
tor and thrust increments were measured and used to assess
the combustor performance. The key results are summarized
as follows.

With single-stage fuel injection, the increase in the fuel
flow rate and the associated pressure rise were limited by
the upstream propagation of boundary layer separation due
to excessive local heat release. Although moving the fuel
injection location to downstream could suppress the upstream
propagation of boundary layer separation, it would result in
lower thrust increment due to reduced fuel residence time.
The use of two-stage injection was shown to be effective
in the suppression of boundary layer separation as well as
able to maintain relatively high levels of combustion pressure
and thrust increment. Compared to the case with single-stage
injection at a downstream location, the overall burning inten-
sity was found to improve significantly by a combination of
partial fuel injected at an upstream location with the rest
injected further downstream.

Furthermore, it is found higher entry Mach number would
result in lower levels of fuel-air mixing and burning intensity
because of reduced fuel residence time, but the combustor
performance could be improved significantly with two-stage
fuel injections. The experiments also demonstrated that the
effect of pilot hydrogen is minimal when stable combustion
was established.
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