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Effects of Fuel Preinjection on Mixing in Mach 1.6 Airflow
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The effects of injection behind a pylon upstream of a supersonic combustion chamber were evaluated for liquid
JP-10 and gaseous ethylene. A generic, rearward-facing, rectangular step was used as the primary flameholding
mechanism. A pilot-hydrogen flame injected from the base of the step provided ignition. The fuel was injected from
a 1.5-mm-diam wall orifice behind a thin triangular cross section pylon placed in the isolator at 10 step heights
upstream of the step. The role of the pylon s to facilitate the penetration and the spreading of the liquid jet. Tests
were performed under connected-pipe conditions in a Mach 1.6 airflow channel and air stagnation temperatures
to 900 K, corresponding to the beginning of the hypersonic flight regime. The hydrogen, ethylene, and JP-10 flow
rates were modulated during the tests and wall pressures and temperatures were measured along the duct and
in the recirculation region. Shadowgraph imaging indicated the effect of injection on the isolator shock train and
the combustion chamber mixing. Combustion without upstream flashback has been observed with isolator JP-10

equivalence ratios to 0.5.

Nomenclature

D = diameter,cm

H = height of rearward-facing step, 12 mm

h = jet penetration height,cm

P = pressure, KPa, MPa

q = dynamic pressure ratio

T = temperature, K

X = axial location, cm

Y = transverse location parallel to contoured sides
of nozzle, cm

z = transverse location perpendicularto contoured
sides of nozzle, cm

n = efficiency

o = equivalenceratio

Subscripts

air = air property

C2H4 = ethylene property

fuel = fuel property

H2 = hydrogen property

inj = injector property

JP-10 = JP-10 property

jet/air = ratio of jet/air property

mix = mixing

0 = stagnation property

32 = sauter mean diameter

oo = freestream property

Introduction

IXING, vaporization of liquids, and mechanical breakup of
condensed phases are all prerequisite processes for combus-
tion. If these processes can be accomplished within the inlet, then
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the required residence time in the combustor can be substantially
reduced, resulting in shorter combustion chambers. Furthermore, if
the inlet is placed on the vehicle airframe or on the wing without
using boundary-layer diverters, fuel injection can be initiated up-
stream of the inlet capture. The main requirements in this case are
to provide fuel injection without fuel mass losses and to minimize
losses of airflow impulse associated with this method of injection.
Additionally, the fuel-injection scheme is to exclude the need for
large supply pressures.

The danger of flashback, defined as upstream propagation of
flames through boundary layers, can be eliminated in supersonicin-
lets if potential flameholding upstream of the combustoris avoided.
This requires complete penetration of the fuel in the high-velocity
airstream to avoid seeding of the boundary layer with a combustible
mixture. If these conditions are satisfied, the shortresidence time in
the inlet will precludeignition upstream of the combustion chamber.
An evaluation of the ignition delay time of a typical fuel mixture
was given by Ref. 1 for stoichometricair/n-octane mixture as shown
in Fig. 1. This analysisindicated that, for flow conditions character-
ized by pressures of P,; = 0.05 MPa and fuel and air temperatures
of Tpe =900 K and T,; =900-1100 K, respectively, the ignition
time delay is ©@(30) ms. At the same time, for a typical inlet length
of 1-2 m, the residence time is over two orders of magnitude less.

In general,in supersonicflow, pressurerises and flame propagates
through the boundary layers, especiallyif fuel is present within the
boundarylayers. Therefore, in the case of fuel preinjection, the pen-
etration of the fuel in the inlet boundary layer must be eliminated
or reduced to concentrations below self-ignition and flameholding
at the given boundary-layertemperature. This translates into the re-
quirement of achieving sufficient fuel penetration into the airflow
core. Most types of injection suggested so far include combinations
of transverse and parallel injection schemes from the channel walls
or by use of pylons.>~> Normal injection does not satisfy the need
to maintain the fuel outside of the boundary layer because some
fuel remains along the wall, and large relative dynamic pressure
ratios gje/ai Of the order of 10-15 are required to provide sufficient
penetration depth. Injection behind pylons has the capability to in-
crease penetration at low dynamic pressure ratios and is, thus, a
more suitable option provided that the pylon aerodynamic drag is
minimized.

Pylons with internal fuel channels result in a large cross sec-
tion with complex internal geometry. Parallel injection from these
pylons is not as efficient because the mixing lengths are 2-3
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Fig. 1 Characteristic ignition delay time for H, and n-octane.!

times larger than for normal injection. An alternative type of in-
jection is normal fuel injection of liquids or gases behind the py-
lon through a wall orifice, as described in Refs. 6 and 7. To de-
crease the pylon’s drag, the thickness was selected as 1.5-2 times
the orifice diameter D;;, with swept leading edge and triangu-
lar cross section. Good penetration has been obtained with pene-
tration heights 2/ Hyyo, = 1.3-1.5 achieved at low dynamic pres-
sure ratios, of the level of Gje/air =0.5-1.5, for both liquid®’ and
gaseous' fuels. Also, good droplet atomization, D3, =4-5 um,
of kerosene was obtained with fuel injection in Mach 2-4 flows.
In the case of gaseous-fuel injection, numerical results' indicated
high mixing efficiency with 7j,ix = 0.96-0.92 when the fuel was in-
jected in a three-dimensionalinlet at a fuel/air equivalenceratio of
® =0.2-0.6.

In the case of fuel injection in the inlet or farther upstream, a
more complex and, at the same time, a more flexible system is
obtained, in which the air/fuel interactions occur over the inlet-
insulator channel-combustor system. Despite the increased com-
plexity the optimization of this system could result in significant
advantages such as 1) mixing enhancement; 2) shorter isolator and
combustor and, consequently, reduced weight and cooling loads;
and 3) a more flexible fuel control system because there is the pos-
sibility to distribute the fuel between the preinjection system and
the fuel supplied directly to the combustor, as well as the possi-
bility to inject liquid and gaseous fuels through different sets of
injectors.

The results presented hereafter constitute the continuation of the
work presented in Ref. 7 on pre-injection of liquid fuel in the inlet
and in the subsonic part of a Mach 1.8 nozzle® It has been shown’
that liquid injection behind two thin swept pylons at a rate cor-
responding to a fuel/air equivalence ratio of ® =0.2-0.25 did not
causeinletchoking,and mostof the liquid penetratedinto the core of
the compressible flow. During connected-duct tests® kerosene has
been injected at 10 deg relative to the wall and resulted in a rich
mixture near the wall that arrived in the recirculation region of a
rearward-facing step in the combustion chamber resulting in rich
flameout. Therefore, in the present work, liquid JP-10 and ethylene
have been injected behind a thin pylon from the isolator wall to
increase penetration and improve the fuel distributionin the airflow
core at air stagnation temperatures, 7} ,, = 300-900 K. Combustion
without flashback or upstream interaction has been achieved with
isolator fuel injection up to equivalence ratios of 0.5 when flow
choking was noticed due to mass addition.

Experimental Facility

The facility at University of Florida provides direct connect tests
with a variable combustion chamber entrance Mach of 1.6-3.6 and
stagnation temperatures corresponding to Mach 3.0-4.8 flight. All
of the experiments presented here were performed with the combus-
tion chamber entrance Mach = 1.6 and air stagnation temperatures
ranging from 300 to 900 K.

The facility, shown in Fig. 2, has been described in detail else-
where.? Briefly, this continuously operating facility contains a viti-
ated heater based on hydrogen combustion with oxygen replenish-
ment, electronically controlled by a hybrid fuzzy logic controllerto
maintain a constant 0.21 oxygen mole fraction at all conditionsand
to maintain the constant stagnation temperature at the heater exit
required for the experiment. A bellmouth with four-sided contrac-
tion leads to the supersonic nozzle with compression on two sides
(i.e., two sides of the nozzle are flat and parallel to the flow axis
and two sides have a contoured shape) and interchangeable nozzle
blocks that cover the range of Mach 1.6-3.6. A ceramic insulation
layer added on the bellmouth entrance of the nozzle produces a
larger vorticity layer in the test section on the walls without com-
pression. Figure 3 shows plots of the nozzle total pressures acquired
by traversing a pitot probe across the nozzle exit, at three lateral
locations, normalized by the total pressure measured in the stagna-
tionchamber. The facility’s stagnation pressure has been maintained
during these tests at 4.8 atm. Although some asymmetry exits in the
corners, the overall total pressure uniformity is reasonable. The to-
tal pressures indicated in Fig. 3 were recorded with an accuracy of
+0.3%, and the static pressure measured along the test section walls
were recorded with an accuracy of £0.9%.

A 15-cm-longconstantarea isolatoris placed between the nozzle
and the combustor section to protect the nozzle flow from upstream
pressure effects induced by combustion in the test section. Wall
pressure ports are placed in the isolator to measure the degree of
upstream interaction produced by combustion in the chamber. Op-
tical access is available to the isolator’s flow from three sides. The
test section is symmetric with ample optical access through side
windows. The cross section is 2.5 x 2.5 cm upstream of a step that
has a height H of 12 mm. A constant cross-sectional duct follows
for 10H, and continues with a diverging duct for the next 16H.

The flameholding and fuel-injection configuration is shown in
Fig. 4, including a schematic of the isolator and combustor. Note
that the combustor is symmetric about the line shown in the Fig. 4
but injection only occurred from one side. Fuel was injected from
the step base parallelto the flow and from the isolatorat —10H . Fuel
was alsoinjected downstreamof the step at the 4 H location for com-
parisonwithisolatorinjection. The pilotinjection providesa method
of fueling the recirculationregion for flameholding. Gaseous hydro-
gen has been used as the pilot flame in this study due to its broad
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Fig. 2 Experimental facility: Mach 1.6-3.6, Py ;i = 1-10 atm, T 4 =
300-1200 K; combustion chamber entrance cross section is 2.5 X
2.5 em?; four possible fuel injection locations, independently controlled;
fuzzy logic based temperature controller.
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flameholding domain in terms of equivalence ratio and flow con-
ditions at the flameholder location, namely, velocity, temperature,
and pressure.'® The pilot-H, is injected from nine 0.8-mm-diam
sonic orifices and was ignited with an electric spark. The injection
ports in the isolator and downstream of the step were 1.5 mm. Fig-
ure 4b shows a detail of the pylon geometry. A pyramid shape has
been selected with a base width equal to 1.5 times the jet diameter,
and the orifice center is placed at one jet diameter downstream of
the pylon face. The pylon height was chosen close to a quarter of
the duct height. Because of the proximity of the pylon to the exit
of the supersonicnozzle (3 cm) the thickness of the boundary layer
and the cross-sectional pressure distribution at the pylon’s location
are not substantiallydifferentthan indicated in Fig. 3. The fuel mass
flow for gaseous fuels was computed by use of the measured total
supply pressures and temperatures and the corrected sonic area of
the orifice determined from calibration of the injector discharge co-
efficient. For liquid fuels, the mass flow was measured directly via
a turbine flowmeter.
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Fig. 3 Nozzle exit total pressure profiles normalized by the stagnation
chamber total pressure: Z direction is perpendicular to contoured sides
of nozzle and Y direction is parallel to contoured sides of nozzle.
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Results

Effects of Liquid Injection on Mixing Without Combustion

Figure 5 shows plots of the normalized total pressure distribu-
tions at the exit of the isolator with the pylon installed, acquired by
traversinga pitot probe across the isolatorexitand normalizedby the
stagnation chamber total pressure, which ranged during these tests
between 4.8 and 5.1 atm. Note that the Z direction is perpendicular
to the contoured faces of the nozzle and the Y direction is parallel
to the contoured faces of the nozzle. The pylon protrudes into the
flow along the X direction. Note from this plot and by comparison
with Fig. 3 that the pylon introduces minimal pressure distortions
in the flow.

Figure 6 shows shadowgraphimages of the cold, noncombusting
flowfield in the isolator with liquid (water) injection without the
pylon (Fig. 6a) and behind the pylon (Figs. 6b and 6¢). Although
the liquid has been injected at the same dynamic pressure ratio,
Gjerrair = 0.7, without and with the pylonin Figs. 6a and 6b, the pylon
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Fig. 5 Isolator exit total pressure profiles normalized by stagnation
chamber total pressure; location and orientation of pylon are indicated:
Z direction is perpendicular to contoured sides of nozzle and the Y
direction is parallel to contoured sides of nozzle.
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Fig. 4 Injection and flameholding configurations; combustor is geometrically symmetric with fuel injected from one side only: a) isolator and

combustor schematic and b) pylon geometry.
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B ST R N AR

Fig. 6 Noncombusting liquid (water) Injection in the isolator: a) with-
out pylong;,,,; =0.7, b) behind pylon Djetfair = 0.7, and ¢) behind pylon

Gietfair = 1.3; dashed white lines indicate pylon location.

has clearly contributed to increase the penetration with the liquid
immediately penetrating to the pylon’s height. In previous studies
of transverse injection in supersonic flows,!! it was indicated that
the penetration height-to-jet diameter ratio 2/ Dy, of a liquid in
air, at similar Mach numbers, scales with the square root of the
dynamic pressure ratio of the jet to the freestream gje/.ir defined
as

(’hz/Azp)jet
(prz)air

For injection without the pylon, the liquid penetrated to a
h/D;,; = 1.8 at 2.5 jet diameters downstream of the jet. However,
the presence of the pylon contributes significantly to increase the
liquid penetration, with the jet penetrating immediately on injec-
tion to beyond the pylon height, h/d;,; = 5.6 at 2.5 jet diameters.
Most important, note in Fig. 6b that the presence of the pylon
helped remove all of the liquid from the wall surface, in con-
trast to the case without the pylon in Fig. 6a, which is signifi-
cant for the elimination of potential flashback. Further increasing
Gjesair to modest values of 1.3 (Fig. 6¢) showed a significant in-
crease in penetration with minimal effects on the isolator shock
train.

Figure 7 shows shadowgraphimages of the noncombusting flow-
field in the combustion chamber. The step is visible in the left upper
side off the images. Liquid has been injected into the isolator di-
rectly from the wall, (Fig. 7a) and behind the pylon (Fig. 7b) at the
same dynamic pressure ratio, gije.ir = 0.5. In Fig. 7b there is only a
slightly shaded area in the core of the air entering the combustion
chamber, indicatingthat a significant degree of mixing has occurred,
thus the absence of strong gradients that would become visible in
the shadowgraph. Quite in contrast, Fig. 7a indicates that, without
the pylon, the liquid has remained largely in the region near the
injection wall, appearing in the image as the rich dark region of the
shear layer formed at the boundary between the recirculationregion
and the high-speed core flow.

M

Giet/ air =

a)

b)
Fig. 7 Combustor views with noncombusting liquid (water) injection
in theisolator, Gietfair = 0.5:a) without pylon and b) behind pylon; dashed
white lines indicate step and combustor wall.

Effects of Pylon Assisted Injection on Combustion and Heat Release
Liquid JP-10

Combustiontests with JP-10 injectionfrom the isolatortook place
at three air stagnationtemperatures: 300, 600, and 900 K. Hydrogen
has been used as a pilot flame with low equivalenceratios adjusted
to remain close to the stoichiometric conditions in the recircula-
tion region as evidenced by the temperature measurement at %H
downstream of the step in the recirculation region.'> The pilot-H,
equivalence ratio has been adjusted to an overall @y, =0.02, re-
sulting in a local temperature at the beginning of JP-10 injection
of 1700 K. As the air temperature increased, the mixture became
richerin therecirculationregion and flameholdingbecamerestricted
to lowerranges of liquidinjection. Figure 8 shows shadowgraphim-
ages taken in the isolator for JP-10 injection and combustion in air
at 300 K. Figures 8a and 8b have been taken for JP-10 equivalence
ratios of 0.26 (gjer/air = 0.08) and 0.41 (Gjer/air = 0.19), respectively.
Note that at these moderate fuel flow rates the effect of fuel injection
on the isolator shock train was minimal, with no visible change in
the shock strengths. The combustionin the test section remains well
isolated with no upstreameffects noticeable. As the fuel equivalence
ratio was increased to 0.53 (gje/air = 0.31), the mass addition in the
isolator resulted in flow choking, as evidenced in Fig. 8c.

The combustion chamber wall pressure distributions at 300 and
600 K are shown in Fig. 9, normalized by the static pressure at
the nozzle exit. The static pressure at the nozzle exit was measured
in all experiments at x/ # =—13. In the data shown in Fig. 9, this
pressure ranged between 2.33 and 2.57 atm. At 600 K, the pilot-H,
equivalence ratio has been maintained at 0.02 by reducing the H,
flowrate. The temperature in the recirculationregion behind the step
was 1900 K in this case. Because of increased vaporization of the
liquid JP-10 when injected into the higher temperature air, the vol-
umetric expansion of the jet plume increased, resulting in the lower
combustor entrance Mach number evidenced by the increased pres-
sure at the isolator exit for the Tj ., = 600 K case. The pressurerise
in the combustor decreased with increasing air stagnation tempera-
ture due to enrichment of the combustion region. This resultedin a
lower local pressure, as evidenced by the pressure measurement in
the base, resulting in an increased flow turning angle at the step.

At 900 K, the flame was very susceptible to flameout even for
small amounts of JP-10 flowrate. Combustion of JP-10 at 900 K
was obtained by following the procedureindicated by the time trace
shown in Fig. 10. The temperatures and the equivalenceratios indi-
cated in Fig. 10 have been recorded with accuracy of £1.3 K and
from £2.8 to 3.6%, respectively, with higherequivalenceratio accu-
racy for liquid JP-10 and less for gaseous ethylene. Initially, the air
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V]
Fig. 8 Isolator views with JP-10 injection and combustion (T ,;
300 K, (DHZ = 0.02): a) (I)Jp.lo = 0.26, b) (I)Jp.lo = 0.41, and C) (I)Jp.lo
0.53; dashed white lines indicate pylon location.
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Fig. 9 Combustor normalized pressure distribution for JP-10 injec-
tion in isolator at two different air stagnation temperatures; H, only
combustion is shown for comparison (®@g;, = 0.02, @jp_1y = 0.2).

stagnation temperature was set at 600 K and the JP-10 equivalence
ratio to a moderate value, ®@jp_19 = 0.05. The air stagnation temper-
ature was then slowly ramped up with the JP-10 flowrate adjustedto
®jp_10 =0.2. This value was maintained constant as the temperature
was increased in the 700-900 K interval. The JP-10 flowrate was
increased to bring the overall equivalenceratio to 0.35, resulting in
rich flameout.

Along with improved penetration and mixing, the question of
combustion efficiency of this injection scheme arises. Although the
combustion efficiency was not calculated here, the wall pressure
distribution is used to indicate the amount of heat release from
combustion. Figure 11 shows the normalized combustor pressure

o g JP-10 T (K)
—6—H;
0.40 @— Air Temp 2300
—¥— Flame Temp
0.35 4 2100
- 1900
0.30 +
- 1700
0.25 L 1500
0.20 + - 1300
0.15 + - 1100
- 900
0,10 1
- 700
0.05 + 500
* *——0—0—90—0—0—¢
0.00 t t + 300
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Time (s)

Fig. 10 Time trace of experimental parameters during JP-10 injection
and combustion for T, = 600-900 K. Initially, T, = 600 K and
Djp.19 = 0.05. Ty nir Was then slowly ramped up with JP-10 flowrate
adjusted to @jp_19 = 0.20; this value was maintained constant as T i,
was increased in 700-900 K interval; JP-10 flowrate was increased to
bring overall @jp_19 to 0.35 resulting in rich flameout.
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Fig. 11 Combustor normalized pressure distribution for JP-10 injec-
tionin isolator with and without pylon and at 4H location, T ,ir = 300K,
H, only combustion is shown for comparison (@g; = 0.02, @jp.19 = 0.2).

distributionfor JP-10 injection 1) in the isolator behind the pylon, 2)
in the isolator without the pylon, and 3) directly into the combustion
chamber transverse to the flow at the 4H location. The static pres-
sure at the nozzle exit for these testsranged from 2.47to 2.57 atm. In
all three cases, the air stagnationtemperaturehas been maintained at
300 K to emphasize the effects of heat release on the Mach number
reduction. The JP-10 equivalence ratio has been maintained at 0.2
in all cases. Note that injection in the isolator without the pylon and
injection at the 4 H location show similar pressure profiles imme-
diately downstream of the step in the recirculation region, which
indicates the capture of significant amounts of JP-10 into the re-
circulation region, contributing to the increased heat release in this
region. Injection behind the pylon and the H, only case show similar
pressure profiles immediately downstream of the step in the recir-
culationregion, indicating the presence of only minimal amounts of
JP-10 in the recirculationregion with only minimal contribution to
the heat release. This indicates the effectivenessof injection behind
the pylon in placing most of the injected fuel within the core flow.
The highest pressure rise in the far field, thatis, at the 15H location
and beyond, occurs for injection behind the pylon in the isolator.
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Gaseous Ethylene

Ethylene has been injected from the isolator both without the py-
lon and behind the pylon. Figure 12 shows shadowgraph images of
ethylene injection in the isolator without the pylon in Fig. 12a and
behind the pylonin Fig. 12b. Both images were takenat ®cops = 0.2,
Gjerrair = 3, and Tp i = 300 K. As indicated in the Fig. 12, injection
without the pylon causes the boundary layer to separate with an
evident effect on the strengthening of the shock system. Although
penetration is about double for the injection behind the pylon case,
the effecton the isolator shock train is less pronounced,similarto the
liquid injection case. Figure 13 shows the normalized axial pressure
distribution for piloted-H,, ethylene combustion with injection in
the isolator, both without and behind the pylon. The static pressure
at the nozzle exit ranged for these tests between 2.54 and 2.6 atm.
Hydrogen only combustion is also shown for reference. Both cases
of isolator injection indicate increased pressure in the isolator due
to mass addition at —10H in comparison with the liquid injection
(see Fig. 11) because the gaseous ethylene plume expanded much
more rapidly than the liquid JP-10 plume. Without the pylon, the
pressure rise in the recirculation region is reduced, indicating lo-

Fig. 12 Ethylene injection in isolator, Ocop4 = 0.2, Gietfair = 3: a) with-
out pylon, b) behind pylon; dashed white lines indicate pylon location.
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Fig. 13 Normalized combustor axial pressure distribution for ethy-
lene injection in isolator both without and behind pylon with H, only
combustion shown for comparison, @y, = 0.02 and @c,p4 = 0.2.

cal enrichment and reduced combustion efficiency. Higher far-field
pressures for injection behind the pylon indicate increased rates of
heat release.

Summary

Liquid JP-10 and gaseous ethylene have been injected upstream
of the combustion chamber in a Mach 1.6 airflow behind a thin
pylon to determine the ability of the pylon to improve penetration
and mixing. This study indicated the following results:

1) The presence of thin pylons with sharp leading edges does
not introduce significant pressure losses or distortion in the isolator
airflow.

2) Even at moderate dynamic pressure ratios, the presence of the
pylon promotes substantiallyhigher penetrationin comparison with
simple wall injection.

3) Because of this increased penetration, the entire liquid jet is
lifted from the wall, eliminating the danger of flashback through
seeding of the boundary layers with a combustible mixture.

4) As aresult of the increased penetration with injection behind
the pylon, most of the liquid injected upstream of the combustion
chamber penetratesinto the core of the airflow, resultingin improved
mixing, offering the possibility of reduced combustion chamber
lengths.

5) Airflow choking with substantial effects on the isolator shock
train is not observed for injected equivalence ratios under 0.5.

6) The normalized wall pressuredistributionindicateshigherrates
of heatreleasein the far field for the casesinvolvinginjectionbehind
the pylon, an indication of improved combustion efficiency through
improved mixing.

7) Ethylene injection and combustion indicates a substantial in-
crease in penetrationover the basic wall injection case with reduced
effects on the isolator shock train.
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