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Penetration and Spreading of Liquid Jets
in an External–Internal Compression Inlet
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Injection of liquid fuel in the inlet of a vehicle � ying at hypersonic speed is related to the development of
liquid fuel-based supersonic-combustionramjets as a means to increase the residence time and achieve partial fuel
premixing prior to arrival at the combustion chamber. The strong liquid interaction with the inlet high-momentum
air� ow and shock wave system offers a mechanism for rapid jet and droplet breakup and, hence, improved mixing.
The penetration and spreading of liquid jets in a two-dimensional external– internal compression inlet at Mach 3.5
using a noncombustiblemixture that simulated the viscosity and surface tension of JP-10 was evaluated. Schlieren
imaging has been used as the visualization technique for penetration studies, as well as light scattering for jet
spreading. By using thin pylons to create a low-pressure region at the liquid injection station, the penetration
increased compared with a nonpylon con� guration while reducing the pressure losses associated with transverse
jet injection. The pylons contributed to lift the liquid from the injection surface with less lateral spreading than
the nonpylon-injection case, thus avoiding the presence of a low-speed combustible mixture in the inlet/isolator
boundary layers and providing a mechanism to eliminate potential � ashback.

Nomenclature
A = area (injection ori� ce, inlet capture, freestream), mm2

d = injection ori� ce diameter, mm
H = inlet throat height, mm
L = inlet ramp length, mm
Çm = mass� ow, kg/s
Oh = Ohnesorge number, l l / ( q l r d)0.5

q = dynamic pressure ratio
r = liquid/air density ratio
u = liquid/air velocity ratio
v = velocity, m/s
We = Weber number, q gv2d / r
d = mixing layer growth
l = dynamic viscosity, cP
q = density, kg/cm3

u = fuel/air equivalence ratio

Subscripts

c = inlet capture
g = gas
l = liquid
th = throat
0 = freestream value

Introduction

T HE problem of achieving a high degree of fuel–air mixing in
supersonic� ows in residence-time-limitedsupersoniccombus-

tion ramjets, of the order of milliseconds,has received considerable
attentionwith severalmixingenhancingmechanismsstudiedto date.
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These include fuel injectioncon� gurationsand generationof jet-air
� uid mechanics interactions that enhance mixing. For high-speed
applicationssome kind of parallel injection has been preferred over
transverse injection due to lower pressure losses associated with
jet injection. Among the proposed mixing con� gurations, straight
or swept ramps have shown reasonable far-� eld mixing1 – 3 despite
lowernear-� eld mixingwhen comparedwith transverseinjectional-
ternatives. The ramp vortex shedding provides a mechanism to lift
the fuel from a low injection angle and promote penetration into the
core air stream. A notable approach is the aerodynamicramp4, 5 that
consists of an array of wall injectorswith various injectionangles in
both axial and lateral directions, simulating the physical ramp vor-
tex generationby a number of fuel sources. The aerodynamic ramp
eliminates the cooling requirements of physical ramps, especially
in localized hot spots such as in recirculation regions. In the same
time, the aerodynamic ramp is expected to reduce the drag while
maintaining similar far-� eld mixing characteristics.

Other � uid interactions have been suggested to enhance mix-
ing, among them vorticity generation by other means than ramps,
for example, induced swirl and jet–shock wave interactions. Early
studies of jets injected in subsonic and supersonic � ows with vorti-
city generated by the presence of upstream aerodynamicpro� les6 , 7

indicated enhanced penetration and spreading due to the presence
of vortical structures and induced jet swirl, resulting in improved
mixing. Another mechanism that has shown improved gaseous jet
mixing was the generation of vorticity by shock– jet interactions.
A misalignment of pressure and density gradients caused by the
presence of the shocks and nonsimilar jet-air densities results in
a baroclinic torque8, 9 that induces vorticity and improved mixing.
Owens et al.10 found that the net effect of jet-shock interactions in a
reacting, supersonic environment of liquid kerosene in air at Mach
1.8 was an increase in combustionef� ciency as a result of enhanced
mixing.

Although most of the studies mentioned involved gaseous fuels,
in particular hydrogen, the issues of penetration and spreading for
improved mixing apply as well when liquid fuels are used instead.
Clear technological, economical, and operational advantages exist
when liquid hydrocarbon fuels, such as kerosene, are used in com-
parison with hydrogen-basedsystems for the development of small
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hypersonic vehicles to Mach 8 (Ref. 11). However, the multistage
physical–chemical processes of liquid hydrocarbon fuel burning,
added to the short residence time available, increase the require-
ments for fast mixing. If the selected fuel is amenable to operate
at supercritical conditions, a signi� cant decrease in the time re-
quired for the liquid fuel breakup and vaporizationcan be achieved.
Furthermore, if chemical decomposition accompanies these trans-
formations,potential formationof hydrogenor other active radicals
will result in an increased reactivity of the mixture and a reduction
of the combustion length.

A simple evaluationof vaporizedkeroseneignitiontime ti showed
that under typical conditions in a supersonic ramjet combustor (i.e.,
pressure p =50–100 kPa and temperature T =600–1000 K) ti =
5–10 ms, and, therefore, the traditional methods of simple fuel in-
jection for the hydrocarbon-based � ames in supersonic � ows are
not effective. The experimental data of Goltsev et al.12 indicated
that the � ame stability criterion for methane has been one order
of magnitude lower than the corresponding value for hydrogen. In
the case of the liquid fuel injection, the jet and droplet breakup
along with vaporizationare additionalprocessescompared with the
gaseous-basedsystems. The addition of active components such as
hydrogen or ClF3, SiH4 compounds, etc.13 – 15 to the fuel, as pro-
moters, can reduce the induction time. This method is effective for
the initiation of the combustion process but not for its stabilization
during the � ight because the proportion of added components may
be up to 25%, thus increasing the volume and the complexity of
the vehicle.16 Additionally, some of these promoters may lead to a
decrease in the speci� c impulse.

Another method of increasing the penetration,as a means of im-
proving mixing, is the use of thin pylons that create a low-pressure
region in their base. Transverse injection in this base would reduce
the pressure losses associated with the jet injection by appropri-
ate shaping of the pylons. Initial results of the effect of pylons on
mixing and combustion have been presented by Vinogradrov and
Prudnikov17 and include a description of the plume geometry and
penetration of a liquid kerosene jet behind a thin, swept pylon in-
stalled on the wall of the duct. The data indicated that it is possible
to use this method for liquid injection along with the traditional
methods employed to enhance mixing.14 , 18

To increase the fuel residence time and, thus, enhance the liquid
fuel mixing, it is useful to inject part of the fuel in the isolator duct
before the combustor or in the inlet and/or forebody of the vehicle.
Successfulapplicationof fuel preinjectionhas been demonstratedin
studies of external burning with the aim of providing control forces
actingon the vehicleor decreasingthe forebodyor afterbodydrag.19

Inlet fuel injectionhas shown the potential to decreasethe mixing
length by a factor of at least 1.5–2 for the typical ramjet with the
design Mach number around 6 (Ref. 17). Furthermore, this method
of injection may be accompanied by simultaneous thermal decom-
position of the fuel and mixing enhancement through other means
such as shock/spray interaction in the inlet � ow� eld.20 The liquid
injection con� guration and � ow rate have a strong effect on the
supersonic inlet starting because the fuel injected upstream of the
inlet capture modi� es the � ow past the inlet’s external compres-
sion surface. The breakup of the fuel droplets, their mixing with
the freestream � ow, and evaporation may lead both to degradation
and/or an improvementof the inlet starting and operationalchanges
dependingon the liquid fuel atomization process and the � ight con-
ditions. The inlet shock system, similar to the case of the gaseous
fuel mixing,10 may intensify the process of the droplet breakup (a
secondary breakup mechanism) and fuel mixing upstream of the
combustor intake.

Several practical issues arise in the case of preinjection of liquid
fuel in the engine duct, including 1) mixing ef� ciency, � ow decel-
eration, and inlet performance and 2) the ability to avoid � ashback
by eliminating the residence of the fuel on the inlet/isolator walls.
If the pylons have the effect of lifting the fuel from the walls, thus
avoiding the penetration of a combustible mixture in the boundary
layers, the problem of � ashback can be eliminated. In fact, previous
combustion studies21 have shown that injectionof hydrogen behind
pylons did not result in upstream interaction. Furthermore, along
with the fuel injection scheme and the duct geometry, other para-
meters that affect the ignitiondelay time are important in preventing

� ashback, such as pressure, temperature, and mixture composition.
For example, the fuel residence time at the static � ow parameters
within the inlet at M� ight =3.5 is 0.4ms, far shorterthan theexpected
ignition delay time for JP-10 at this temperature and pressure. It is,
thus, possible to achieve a certain degree of mixing without ignition
within the inlet.

Note that certain bene� cial effects could be obtained from the
presence of fuel along the walls such as � lm cooling. It is esti-
mated, however, that these bene� cial effects are overcome by the
potential danger of � ashback and, in this case, the presence of fuel
in the boundary layers along the walls of the inlet and isolator is
undesirable.

This study shows the effects of the presence of pylons on the liq-
uid fuel penetration and spreading in a two-dimensional, external–
internal compression inlet in a Mach 3.5 air� ow. Liquid jets with a
diameter equal to the width of the pylons have been injected trans-
verse to the � ow in the base of the pylons. For all of the dynamic
pressureratios, the liquidpenetratedimmediately to theheightof the
pylons, then the jet column was abruptly broken and the liquid was
carried into the inlet air� ow. The pylons showed the capability to
facilitate rapid liquid penetration into the air� ow core, eliminating
liquid arrival at the inlet’s walls.

Experimental Setup
This study used the Mach 4 wind tunnel at the University of

Florida, having a cross sectionof 15 £ 15 cm and an opticallyacces-
sible test-sectionlengthof 35 cm. Maximum steady-stateregimes to
16 s are obtainableat Mach 3.5. Schlierenand light scattered images
have been collectedwith a super-VHS camera, digitized in real time
and synchronized with pressure measurements taken on the model
via an electronicpressure scannerwith 16 simultaneousrecordings.

The inlet model is shown in Fig. 1. A 10-deg, L =22-cm-long
ramp includes a stagnation chamber from which liquid jets are in-
jected at 0.28L from the leading edge. The inlet throat height H and
the relative throat area Ath / Ac are 1.25 cm and 0.3, respectively.
The total model length is 23 cm. At the exit a � ve-tubepressure rake

Fig. 1a Side view of the inlet: throat height 12.5 mm, ramp 10 deg;
pylons have 30-deg and 10-mm height at the downstream location.

Fig. 1b Top view of injection ori� ces, 1 mm diameter, equally placed
in a spanwise direction; pylons are 1 mm wide; � rst pressure ports on
the ramp are also visible.
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Fig. 2a Schlieren image of the inlet � ow� eld without liquid injection.

Fig. 2b Schlieren image with liquid injection at a ml = 0:022 kg/s.

Fig. 2c Stagnationpressure at the inlet exit with and without pylons in
the absence of liquid injection; presence of the pylons does not generate
signi� cant pressure losses in the inlet.

Table 1 Comparison of mixture properties

Mixture

Property 50% vol JP-10

Density q , kg/cm3 1.108 0.935–0.945
Viscosity l , cP 4.57 4.0
Surface tension r , mN/m 44.82 33.85

measures the inlet pressure recovery, a measure of pressure losses
due to friction, mixing, and liquid–air interactions. Wall pressures
are measured on the lower and upper walls of the model. A mix-
ture of 50% volumetric commercial antifreeze in water has been
used to delay the freezing of the liquid droplets beyond the inlet
model. The resulting mixture has the properties listed in Table 1.
For comparison, Table 1 includes the same parameters for JP-10, a
high-energy-density fuel candidate for hypersonic applications. It
can be seen in Table 1 that the mixture appears to be a reasonable
substitute for the hydrocarbonfor this type of experimentbecause it
maintains similar parameters responsible for droplet breakup (i.e.,
Weber and Ohnesorge numbers) as JP-10. The liquid was injected
transverse to the air� ow from the base of low-drag pylons. The role
of the pylons is to reduce the dynamic pressure of the air at the
injection point, thus increasing the jet penetration. Each pylon had
a 30-deg downstreamwedge with a height of 10 and 1 mm constant
thickness.The jet physical size was 1 mm (i.e., the pylon thickness)

and was separated from the pylon by one jet diameter. The model
sidewalls were made of plexiglass allowing optical access for the
images presented hereafter. Longitudinal slots were cut in the in-
let’s side walls to allow air bleed and delay the onset of inlet unstart
when large amounts of liquid were injected.The inlet was designed
for a shock-on-lipoperation without liquid injection at Mach 4. The
experiments presented have been taken at Mach 3.5 sweeping the
angle of attack (AOA) from +5 to ¡ 5 deg.

Results
Figures 2a and 2b show the � ow� eld throughout the entire inlet

without and with liquid injection, respectively. The ramp leading
edge shock is detached from the cowl lip due to operation at Mach
3.5, below the inlet design point of Mach 4. Therefore, A0 / Ac < 1.
At a 5-deg AOA, theoretically, the shock will again anchor to the
cowl lip, however, the � nite thickness of the ramp’s leading edge
and the interactions with the oblique shocks generated by the side
plates cause a de� ection of the shock away from the inlet capture.
The oblique shock formed at the cowl lip is re� ected several times
within the inlet. The line close to the ramp inside the inlet indicates
the margins of the slots cut in the sidewalls to facilitate the inlet
starting by allowing air bleed, necessary because the relative inlet
throat, Ath / Ac =0.3, is close to the theoreticalrequiredvalueof 0.31
for inlet starting at M =3.5. These slots extend from downstream
of the liquid injection to the inlet throat. As seen in Fig. 2, no
signi� cant effect on the inlet shock system is introduced by the
presenceof the pylons.The stagnationpressuremeasuredat the inlet
exit, shown in Fig. 2c, indicates as well that no signi� cant pressure
losses are induced by the presence of the pylons. However, they
playan important role in reducingthedynamicpressurebehind them
resultingin increasedliquidjet penetration.The doubleshockshown
at the � rst re� ectionof the cowl lip shockindicatesthe internalshock
re� ection and the external shock transmitted through the bleed slot.
Figure 2b shows the liquid penetration throughout the entire length
of the inlet for a liquid-to-airmass � ow ratio of 0.03. In this schlieren
image, the liquid appears as a dark shade. The jets penetrate to
the pylon’s height at the injection location, then the liquid column
is broken abruptly and the liquid is entrained by the airstream by
counter-rotating vortices that develop in a streamwise direction.22

Even at high liquid � ow rate, as used in this case, correspondingto
an equivalence ratio of u =0.45, if JP-10 is the injected liquid, the
liquid stream is entirely captured within the inlet entrance ensuring
a practically complete cover of the vertical height of the inlet at
the exit location. Despite these extreme operational conditions, the
absence of liquid at the downstream base of the jets indicates the
capability of the pylon con� guration to lift the entire liquid off the



992 LIVINGSTON ET AL.

surface. Farther downstream, due to increased pressure associated
with inlet unstart, spreading is increasedallowing the liquid to reach
the sidewalls.

Evaluationsof the boundary layer at the locationof fuel injection
indicated laminar conditions, thus, nonpylon injection caused sep-
aration. In the case of pylon injection, when the liquid jet was pen-
etrated through the boundary-layerthickness (¼ 0.8–1 mm), that is,
at small values of equivalenceratio u < 0.3 there was no boundary-
layer separation. With u > 0.35 � ow separation in the inlet can be
observed, accompanied by a total pressure drop of 40–45% at the
inlet exit. This situation is mostly due to the selection of a relative
throat area close to the one required for inlet starting and the addi-
tional negative interactionof the initial shock wave with the bound-
ary layer on the side walls. Thus, small amounts of fuel addition in
the inlet caused large changes in the inlet � ow� eld. When separa-
tion appeared, some fuel penetrated through the three-dimensional
separated zones to the side walls appearing in the two-dimensional
image. It is expectedthat an increaseof the relative inlet throatwould
provide nonseparated compression processes under large fuel � ow
rates injection behind the pylon.

Effect of Pylons
Figures3a–3f show a comparisonof jet penetrationand spreading

with and without the presence of pylons at selected AOA, that is,
+5 and 0 deg. Figures 3a, 3b, 3e, and 3f represent schlieren images
with the � ow from left to right, and the fuel appears as dark regions.
Figures 3c, 3d, 3g, and 3h show cross sections perpendicular to the
� ow using light scattering, thus, the liquid appears white on a black
background.

Figure 3a shows clearly the removal of the jet entirely from the
surface of the inlet ramp. In case of the nonpylon con� guration,
Fig. 3b, low penetration is initially noted, but it increases as the

a)

b)

c)

d)

e)

f)

g)

h)

Fig. 3 Comparison of injection behind pylons vs nonpylon case at Çml = 0:016 kg/s and AOA = 5 deg (a–d) and 0 deg (e–h).

jet moves downstream into the inlet. Spreading images taken at
the cowl station perpendicular to the ramp (see Figs. 3c and 3d),
show a more concentrated liquid core for the pylon con� guration
than for the nonpylon case, with more spreading apparent in the
nonpylon con� guration. This is due to a more extensive separation
of the boundary layer in comparison with the pylon con� guration,
and it does not constitute a desirable � ow condition as the inlet
operates at off-designconditions.In the presenceof the pylon, most
of the liquid is lifted off the surface without appreciable interaction
with the boundary layer and is con� ned to the center of the duct.
This is a guarantee against potential � ashback caused by upstream
propagationof the � ame through the boundary layers. The effect of
injection is appreciablein this case only becauseof the sensitivityof
the inlet to throttlingresulting from fuel additionand the interaction
between the fuel plumes and the internal � ow under conditions of
a rather small relative inlet throat area. At the bottom of the liquid
plume a three-dimensionaleffect of spillage through the inlet slots
is evident by the entrainmentof part of the fuel in a lateral direction
in both pylon and nonpyloncon� gurations(see Figs. 3c and 3d). No
loss of mass is caused by this air bleed in the pylon con� guration
(Fig. 3c), however, the rapid spreading in the case of nonpylon
con� guration may cause some liquid mass loss through the inlet
bleed (Fig. 3d). The situation is similar at AOA =0 deg as shown
in Figs. 3e and 3f. Although no signi� cant effect is noticeable in
the schlieren penetration images (Fig. 3a vs Fig. 3e and Fig. 3b vs
Fig. 3f, respectively) the spreading at AOA =0 (Figs. 3g and 3h)
indicate that most of the liquid stays closer to the ramp, a result of
a lower dynamic pressure ratio.

Figures 4a and 4b show the pressure distribution at the inlet exit
for a +5- and 0-deg AOA. The injected liquid mass� ow and the
correspondingdynamic pressure ratio q, de� ned as

q =
Çm2 / A2 q l

c pa M2
a
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a) b)

Fig. 4 Pressure distribution at the duct exit, at AOA = a) 5 and b) 0 deg.

Fig. 5 Schlieren images (left), pressure distributions on the ramp and cowl (center) and rake pressures (right) for � ve selected liquid injection rates.

are indicated in Figs. 4a and 4b. Although the � ow rate was Çml =
0.016 kg/s in both cases, the presence of the pylons resulted in a
higher dynamicpressure ratio due to reducedpressurein the pylon’s
base. The overall level of pressure at the inlet exit is higher with
pylons at both positive angle of attack (see Fig. 4a) and AOA =0.
At AOA =0 the upper inletpart indicatesa drop in pressurerecovery
consistentwith the presence of large amounts of liquid in the upper
inlet region when the pylons are employed. The lower stagnation
pressure recovery in the nonpylon con� guration may be a result
of more intensive impulse losses caused by � ow separation in this
con� guration.

Effect of Mass� ow Rate on Pressure Recovery
Figures 5a–5c show the pressure distributions measured along

the inlet ramp and on the cowl (center) and the stagnation pressure
at the exit of the duct (right) for a range of liquid � ow rates. Also
shown are images collected at the same time instance with these

pressure distributions(left). Three � ve-pitot probe rakes have been
used to infer the momentum losses associated with liquid injection
and calculate the air mass � ow through the inlet. For air� ow mass
calculations three, � ve-probe rakes have been placed at the inlet
exit. Air mass � ows are indicated in the stagnationpressurepro� les
at the inlet exit (left column).

Figures 5b and 5c show the penetration of the liquid for several
liquid � ow rates, indicating increased penetration and jet spreading
with increased q. The pressure plots, including the wall pressures
as well as the stagnation rake at the inlet exit, indicate a drop in
the air� ow momentum associated with liquid injection, including
shock– liquid interactions, mixing losses, and � ow separation (in
our case). This momentum loss can be compensated for in an en-
gine equippedwith this type of fuel injectionscheme if the improved
mixing would accelerate the physicochemicalprocesses in the com-
bustion chamber. These advantageshave the potential to reduce the
engine length, thus saving weight and reducing the friction losses
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and heat transfer loads. Furthermore, the mixing process in the inlet
is more ef� cient than the similar processdelayedfor the combustion
chamber because supersonic shear layer development depends on
the densityandvelocityratioof the two layers23 r and u, respectively,
as indicated by the following equation:

d »
(1 ¡ u)

¡
1 +

p
r
¢

1 + u
p

r

Both u and r are larger for the inlet and, therefore, a faster growth
of the shear layer is expected.

The stagnation pressure for the no-injection case in Fig. 5a in-
dicates the higher pressure at center of the duct than on the sides.
This effect is due to the presenceof both boundary layers and shock
waves within the supersonic inlet. When liquid is injected, the cen-
ter of the duct experiences a reduction in the stagnation pressure
due to the momentum transfer from the air� ow to the liquid. This
pressure loss is associated with mixing losses and a certain amount
of air mass � ow is diverted from the inlet via spillage at the in-
let capture and through the side slots. Note that the position of the
oblique shock formed by the ramp does not change signi� cantly,
indicating low spillage and the capability of the side slots to mod-
ulate the inlet � ow, thereby maintaining the inlet started over the
entire range of liquid mass injection. The � ow remains generically
supersonic at the inlet exit, but the shock system strength is reduced
resulting in a more uniform pressure distributionat this station.The
air mass � ow is reduced, as shown in Figs. 5 as a result of liquid
addition and stagnation pressure drop. Because the leading shock
wave in the schlieren images does not indicate any difference be-
tween the three � ow rates it is expected that the air� ow be reduced
via increased bleed through the side slots. The effect of increasing
the liquid injection rate on the total pressure recovery Pt, inj / Pt, inj = 0

shown in Fig. 5 indicates that increasing the liquid � ow rate past
the on-design conditions when the inlet was started (see Fig. 5b)
caused unstarting and a signi� cant drop of pressure recovery from
Pt, inj / Pt, inj =0 ¼ 0.85 to 0.55. This is an indication of the neces-
sity to increase the inlet throat to prevent the extreme duct throt-
tling that leads to � ow separation and the possibility of � ashback
onset.

Summary
Liquid has been injected in a supersonic inlet simulating fuel

injectionupstream of a supersoniccombustionchamberbehind thin
pylons. The liquid injection behind pylons indicated the following
effects on the inlet � ow� eld characteristics:

1) Injection of liquid in the low-pressureregion in the base of the
pylons resulted in liquid penetration straight to the pylon’s height.
Then the liquid plume was dispersedby the high momentum air� ow
and carried into the inlet. Despite their effectiveness in enhancing
the jet penetration, the pylons had a negligible effect on the inlet
� ow� eld.

2) The presence of the pylons reduced the pressure losses asso-
ciated with liquid injection relative to the nonpylon con� guration.

3) All of the liquid was lifted from the injecting surface with less
spreading than in the nonpylon con� guration. This was caused by a
more intensive � ow separation in the duct for moderate liquid mass
� ows. Large rates of liquid caused the inlet unstart.Once the unstart
conditions occurred, at dynamic pressure ratios greater than 0.25,
the liquid penetrationcontinued to and occupied the entire inlet exit
height.

4) There was a stagnation pressure loss of 15% at u =0.3 ac-
companying the liquid injection due to the momentum exchange
between the high-speedair� ow and the liquid. This momentum ex-
change is expected to accelerate the droplet breakup and enhance
mixing, potentially resulting in an increased ef� ciency of the entire
system inlet-combustionchamber.When inlet unstartwas observed,
at u = 0.45, the stagnation pressure loss was close to 50%.

5) No signi� cant effect on the liquid penetration was noticed
when the inlet AOA was modi� ed from 0 to 5 deg, but higheroverall

pressure losses were met at a 5-deg AOA due mostly to the stronger
shocks generated by the cowl.
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