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The plume from a diamond-shaped,sonic injector ori� ce was studied experimentally in a Mach 3 cross� ow. The
structure of the plume, as well as the near injector � ow� eld, were examined by � ow visualization techniques, and
penetration height growth and maximum concentration decay were evaluated from aerothermodynamic probing
measurements at two downstream stations. For the transverse injection, the jet-to-freestream dynamic pressure
ratio was varied from 0.3 to 2.0. At lower dynamic pressure ratios, the plume from the diamond-shaped injector
penetrated farther across the main � ow compared to that from an equivalent circular injector, whereas an increase
in the dynamic pressure ratio resulted in a deterioration of the plume’s sharpness, and penetration of the plume
became comparable to that from the circular injector. Angled injections were applied to the diamond-shaped
ori� ce to enhance the penetration at a high dynamic pressure ratio of 2.0. Giving sweepback angle to the ori� ce
was as effective as the case with circular injectors in enhancing the penetration. Adding a moderate yaw angle to
the sweptback, diamond-shapedori� ce resulted in greatly enhanced penetration, unlike the case with the circular
injector. In all cases, the decay rate of the maximum concentration was almost insensitive to the ori� ce shape.

Nomenclature
A = cross-sectionalarea
Cd = discharge coef� cient
D = diameter
Deff = effective diameter, Eq. (4)
G = mass � ow rate
H = penetration height
M = Mach number
P = pressure in plenum chamber
q = dynamic pressure
Rb = effective radius, Eq. (5)
T = total temperature
X , Y = streamwise location and spanwise location

from injector center
Z = height from (tunnel lower) wall
® = injectant mass fraction
®mix = injectant mass fraction deduced with modi� ed

mixing analogy, Eq. (2)
¯ = enthalpy de� cit factor due to induced vorticity, Eq. (3)
± = boundary-layer thickness
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Subscripts

a = freestream
c = with unheated injection
h = with heated injection
j = injectant, injector
p = measured with in-stream probe
VC = center of vorticity effect extent

Introduction

I T is generally expected that the supersonic combustion ramjet
(scramjet) engine will be the most ef� cient propulsion system in

the hypersonic� ight regime.Becausethe � owspeedwithin the com-
bustor remains supersonic, the residence time within the combustor
will only be of the order of milliseconds.Thus, ef� cient penetration
and mixing must be achieved within the short duration, and trans-
verse fuel injectionfrom the wall is an attractivearrangement.There
are also other important applications of transverse jet injection into
supersonic or hypersonic cross� ows, such as reaction jets for vehi-
cle control, thrust vector control in nozzles, and thermal protection
systems.

Various injection con� gurations, including different shapes and
alignmentsof the injectors, injector arrays, and auxiliarymixing en-
hancementdevices,havebeen tested in attempts to attainbettermix-
ing capability.1¡10 Among the more successfulwas a wedge-shaped
ori� ce having a wedge-shaped front half and a round-shaped back
half, introducedby Barber et al.5 By the avoidanceof the occurrence
of boundary-layerseparation ahead of the injectant jet, the wedge-
shaped injector showed better penetration than a conventional cir-
cular injector.However, the round-shapedback half was believed to
cause separation in the wake of the jet, and the low-pressure con-
dition within the separation region caused intensive disturbances.
Thus, introducing a wedged-shape portion on the back half of an
ori� ce maybe bene� cial in attaining greater penetration, and that is
the concept studied here.

The dynamic pressureof the jet was kept quite low in the study of
the wedge-shapedinjector to avoid rapid expansionof the jet plume
becominga largeblockageto the supersonic� ow.5 As an exampleof
high-pressure injection through lower-disturbance shape injectors,
an elliptical transverse injector was introduced by Gruber et al.6 to
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reduce the separation ahead of the jet for better penetration. In the
dynamic pressure ratio (q j =qa ) range of 1–3, they observed smaller
separation regions ahead of the jet with the elliptical transverse in-
jectorcomparedto anequivalentcirculartransverseinjector,but they
found no large penetrationadvantageof the elliptical transverse in-
jector.Their results suggest two aspectsof lower-disturbanceshaped
injector research. First, these lower-disturbance shaped injectors,
including the wedge-shaped injector, should be tested over a wider
range of dynamic pressure ratios to understand the range of these
ratios in which the shape effectiveness is valid. This information
is important to determine the operation conditions of these low-
disturbance shape injectors. Second, one should apply some tech-
niques to enhance penetration in cases of high-pressure injection
through these lower-disturbance shaped injectors. Shimura et al.11

reported that the pressure within the supersonic combustor oscil-
lated quite violently when heat release took place in a subscaled
engine test.4 This violent oscillationof the pressure � eld into which
the jet is to be injected will cause instability and oscillation of the
injection when the sonic condition at the injector ori� ce is violated.
Therefore, for stable injection within the combustor over a wide
range of � ight conditions,higher dynamic pressure injection would
be preferable.

Low downstream angled injection has been reported, both to re-
duce the separation ahead of the jet and to increase the jet penetra-
tion height compared to the case with the circular injectors.6¡10

McClinton7 explained these effects by introducing an “effective
dynamic pressure ratio” that increased with sweepback angle.
Mays et al.8 explainedthis effect as being a result of reduced“effec-
tive back pressure” and consequently increased “effective pressure
ratio” due to weaker interaction in the case with larger sweepback
angles. Both McClinton7 and Mays et al.8 noted that the substan-
tially increased dynamic pressure ratio would result in less total
pressure loss of the jet and in a greater penetration. On the other
hand, close examination of the near injector � ow� eld showed that
the initial penetration of the jets through sweptback injectors was
less than that through the perpendicular injector, mainly due to a
reduction in the perpendicular component of the jet momentum.6;9

The streamwise vortices induced by the jet/freestream interaction
might play a key role in � lling the gap between these two contradic-
tory facts.3;6 Low angled injection combined with a yaw angle was
found to decrease penetration, but to enhance mixing.10 However,
a jet injected through a sweptback injector with a yaw angle was
expected to cause intensive streamwise vortices and to roll up the
adjacent plume in the case with a circular injector array.3

In the present study, we introduce a diamond-shapedori� ce hav-
ing a wedge-shapedportionon both the front and back halves of the
ori� ce as a modi� ed version of the earlier wedge-shaped injector.
Both heated and cold air are injected at sonic speed into a Mach 3
cross� ow, and injectant concentrationpro� les are deduced through
total temperature measurements and the modi� ed mixing analogy
in Ref. 12, which takes vorticity effects on the enthalpy � eld into
account. Penatration height, penetration growth with downstream
distance,and the maximum concentrationdecayof the jet plume are
investigated.The modi� ed mixing analogy also enables us to esti-
mate the extent and intensity of the streamwise vortices, so that the
interaction between the plume and the induced streamwise vortices
are also examined.

In the � rst half of our study, the injector is oriented perpendic-
ular and the dynamic pressure ratio is varied over a wide range
(q j =qa D 0.3–2.0). We also vary the size of the injector (comparedto
theboundary-layerthickness)to investigatescaleeffects.The results
are comparedto thosewith an equivalentcircularinjector,whichwas
tested at identical conditions. In the second half of our study, both
sweepback angles and yaw angles are given to the diamond-shaped
ori� ce and air is injected at a jet-to-freestream dynamic pressure
ratio of 2.0.

Experimental Apparatus and Measurements
Experimental Apparatus

The injector was set in a Mach 3 wind-tunnel facility at
Virginia Polytechnic Institute and State University. Figure 1 shows

Fig. 1 Experimental apparatus and injector ori� ce con� guration.

a schematic of the arrangement and the shape of the ori� ces. The
facility is a blowdown-type tunnel, and a half-nozzle was installed
to accelerate the air� ow to Mach 3. The nozzle outlet area was
230 mm in width and 115 mm in height. The tunnel averageplenum
conditions were 620 kPa (Pa ) and 285 K (Ta ), which resulted in a
freestreamReynoldsnumberof 5.0 £ 107/m. Test durationwas typi-
cally20 s. As shownin Fig. 1, we de� ned the X ,Y , and Z coordinates
in the streamwise direction, the spanwise direction, and the vertical
direction, respectively,with a right-handsystem and with the origin
at the center of injector ori� ces. Figure 2 shows the Mach number
and total temperature distributions in the boundary layer approach-
ing the injector. The boundary layer and displacement thicknesses
at the injector location were 8.5 and 3.3 mm, respectively.

Air was used as the injectant to simulate a high-molecular-weight
gaseous hydrocarbon fuel injection. A portion of the air was by-
passed from the tunnel plenum chamber to the injectant plenum
chamber, so that the variation of the air� ow total pressure is re-
� ected in the injection pressure to maintain a constant dynamic
pressure ratio. The injectant � ow rate was controlled with a needle
valve to attain the desired dynamic pressure ratio of the jet to the
freestream (q j =qa) ranging from 0.3 to 2.0. The dynamic pressure
ratios are kept within §5% (§10% for q j =qa D 0:3) from desired
values. Even at the lowest dynamic pressure ratio of 0.3, the jet-
total-to-freestream-static pressure ratio ensured sonic injection.The
injectant � ow rate was measured with either a venturi � owmeter or
an ori� ce � owmeter.

The injectant air was heated to produce a temperature difference
between freestream and injectant, so that the mixing process could
be documented through total temperature surveys downstream. We
use the modi� ed mixing analogy method in Ref. 12 to interpret
these data.Two heaters and a copperheat sink with small holeswere
embedded in the plenum chamber of the injector, and the injectant
was heated to about 380 K.

The diamond-shapedori� ce had a half-angleof 10 deg on both its
leading and trailing edges. Two injectors with different sizes were
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a)

b)

Fig. 2 Boundary-layer survey results: a) Mach number and b) total
temperature (Tp normalized with freestream total temperature in
plenum Ta) distributions.

used. The larger one had an equivalent diameter of 4.1 mm, and it
was used for the perpendicular injection. Based on � ow rate mea-
surement,the effectiveequivalentdiameterwas 3.8 mm. The smaller
injectors had an equivalent diameter of 2.4 mm, and they were used
for both perpendicular and angled injections. Three injectors with
sweepbackanglesof 0, 30, and 60 deg were used.Based on � ow rate
measurements, the effective equivalent diameters of these injectors
were 2.3, 2.4, and 2.1 mm, respectively.This small effective diame-
ter (and Cd ) suggests that the boundary layer within the ori� ce hole
made a throat within the ori� ce, and the jet could be accelerated
to supersonic at the exit of the injector up to Mach 1.6, changing
the jet-to-freestreamdynamicpressure ratio.However,Cohen et al.9

showed that the jet Mach number (1–2) has a small effect on initial
penetration height (Mach disk height) normalized with the ori� ce
exit diameter.Thus, in the presentstudy,we assumed that the jet was
issued from the ori� ce with the aforementionedeffective area at the
nominal (M j D 1) condition. Yaw angles of 0, 15, and 30 deg were
given to the 60-deg sweptback injector by rotating a block holding
the injector.

To characterize the behavior of the plume from the diamond-
shaped injector, one should have reference values of mixing-
evaluation parameters such as the penetrationheight and its growth
rate, as well as the maximum mass fraction and its decay rate, for
direct comparisons. In the present study, we used an equivalent
sonic circular injector perpendicular to the freestream as the refer-
ence case. The circular injector was equivalent in size to the larger
diamond-shaped injector, whose effective diameter was measured
as 4.2 mm.

Measurements and Data Reduction

Flow Visualization

Spark shadowgraphs were taken using a nanopulser with an ex-
posure time of 2 £ 10¡8 s. Visualizationof the surface � ow patterns
near the injector was accomplished via a use of 500 cS silicone oil
with two different colors of � uorescent dye.

Pressure and Temperature Measurements

The pressure in the plenum chambers, Pa and Pj , was moni-
tored by using pressure transducers, and the temperature in plenum
chambers, Ta and T j , was monitored by using type-E thermocou-
ples. Data acquisitionwas performed with a personal computer and
a 64-channel16-bit A/D converter.

Total Temperature Probing

Aerothermodynamic measurements of the � ow� eld were taken
110 mm (designated as station 1) and 315 mm (designated as
station 3) downstream from the center of the injector. A total tem-
perature probe was used, which consisted of a tube with an o.d. of
1.59 mm and an i.d. of 1.04 mm. With three small holes drilled
around the tube, the probe capture-to-recoveryarea ratio was 5 to 1.
An exposed-junctiontype-E thermocouplewith a bead of 0.25-mm
diameter was placed inside the total temperature probe. This design
can be expectedto have a constant recoveryfactorover a wide range
(M D 1–3) of Mach numbers.13 Because the recovery factor is less
than unity, the measured total temperaturedid not reach the plenum
value in the freestream in the present experiments. A difference of
2–6 K was noted. This resulted in a recovery factor of 0.98 and
a temperature measurement error of §2 K. Even with a constant
recovery factor of 0.98, the measured total temperature could dif-
fer from the true local value by 0.4% at M D 1 to 1.3% at M D 3.
As shown in Ref. 12, the injectant mass fraction deduced through
the modi� ed mixing analogymethod was insensitiveto the recovery
factor.Thus, no correctionassociatedwith the temperature recovery
was made to the measured total temperature in the present study.

Modi�ed Mixing Analogy

In a related study,12 we modi� ed the classical mixing analogy
technique to take vorticityeffects on the enthalpy � eld into account.
This is essential in high-speed � ows. We conducted both heated
air injection (subscript h) and unheated air injection (subscript c).
Assuming that the effects of the induced vorticity on the change
in local enthalpy are proportional through a factor ¯ (designated
as “enthalpy de� cit factor”) to the local enthalpy and that both in-
jectant mass concentration ® and ¯ are insensitive to the injectant
temperature,we could describe the enthalpy balances as

.Tp/h D .1 ¡ ¯/[.1 ¡ ®/.Ta/h C ®.T j /h ]

.Tp/c D .1 ¡ ¯/[.1 ¡ ®/.Ta/c C ®.T j /c] (1)

Thus,

®mix D [.Tp=Ta/h=.Tp=Ta/c ¡ 1]=f.Tp=Ta/h=.Tp=Ta/c

£ [1 ¡ .T j =Ta/c] ¡ [1 ¡ .T j =Ta/h ]g (2)

The validityof thismodi� edmixing analogywas con� rmedby com-
parison with direct measurements of injectantconcentrationusing a
tracer technique,12 and it was found that the method is good enough
to document the penetrationheight (determined as the height of the
point with maximum injectant concentration in the present study)
and the maximum concentration of the plume. See Ref. 12 for the
details of the validation and error estimation. In brief, we expect a
§3% error at most in the injectant mass fraction. The major cause
of the temperature measurement error was run-to-run scattering of
the zero shift on the temperature measurement system. Thus, the
temperature measurement error within each run would be smaller
than the run-to-runerror. Hence, the determinationof the maximum
injectant mass fraction location would be more reliable than that
of the more conventional 5% injectant mass fraction location, and
we used the height of the maximum concentration location from
the tunnel wall as the penetration height of the plume, H . The re-
peatability of the maximum ®mix was within §2%, and that of the
penetration height was within §0.5 mm.

From Eq. (1), we can also derive the enthalpy de� cit factor as

¯ D 1 ¡ .Tp=Ta/h=[.1 ¡ ®mix/ C ®mix.T j =Ta/h ] (3)
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A featureof this techniqueis that it enablesus to estimatethevortivc-
ity effects.Note that this factor is not correlatedwith vorticityquan-
titatively. However, we can make a qualitative comparison of the
extent and relative intensity of the vorticity through the enthalpy
de� cit factor from different injectors.

Results and Discussion
Perpendicular Injection at Various Dynamic Pressure Ratios

In this section,the jetwas injectedperpendicularto the freestream.
First, the basic characteristics of the diamond-shaped injector
were examined over a wide range of dynamic pressure ratios
(q j =qa D 0.3–2.0).

Flow Visualization

Figures 3a and 3b show shadowgraph images of the jet injected
through the diamond-shapeinjector into quiescentair at a jet-static-
to-ambient pressure ratio of 3.8. Clearly, the jet plume is turbulent.
Figure 3a shows the plume looking at the long axis of the injector,
and Fig. 3b shows the plume looking at the short axis. As shown in
Fig. 3b, the plume expanded rapidly in the spanwise direction, and
it showed the featuresof an overexpandedjet in Fig. 3a. This uneven
expansionphenomenonhas been reportedas “axis switching”of the
jet issuing from the elliptical ori� ce into quiescent,14 co� owing,15

and supersonic cross� ow6 environments. Thus, the original sharp
diamond shape became a blunt diamond shape in the plume due to
the uneven expansion,which would cause more disturbances in the
freestream in the presence of a cross� ow.

Figure 4 shows the variation of the Mach disk height of the jet
injected into quiescent air vs the jet static to ambient pressure ratio.
The height was normalized by the effective equivalent diameter.

Fig. 3 Shadowgraphs of diamond-shaped jet injected into quiescent
air.

Fig. 4 Variation of Mach disk height with pressure ratio for quiescent
background.

a)

b)

Fig. 5 Shadowgraph of jet injected into supersonic cross� ow through
a) diamond-shaped injector and b) circular injector at qj/qa = 2.0.

For comparison, the variation for a circular injector16 is also shown
in Fig. 4. The Mach disk height for the diamond-shaped injector is
smaller than that from a circular injector,probablydue to the uneven
expansion.

Figure 5a shows a shadowgraph of the jet plume from the
diamond-shaped injector interacting with the Mach 3 supersonic
cross� ow at q j =qa D 2:0. In Fig. 5a, the long axis of the injector
is aligned with the external � ow, and the freestream � ow is from
left to right. Figure 5b shows a shadowgraph of the jet plume from
the circular injectorat identicalconditions.In both cases, barrel-like
shocksanda Mackdisk in theplumeare visiblenear the injector.The
barrel shocks are inclined downstream, showing strong interactions
between the jet and the freestream, even in the case with injection
from the diamond-shapedinjector.The jet from thediamond-shaped
injector expanded rapidly in the spanwise direction and became a
bigger, blunter obstacle to the freestream with increasing q j =qa .
Thus, a higher q j =qa might reduce the effectivenessof the diamond
shapeof the injector.Becauseof this strong interaction,a bow shock
is visible ahead of the jet and rising up to the right. Note that the
Mach disk height is somewhat larger with the circular injector than
with the diamond-shaped injector, consequently, the bow shock is
stronger with the circular injector. In turn, the separation ahead of
the jet is much smallerwith the diamond-shapedinjector. In the case
with the diamond-shaped injector, a twisted line is visible from the
downstreamtriplepoint of the Mach disk and the barrel shocks,pen-
etrating into the freestream with an angle less than the Mach angle
in a M D 3 freestream. This line could be due to streamwise vortex
motion, which will be discussed later. This line is not obvious in
the case with the circular injector, though generation of streamwise
vortices has been reported in many studies, for example, Ref. 17.

Figure 6 shows oil-� ow surface patterns at variousdynamic pres-
sure ratios with both the diamond-shaped injector and the circular
injector. The freestream � ow is from left to right. In the case with
the diamond-shapedinjector, a separationoccurred ahead of the jet
at q j =qa D 2:0 because the jet expanded rapidly to form a blunt ob-
stacle against the freestream.This interactioncaused a rather strong
bow shock ahead of the jet, which, in turn, resulted in a high ef-
fective backpressure condition for the jet. Note that the bow shock
trace on the surface was stronger with the diamond-shapedinjector
than with the circular injector, in contrast to the impression one gets
from the shadowgraphs.The unevenexpansionof the jet in the span-
wise direction from the diamond-shapedinjectormade this obstacle
against the freestream shorter and wider than that in the case with
the circular injector, resulting in this apparant discrepancy.

A very complicated secondary-�ow pattern was observed in the
jet wake in both cases at q j =qa D 2:0. Triangular accumulations of
oil show the origin of a pair of streamwise vortices, which traveled
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Fig. 6 Oil-� ow visualization of surface � ow with injection through a) diamond-shaped injector and b) circular injector at qj/qa = 2.0 and 0.3.

downstream. Though not clear in this still picture, the accumula-
tions were observed to form half-cone shapes during the tunnel run.
The jet expanded rapidly and turned the local freestreamdownward
toward the wall, causing the streamwise vortices. With reduced dy-
namic pressure ratios of 1.0 and 0.5, the features of the � ow pattern
were almost identical, but with less intensity of interaction in both
cases.

At q j =qa D 0:3, the separation ahead of the jet, secondary-�ow
patternsaroundthe injector, and the oil accumulationin the jet wake
disappeared in the case with the diamond-shaped injector, though
they were still visible in the case with the circular injector. At this
lower pressureratio, the jet static pressureat the exit of the diamond-
shaped ori� ce was close to the static pressure on an imaginary solid
wedge surface with a wedge angle identical to that of the injector
ori� ce (10 deg).Thus, the jetwas in a “matched pressure”condition,
and it causeda lesserdisturbanceto the freestreamthan in thehigher-
pressure ratio cases. This lesser disturbance might result in higher
initial penetration. However, the � ow pattern in the wake of the
jet from the diamond-shaped injector showed that the streamwise
vortex was also weakened, which might result in a reduction of
mixing in the far � eld.

Injectant Contours

Figures 7a and 7b show contours of deduced injectant mass frac-
tion with the diamond-shaped injector and the circular injector, re-
spectively,with q j =qa D 2:0 at station 1. In both cases, the contours
show mushroomlike shapes, having maximum concentration loca-
tions within the plume core above the boundary layer. The mush-
roomlike shape was more obvious with the circular injector, and
more injectant was entrained into boundary layer in the case with
the diamond-shaped injector. As shown in Fig. 6, the jet through
the diamond-shaped injector expanded rapidly in the spanwise di-
rection, and that permitted a larger portion of the injectant to be
entrained into the boundary layer compared to the case with the cir-
cular injector. This uneven expansion also resulted in slightly less
initial penetration (Mach disk height) of the jet from the diamond-
shaped injector than in the case with the circular injector, which
was observed earlier in Fig. 4. Note that the center of the plume is
displaced slightly from the tunnel centerline in both cases. This

a)

b)

Fig. 7 Deduced injectant mass fraction (®mix ) contours with
a) diamond-shaped injector and b) circular injector at qj /qa = 2.0 and
at station 1 (X = 110 mm).
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a)

b)

Fig. 8 Enthalpy de� cit factor contours with a) diamond-shapedinjec-
tor and b) circular injector at qj/qa = 2.0 and at station 1 (X = 110 mm).

displacementwas observedregardlessof the injector con� gurations
(for example, Ref. 4) and injection conditions, for example, low
q j =qa with wedge-shapedinjectorin Ref. 5 andhighq j =qa in Fig. 7a.
The contour symmetry plane is located at about Y D 2:0–3.0 mm.
Because the measurements were done at Y D 1:6 and 3.2 mm, dis-
tributions at Y D 3:2 mm were regarded as being on the symmetry
plane in the present study. The contours of the jet plume through
both injectors were still mushroomlike shapes at station 3, having
maximum concentration locations within the plume core above the
boundary layer.

Figures 8a and 8b show contours of the enthalpy de� cit factor
[Eq. (3)] with the diamond-shapedinjector and the circular injector,
respectively,with q j =qa D 2:0 at station 1. The presence of a pair of
streamwise vortices is clearly shown in both cases. These vortices
originated at the trailing edge of the injector as shown in Fig. 6. The
vorticity effects are also indicated on the symmetry plane. Smaller
vortices or longitudinal vortices would be present atop the plume.
The streamwise vortices penetrated a little bit further in the case
with the circular injector.

Jet Penetration Growth and Maximum Concentration Decay

Because the penetrationof the plume is one of the main concerns
in the present study, only the distributionson the contour symmetry
plane will be shown in the following material.

Figures 9a and 9b show ®mix distributions on the contour sym-
metry plane with various dynamic pressure ratios at station 1 with
the diamond-shaped injector and the circular injector, respectively.
One can see that the penetration height with the diamond-shaped
injector was not greatly affected by the dynamic pressure ratio,
whereas that with the circular injector was obviously a strong func-
tion of the dynamic pressure ratio. At lower dynamic pressure ratios

a)

b)

Fig. 9 Deduced injectantmass fraction (®mix )distributionsoncontour
symmetry plane at station 1 (X = 110 mm) with a) diamond-shaped
injector and b) circular injector.

(q j =qa D 0:5 and 0.3), a considerable portion of the injectant was
trapped in the boundary layer in the case with the circular injector,
whereas a major portion of the injectant penetrated the boundary
layer with the diamond-shaped injector. At higher dynamic pres-
sure ratios, the behavior of the plumes is quite similar in the cases
with both the diamond-shaped injector and the circular injector.

Figures 10a and 10b show ®mix distributionson the contour sym-
metry plane with various dynamic pressure ratios further down-
stream at station 3 with the diamond-shaped injector and the circu-
lar injector, respectively. With the circular injector, the penetration
heightdecreasedrapidlywith decreasingthe dynamicpressureratio,
and the plume core became indistinguishableat lower dynamicpres-
sure ratios. However, the plumes from the diamond-shapedinjector
still had a clear core at station 3.

The penetration heights and maximum concentrations are sum-
marized in Table 1, in which the penetrationheight was normalized
with the effective diameter Deff de� ned as

Deff D .4A j =¼Cd/
1
2 (4)

where A j is injector ori� ce area and Cd is the dischargecoef� cient.
Injection at different dynamic pressure ratios through an identical
ori� ce result in different injectant � ow rates. In engine design, the
limiting factor is total fuel � ow rate, so that one would use a larger
injector for lower q j =qa to attain an identical injectant � ow rate.
Thus, we should normalize both the height and the streamwise dis-
tance from the injector with a length scale in which injectant � ow
rates are taken into account to discuss the penetrationheight growth
and maximum mass fraction decay. Barber et al.5 introduced the
effective radius in Ref. 18 to summarize the penetration data for
different shaped injectors. The effective radius (Rb) is de� ned as18

Rb D .G j =½a Va/
1
2 (5)
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Table 1 Summary of penetration height and maximum injectant mass fraction of the jet plume
with perpendicular injection (Deff , in millimeters)

Station 1 Station 3

qi =qa Rb , mm X=Rb H=Deff H=Rb ®max X=Rb H=Deff H=Rb ®max

Diamond shaped (3.8)
2.0 7.2 15.3 2:6 § 0:1 1:4 § 0:1 0:33 § 0:03 43.7 4:0 § 0:1 2:1 § 0:1 0:16 § 0:03
1.0 5.1 21.6 2:9 § 0:1 2:2 § 0:1 0:29 § 0:03 61.8 3:7 § 0:1 2:7 § 0:1 0:09 § 0:03
0.5 3.6 30.5 2:9 § 0:1 3:1 § 0:1 0:20 § 0:03 87.4 3:7 § 0:1 3:9 § 0:1 0:06 § 0:03
0.3 2.8 39.4 2:4 § 0:1 3:2 § 0:2 0:15 § 0:03 112.3 3:4 § 0:1 4:7 § 0:2 0:03 § 0:03

Circular (4.2)
2.0 8.1 13.7 2:8 § 0:1 1:5 § 0:1 0:31 § 0:03 39.1 4:5 § 0:1 2:4 § 0:1 0:12 § 0:03
1.0 5.7 19.3 2:4 § 0:1 1:8 § 0:1 0:24 § 0:03 55.3 2:8 § 0:1 2:1 § 0:1 0:10 § 0:03
0.5 4.0 27.3 1:4 § 0:1 1:5 § 0:1 0:17 § 0:03 78.3 1:4 § 0:1 1:5 § 0:1 0:07 § 0:03
0.3 3.1 35.3 0:7 § 0:1 1:0 § 0:2 0:14 § 0:03 101.0 N/A N/A N/A

Dimond shaped (2.3)
2.0 4.3 25.3 3:5 § 0:2 1:8 § 0:1 0:23 § 0:03 72.5 3:9 § 0:2 2:1 § 0:1 0:08 § 0:03
1.0 3.1 35.8 3:1 § 0:2 2:3 § 0:2 0:15 § 0:03 102.5 N/A N/A N/A
0.5 2.2 50.6 3:1 § 0:2 3:2 § 0:2 0:10 § 0:03 144.9 N/A N/A N/A

a)

b)

Fig. 10 Deduced injectant mass fraction (®mix ) distributions on con-
tour symmetry plane at station 3 (X = 315 mm) with a) diamond-shaped
injector and b) circular injector.

where G j is the injectant mass � ow rate. This length scale clearly
takes the injectant � ow rate into account, and both the streamwise
distances between the injector and the probing location X and the
penetration heights are normalized with Rb in Table 1. At lower
dynamic pressure ratios, the penetration height of the jet plume
through the diamond-shaped injector was superior to that through
the circular injector.However, the penetrationheights became com-
parable at higher dynamic pressure ratios. Using the wedge-shaped
ori� ce (with a wedge-shaped front half and a round-shaped back
half), Barber et al.5 reported about 50% larger penetration than that
through a circular injector at station 1 with sonic helium injection.

Fig. 11 Summary of penetration height data with different shaped
injectors.

Their injection conditionswere almost identical to the current ones
with q j =qa D 0:3. With the diamond-shapedinjector,thenormalized
penetrationheight was about 200% larger than with the circular in-
jectorat thisdynamicpressureratio,showing the betterperformance
of the diamond-shaped injector in comparison to that of the earlier
wedge-shaped injector.

Figure 11 summarizes all of the penetrationheight data with dif-
ferent shaped injectors at different streamwise locations. Both the
penetrationheight and the sampling location were normalized with
Rb . At a � xed X=Rb of 40, the normalized penetration height of
the jet plume through the diamond-shapedinjectorwas greater with
smaller dynamic pressure ratio, showing the bene� ts of lower dy-
namic pressure injection. Thus, one should use a larger diamond-
shaped injector ori� ce with lower dynamic pressure under a con-
straint on total � ow rate.

In Fig. 11, the data obtained with the diamond-shaped injector
show almost identical growth rates of penetration regardless of the
dynamic pressure, whereas the penetration growth rates with the
circular injector decreasedwith a reduction in the dynamic pressure
ratio. Thus, the superiority of the lower dynamic ratio injection in
cases with the diamond-shapedinjectorwas maintainedover a wide
rangeof streamwise locations(X=Rb). In thecase with thediamond-
shaped injector, lower dynamic pressure resulted in weaker inter-
action between the jet and the freestream associated with less total
pressure loss of the plume, and higher dynamic pressure resulted
in a generation of more intensive streamwise vortices. Thus, the
penetration growth rate remained almost constant regardless of the
dynamic pressure ratio.

Figure 12 summarizesthemaximumdeducedmass fractiondecay
with different shaped injectors. Again, the sampling location was
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Fig. 12 Maximumdeduced concentration decay with different shaped
injectors.

normalized with Rb . For the maximum mass fraction decay, the
data with both the diamond-shaped and circular injectors showed
almost identical behavior within the accuracy (§3%) of the present
measurementtechnique.Thoughthe jet plume throughthediamond-
shaped ori� ce penetrated further into the freestream, the mixing
process of the jet with the surrounding air was insensitive to the
injector ori� ce shape.

Effects of Injector Ori� ce Size

As mentioned before, injection from a larger injector ori� ce with
lower dynamicpressurewould result in a largerabsolutepenetration
heightfor the samemass � ow rate.However, theeffectsof boundary-
layer thickness on the penetrationcompared to those of the injector
ori� ce sizeshouldalsobe addressed.Datawith the smallerdiamond-
shaped injector are also summarized in Table 1. Note that we could
not detect the core of the plume above the boundarylayer at station3
with lower pressure injection (q j =qa · 1).

Penetration data for the smaller diamond-shaped injector at
q j =qa D 2:0 are also plotted in Fig. 11. The penetration heights and
growth rate were almost identical to those with the larger diamond-
shaped injectorat q j =qa D 2:0, showing that the effectsof boundary-
layer thicknesson the penetrationdata were negligiblein the present
range of scales.

Because the area of the large injector ori� ce was three times that
of the small injector, the dynamic pressure ratio should be one-
third for the same � ow rate. The effective radius (Rb D 2:8 mm) in
the case with the large injector at q j =qa D 0:3 is almost identical
to those with the small injector at q j =qa D 1 (Rb D 3:1 mm). The
plume from the large injector penetrated 20–30% farther into the
freestream, con� rming the bene� ts of using a larger injector with
a lower dynamic pressure ratio. On the other hand, the maximum
concentrations were almost identical in both cases, supporting the
results in Fig. 12.

Angled Injection at High Dynamic Pressure Ratio

As noted earlier, the jet through the diamond-shapedinjector be-
came a large obstacle and blocked the freestream at high dynamic
pressures,whichcauseda separationaheadof the jet.Adding sweep-
back angle can be expected to mitigate this separation and inten-
sive interactions between the jet and the freestream to intensify the
streamwise vortices and to increase penetration. Thus, the effects
of the sweepback angle on penetration, mixing, and vortices gen-
eration were investigated with an injector without yaw angle at the
dynamic pressure ratio of 2.0. Effects of adding yaw angle to a
sweptback injector on penetration,mixing, and vortices generation
were also investigated in hopes of creating further intensive stream-
wise vortices.

Flow Visualization

Figures 13a–13c show oil-� ow surface patterns around the ori-
� ces with sweepback angles of 0, 30, and 60 deg, respectively,

Fig. 13 Oil-� ow visualization of surface � ow with a) 0-, b) 30-, and
c) 60-deg sweepback angle without yaw angle and with d) 15- and
e) 30-deg yaw angle and 60-deg sweepback angle.

whereas Figs. 13d and 13e show the � ow around the 60-deg swept-
back ori� ces with yaw angles of 15 and 30 deg, respectively. In
Figs. 13, the freestream is from left to right. Without sweepback
angle, a separation was observed ahead of the ori� ce (Fig. 13a). At
this highly underexpandedcondition, the jet expandedrapidly in the
spanwise direction and became a large obstacle to the freestream.
The trace of the bow shock in Fig. 13a shows the intensive interac-
tion between the jet and the freestream. With 30 deg of sweepback
angle (Fig. 13b), the separation was mitigated, and the bow shock
was weakened. With 60 deg of sweepback angle (Fig. 13c), the
bow shock was further weakened, and the separationvanished.This
result implies lesser total pressure loss in the freestream at larger
sweepback angle.

The complicated � ow pattern in the jet wake is due to the induc-
tion of a pair of streamwise vortices. Triangular accumulations of
oil show the origin of the pair of streamwise vortices, which then
traveled downstream. The structure of the wake � ow was qualita-
tively identical regardless the sweepback angle, though the traces
suggest more intensive induction of vortices with less sweepback
angle.

With 15 deg of yaw angle added to the 60-deg sweptback ori� ce
(Fig. 13d),an intensivebow shockwas observedon the compression
side of the jet, whereas no apparent separation was observed. The
bow shock on the suction side of the jet became almost invisible.
Also observed was a reverse � ow from the compression-side to
the suction-side around the trailing edge of the ori� ce. This shows
a large difference in pressure between the two sides. The pattern
in the wake of the jet, which shows the origin of the streamwise
vortices, became asymmetric, whereas the location and the extent
of the pattern was almost identical to those without yaw angle. With
30degof yawangleaddedto the60-degsweptbackori� ce (Fig. 13e),
thebow shockon thecompressionsideof the jetbecamequitestrong,
and a separation was observed ahead of the jet, showing intensive
interaction between the jet and the freestream. The wave from the
leading edge of the jet on the suction side was quite weak, though it
originatedat the separationahead of the jet. The reverse� ow around
the trailing edge of the ori� ce was visible. The pattern in the wake
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of the jet became more asymmetric and originated closer to the jet
than that in the case with a 15-deg yaw angle.

Injectant Contours

Figures 14a and 14b show contours of deduced injectant mass
fraction and the enthalpy de� cit factor, respectively, at station 1,
with a sweepback angle of 60 deg and without a yaw angle. The
location of the plume center (where the injectant concentration is
maximum) is shown with an “£” in Fig. 14a. By assuming an oval
shape of the vorticity effect extent (dashed line in Fig. 14b), we can
also evaluate the penetrationheightof the streamwise vorticesas the
center (shownwith “£” in Fig. 14b) of the oval shape.A constriction
of the injectant contour occurred at around the outer boundary of
the vorticity effect extent, showing an interaction between the jet
and the streamwisevortices.This interactionbecamemore intensive
with sweepbackangle, and the plume was divided into two: one part
abovethe boundarylayerand anotherpartwithin theboundarylayer,
in Fig. 14a. Fine-scale mixing should be more intensive with larger
sweepback angles because of more intensive interaction between
the plume and the streamwise vortices.

Figures 15a and 15b show contours of deduced injectant mass
fractionand theenthalpyde� cit factor,respectively,at station1, with
a sweepbackangle of 60 deg and a 15-deg yaw angle. The locations
of both the plume center and the vorticity effect extent center are
shown in Figs. 15. The injectant contours still show mushroomlike,
but asymmetric, shapes. Note that the plume without yaw angle
(Fig. 14a) was divided into two parts, one in the freestream and the
other in the boundary layer,whereas that with yaw angle left no high
concentrationportionwithin the boundarylayer.With 15 deg of yaw
angle, the plume penetrated farther than that without yaw angle.

a)

b)

Fig. 14 Contours of a) deduced injectant mass fraction (®mix ) and
b) enthalpy de� cit factor at station 1 (X = 110 mm) with 60-deg sweep-
back angle without yaw angle.

a)

b)

Fig. 15 Contours of a) deduced injectant mass fraction (®mix ) and
b) enthalpy de� cit factor at station 1 (X = 110 mm) with 60-deg sweep-
back angle and 15-deg yaw angle.

With nonzero yaw angle, the vorticity effect extent became
shrunken in extent and weaker in the maximum de� cit factor. The
center of the vorticity effect extent also penetrated farther with a
15-deg yaw angle.

For non-yaw-angledori� ces, the measurementsweredone at both
stations 1 and 3, whereas these were done at only station 1 for the
yaw-angledori� ces.All penetrationheightdata of theplume,aswell
as those of the center of the vorticity effect extent, are summarized
in Table 2.

Plume Penetration and Mixing of Nonyawed Ori� ces

Figure 16 shows the penetration height and penetration growth
rate for different sweepback angles without yaw angle. At both
stations, the penetration height increased with sweepback angle.
The growth rate is larger with larger sweepback angle, showing the
effectivenessof the angled injection.

As shown in Table 2, the vorticity effect extent penetratedfarther
than the plume itself at station 3, showing that the penetrationof the
vorticesplayed a key role on the plume penetrationby rolling up the
plume.However, the penetrationof the vorticityextentswere almost
identical to that of the plume at station 1, and initial penetration of
the jet plume is still in� uential on the penetration of the plume at
this streamwise location. The extrapolation of the data in Fig. 16
implied that even the initial penetration of the plume (around X–0)
was larger with larger sweepback angle, which is contrary to the
observation of Gruber et al.6 for an elliptical injector. Their obser-
vation was limited to a very close � eld to the injector (X=D j < 5),
so that we need a detailed observation in the region downstream
of their observation sight. A possible explanation is a difference in
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Table 2 Summary of penetration height and maximum injectant mass fraction of the jet plume with angled injection

Station 1 Station 3

Sweep-back Yaw angle Deff, mm Rb , mm X=Rb H=Rb HVC=Rb ®max X=Rb H=Rb HVC=Rb ®max

0 0 2.3 2.3 25.3 1:8 § 0:1 1:8 § 0:1 0:23 § 0:03 72.5 2:1 § 0:1 2:9 § 0:1 0:08 § 0:03
30 0 2.4 2.4 23.7 2:2 § 0:1 1:9 § 0:1 0:21 § 0:03 67.8 2:6 § 0:1 3:3 § 0:1 0:07 § 0:03
60 0 2.1 2.1 27.0 2:7 § 0:1 2:5 § 0:1 0:22 § 0:03 77.2 3:7 § 0:1 4:4 § 0:1 0:06 § 0:03
60 15 2.1 2.1 27.0 3:2 § 0:1 2:9 § 0:1 0:18 § 0:03 77.2 —— —— ——
60 30 2.1 2.1 27.0 1:7 § 0:1 2:5 § 0:1 0:26 § 0:03 77.2 —— —— ——

Fig. 16 Summaryof penetration height data with different sweepback
angles without yaw angle.

shock formation within the plume, which governs the total pres-
sure loss of the plume. In the case with larger sweepback angle, the
less intensive interactions between the jet and the freestream might
cause less total pressure loss of the plume, so that the plume might
continue to penetrate further than that through the lesser sweepback
angled injector, even though the perpendicular component of the
jet momentum was less. This less intensive interaction might also
result in less total pressure loss in the freestream.

McClinton7 reported that giving 30 and 60 deg of sweepback an-
gle to a circular injector resulted in a 30–40% and 50–70% gain in
penetrationheight, respectively.Note that his freestreamconditions,
including Mach number (Ma D 4), the injectant species (hydro-
gen), and the jet-to-freestream dynamic pressure ratio (q j =qa D 1)
were different from those in the present study. Neither the penetra-
tion height of the jet through the circular injector with sweepback
angle,8;10 nor that of the perpendicular jet through the diamond-
shaped injector, were correlatedwell with the dynamic pressure ra-
tio, so that we could not � lter out the effects of the difference in the
dynamic pressure ratio, and direct comparison with the penetration
height in Ref. 7 was not possible. In the present study, giving 30 and
60 deg of sweepback angle to the diamond-shapedinjector resulted
in 20–30% and 50–70% gain in penetration height, respectively,so
that giving a 60 deg sweepbackangle to the diamond-shapedori� ce
was as effective as the case with the circular injector, especially at
locations farther downstream.

Figure 17 shows the maximum deduced injectant concentration
and its decay with different sweepback angles. The maximum con-
centrationis lowest with the 30-deg sweepbackangle. However, the
variation of the maximum concentrationwith the sweepback angle
is in the range of the expected uncertainty (§3% in injectant mass
concentration) of the measurement technique in the present study,
and the effects of sweepback angle on the maximum concentration
could not be addressed in this range.

Plume Penetration and Mixing of Yawed Ori� ces

Figure18 shows thepenetrationheightand themaximumdeduced
injectant concentration at station 1 as a function of injector yaw
angle. The jet penetration height had a maximum around a yaw
angle of 15 deg, and a farther increase in yaw angle resulted in a
drastic decrease in the penetration height.

Fig. 17 Summary of maximum injectant concentration data with dif-
ferent sweepback angles without yaw angle.

Fig. 18 Summary of penetration height and maximum injectant con-
centration data at station 1 (X = 110 mm) with 60-deg sweepback angle
and different yaw angles.

As shown in Table 2, the large penetration of the plume was due
to the large penetration of the streamwise vortices in the case with
15 deg of yaw angle. Thus, like the earlier discussion about data
in the case without yaw angle, a larger penetration of the vortices
resulted in a larger penetration of the plume, showing the effective-
ness of the streamwise vortices on the rolling up of the plume. The
largerpenetrationof the streamwise vorticeswas due to the pressure
differencebetween the compression-sideand the suction-sideof the
jet, which caused a spanwise � ow along the wall, which might roll
up the whole � ow� eld, including the induced streamwise vortices.

The streamwise vortices in the case with 30 deg of yaw angle
penetrated farther than those in the case without yaw angle, but
less than those in the case with 15 deg of yaw angle. Furthermore,
the center of the plume penetrated much less than the center of the
vorticity effect extent in this case. Flow visualization showed that
a separation occurred ahead of the jet with this con� guration, and
this interactionbetween the jet and freestreamsuppressedthe initial
penetrationof the jet. Consequently,the jet inclined toward the wall,
pushing the induced streamwise vortices toward the wall to reduce
their penetration.

The maximum concentrationwas lowest at a yaw angle of 15 deg,
and it increased considerably with a yaw angle of 30 deg. The
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favorable interaction between the plume and the streamwise vor-
tices enhanced the mixing at a yaw angle of 15 deg. On the other
hand, the interaction between the jet and the freestream (namely,
the occurrenceof the separation)especially suppressed the penetra-
tion of the jet plume, and the interactionbetween the plume and the
vortices was weakened as these centers were separated for the yaw
angle of the 30-deg case.

The increase in the penetration height by adding 15 deg of yaw
angle was not observed in the case of circular injectors, in which
both the penetration height and the maximum concentration were
almost identical regardless of the yaw angle.10 In the case with
a circular injector, a separation region was observed around the
trailing edge of the ori� ce.10 This separation region mitigated the
pressure difference between the compression-side and the suction-
side and, thus, the rolling up of the streamwise vortices.As a result,
the penetration of the streamwise vortices and, hence, that of the
plume, became less sensitive to the yaw angle than in the case with
a diamond-shapedori� ce.

Giving 15 deg of yaw angle resulted in the more intensive in-
teraction between the jet and the freestream, as shown in Fig. 15d,
which might result in a larger total pressure loss. However, in the
case with a circular injector,10 giving even 28 deg of yaw angle to
a 60-deg sweptback injector caused no signi� cant increase in total
pressure loss. Thus, the penalty of giving 15 deg of yaw angle to
the 60-deg sweptback diamond-shaped injector, in terms of total
pressure loss, would be minimal, and the injector should have the
best performance among all injectors tested in the present study at
the dynamic pressure ratio of 2.0.

Conclusions
The penetration and mixing of the plume from diamond-shaped

injector ori� ces in a Mach 3 cross� ow was examined experimen-
tally in a blowdown-type tunnel facility. Visualizationsof the � ow-
� eld were done to understand the behavior of the plume near the
injectors. Aerothermodynamic probing measurements were done
at downstream stations to evaluate the penetration and mixing of
the plume, and a modi� ed mixing analogy was used for deduc-
tion of equivalent concentration from temperature measurement
data.

For the perpendicular injection, the effect of injection pressure
was investigated,and a circular injectorwith an identical equivalent
diameter was also tested as a reference. The main conclusions are
as follows:

1) The jet plume from the diamond-shaped injector with high-
pressure ratios expanded mainly in the spanwise direction. This
expansion resulted in a disruption of the original sharp plume
shape resulting in more intensive interactionwith the freestreamfor
higher-pressure injection. However, this interaction caused stream-
wise vortices to enhance mixing.

2) The jet plume from the diamond-shapedinjectorshowed larger
penetration and penetration growth rate at lower dynamic pressure
ratios compared to that from the circular injector. It also showed
larger penetration than that from a wedge-shaped injector in Ref. 5
at low dynamic pressure ratios.

3) The maximum deduced injectant mass fraction decay rates
were almost identical, regardless of the injector con� guration and
the dynamic pressure ratio.

4) The effects of the injector ori� ce size were examined, and the
effects of the boundary-layerthicknesscomparedto the injectorsize
were found to be negligible in the range studied.

5) For the diamond-shapedinjector, injection from a larger injec-
tor with lower dynamic pressure ratio is recommended for a given
injectant mass � ow rate.

To increasethe penetrationheightat high-pressureinjection,both
sweepback angle and yaw angle were given to the diamond-shaped
injector. The main conclusions are as follows:

1) The plume from the nonyawed injector with larger sweep-
back angles penetrated further, with a slightly larger growth
rate of the penetration height. The penetration of the stream-
wise vortices played a key role on the enhancement of the plume
penetration.

2) The maximum deduced injectantmass fractionwas essentially
insensitiveto the sweepbackanglefor thenonyawedinjectorswithin
the accuracy of the present measurement technique.

3) Adding sweepback angle to the diamond-shaped injector was
as effective as it was for a circular injector in enhancing the pene-
tration height of the plume.

4) The penetration of the plume increased drastically by adding
15 deg of yaw angle to the diamond-shaped injector with 60 deg of
sweepbackangle.The pressuredifferencebetweenthecompression-
side and the suction-side of the plume enhanced the penetration
height of the induced streamwise vortices and, consequently, that
of the plume. This effect had not been observed in the cases with a
circular ori� ce.

5) Further yaw-angle increase caused separation ahead of the
plume, and the interaction between the freestream and the jet re-
duced the penetration of the plume substantially.
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