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Measurement of Vortices and Shock Waves Produced
by Ramp and Twin Jets
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Three-dimensional velocity distributions produced by a ramp injector in a Mach 2.35 airstream were measured
with particle image velocimetry. Two jets were injected from the base of the ramp at Mach 2.0. Streamwise vorticity
distributions were deduced from the velocity data, and their influence on the mixing of the twin jets was investigated.
When the jets were not injected, a pair of counter-rotating vortices was observed behind the ramp. In contrast,
two pairs of streamwise vortices could be observed when the jets were injected. The outer pair rotated in the same
direction as the one produced by the ramp without injection, and their strength was intensified by the jets. The
inner pair was weaker and rotated in a direction opposite to the outer pair.

Nomenclature
CD = drag coefficient for sphere
d = diameter
M = Mach number
Re = Reynolds number
S = MPF

√
γ /2

T = temperature
t = time
U = velocity component in x direction
V = velocity component in y direction
W = velocity component in z direction
x = streamwise coordinate
y = spanwise coordinate
z = transverse coordinate
�y = interval of grid in y direction
�z = interval of grid in z direction
εv = uncertainty of velocity component in y direction
εw = uncertainty of velocity component in z direction
εωx = uncertainty vorticity component in x direction
λ = wavelength
μ = viscosity
ρ = density
ωx = vorticity component in x direction

Subscripts

av = average

f = fluid
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PF = relative value between particles and fluid
p = particle

I. Introduction

B ECAUSE airflow in a scramjet engine combustor is very fast,
injected fuel remains there for only very short time. Enhance-

ment of fuel–air mixing is critically important for development of the
scramjet engine. Development of turbulent shear layers is governed
by the two-dimensional, large-scale vortex structure in subsonic
flow. However, in supersonic flow, development of such a structure
is inhibited by the compressibility effect.1,2

To enhance fuel–air mixing in supersonic flows, the introduction
of streamwise vortices that are less affected by compressibility has
been studied extensively.3 For example, a ramp injector can intro-
duce a pair of streamwise vortices and is rather easy to install on
the combustor wall. Most ramp injectors in previous studies have
injection holes at the ramp base.4−6 On the other hand, the effect of
the ramp located downstream of the injection hole was investigated
also,7 and this type of ramp arrangement was found to enhance the
mixing efficiency.

The interaction between a light gas such as hydrogen and a shock
wave is one of the most important issues for mixing enhancement
in supersonic flow. These interactions produce vorticity by the balo-
clinic torque and enhance the mixing. Such effects were also studied
in experimentally8−10 and numerically.9−11

In the present research, a ramp injector with twin jets on its base
is investigated. In Fig. 1, a typical flowfield around our ramp injec-
tor is shown. The shock wave emanating from the leading edge of
the ramp produces the pressure gradient between the compression
surfaces and the side of the ramp. The counter-rotating streamwise
vortices produced by this pressure gradient enhance the mixing ef-
ficiency of the twin jets. Cutler and Johnson6 also proposed a ramp
injector with twin jets swirling from its base. Their twin jets, which
were located very closely to one another, were expected to merge
into a single jet whose surface velocity coincided with that of the
airstream around it, thus reducing drag and increasing penetration.
In contrast, we mainly focused on the effect of the interaction be-
tween the swirl in each jet and vortices produced by the ramp, as
shown in a previous study.12 When the swirls of the jets were in
the same direction as those of the ramp vortices, the penetration of
the injectant was improved. On the other hand, the injectant spread
in the lateral direction when the direction of swirls was opposite to
those of the ramp vortices.

In the previous experimental studies of the ramp injectors, mea-
surements were made mainly for the two-dimensional distributions
of the flowfield.3−7,12,13 Donohue et al.13 conducted one of the most
detailed measurements around the ramp with a single jet using
the planar laser-induced iodine fluorescence technique. In spite of
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Fig. 1 Typical flow structure around ramp injector: A, shock wave emanated from leading edge of ramp; B, expansion wave from top of ramp;
C, shock wave induced by jets; D, jet boundary; E, Underexpanded jet; F, boundary layer; and G, counter-rotating streamwise vortices.

Fig. 2 Schematic of experimental setup.

these numerous studies, the three-dimensional characteristics of the
flowfield around the ramp injector have not been determined be-
cause of difficulties with measurements. To clarify the phenomena
observed in a previous study, it is important to obtain detailed in-
formation about the vortices produced by our ramp injector.

In the present research, three-dimensional velocity distributions
around the ramp injector are assembled from two sets of two-
dimensional velocity distributions measured with particle image
velocimetry (PIV). The streamwise vortices produced by the ramp
with and without injection are identified from the velocity distribu-
tions and the function of those streamwise vortices are discussed.
There are two reasons that we measure the two cases. One is to clar-
ify the characteristics of vortices interacting with swirls in previous
research. Another is to clarify the influences of the twin jets on the
streamwise vortices. In a scramjet engine combustor, injection po-
sitions are changed as the flight Mach number changes to control
the combustion mode. There may appear ramps without injection
sometime during flight. It is important to obtain such information
in such a case as well.

II. Experiment Apparatus and Methods
A. Test Facility

The experiment apparatus is shown schematically in Fig. 2.
A suction-type, supersonic wind tunnel was used. Unheated at-
mospheric air was inhaled into a vacuum tank through a two-
dimensional contoured nozzle and a test section. The tank had a
volume of 8 m3 and was evacuated to about 5 kPa before each run.
A chamber was set at the entrance of the nozzle to seed tracer parti-
cles into the air for PIV measurement. The test section had a 30 mm2

cross section and was 330 mm long. The nominal Mach number of
the airstream was 2.35, and the duration of each run was about 25 s.
The unit Reynolds number was 1.13 × 107 1/m. The boundary layer
of the test section was turbulent. A ramp injector was attached to
a wall of the test section 225 mm downstream from its entrance.
The other three walls of the test section had glass windows for PIV
measurement.

The injectant was pressurized air fed from a tank. Tracer particles
were also supplied to the injectant line. The ramp injector is shown in

Fig. 2. The ramp injector was same as that in previous research12 and
was an unswept type with a 30-deg compression surface. The trail-
ing edge of the compression surface was 12 mm wide and 5.2 mm
high from the tunnel wall. The size of the ramp was determined con-
sidering the resolution of the measurement technique. For example,
because the resolution of PIV system in the present study was 1 mm,
if the size of the ramp was too small, the characteristic of the ve-
locity field became too small to resolve. The ramp base was canted
at 60 deg. There were two conical, converging–diverging nozzles
on the ramp base for injection. The diameters of throat and exit of
each injector nozzle were 2.7 and 3.5 mm, respectively. The dis-
tance between the nozzle axes was 7 mm. The Mach number of the
injector nozzle calculated from the area ratio assuming isentropic
flow was 2.0. The axes of the nozzles were parallel to each other
and the injection angle was 30 deg to the main stream. The nozzle
for the main stream was designed to produce Mach 2.5 flow. The
ramp angle of 30 deg is the maximum value of the oblique shock
wave in Mach 2.5 flow that does not detach from the leading edge of
the ramp. To produce the strongest vortex in Mach 2.5 flow, 30 deg
were selected. Although each jet can be swirled by tangentially in-
troducing the injectant to a cylindrical chamber set in the upstream
of the nozzle, only the straight (nonswirling) jets were injected in
the present experiment.

The mass flow rate of the injectant was measured with a choked
orifice. Total temperature and total pressure upstream of the orifice
were measured with a thermocouple and a strain-gauge pressure
transducer. The ratio of the momentum flux of the jet at the nozzle
exit to that of the main stream was estimated at 1.36 by assuming
an isentropic flow.

A Cartesian coordinate system (Fig. 2) is used in this paper. The
origin is at the intersection of the centerline of the wall and the ramp
base plane. The streamwise axis is x , the spanwise axis y, and the
transverse axis z.

B. Pressure and Temperature Measurements
Strain-gauge pressure transducers (Omegadyne, Inc., PX5503L0-

015AV and Kyowa, Inc., PGM20KH) were used to measure the in-
jectant total pressure and the wall pressures in the test section. The
signal from each transducer was amplified by a dc amplifier (NEC,
Inc., AS2102), digitized by a 14-bit A/D converter, and recorded by
a data recorder (Keyence, Inc., NR2000). The accuracy of the pres-
sure measurement system was estimated as ±1%. Temperature was
measured with a K-type thermocouple. Its signal was digitized by a
16-bit A/D converter and recorded by the data recorder (Keyence,
Inc., NR1000).

C. PIV System
1. Optics and Analysis System

A double-pulsed Nd:YAG laser (TSI, Inc., λ = 532 nm,
12 mJ/pulse, pulse duration 5–7 ns, Y12-15E) was used as a light
source. A mirror and two cylindrical lenses were used to produce
a laser sheet about 0.5 mm thick and 50 mm wide. The error in
positioning the laser sheet relative to the test section was less than
±0.2 mm

Because the flow was supersonic, the tracer particles might pass
through the laser sheet in the interval between laser pulses if the
laser sheet was introduced perpendicular to the main flow. Thus,
the plane that contains the velocity vectors of the undisturbed main
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Fig. 3 Field of PIV measurements.

stream was illuminated with the laser sheet and measured. The test
section was turned 90 deg around its center axis to measure the
velocity fields in the x–y and x–z planes. The velocity fields in the
y–z cross sections were constructed from the x–y and x–z plane
data.

The light scattered by tracer particles in the flow was recorded
with a charge-coupled device (CCD) camera (TSI, Inc., 1280 ×
1024 pixels, PIV13-8). An interference filter was attached to the
lens of the camera to block the light reflected from the wall surface
that was covered with a film to shift the wavelength of the reflected
light. The particle images were recorded in the double-frame, single-
exposure mode of the PIV system. The laser and the CCD camera
were synchronized with a synchronizer (TSI, Inc., Model 610034).
The separation time of the successive laser pulses was 400 ns. The
visualization image data were transferred to a personal computer
for processing to calculate the two-dimensional velocity vectors in
the plane of the laser sheet using the cross-correlation method with
an analyzing program (TSI, Inc., INSIGHT3.32).

To determine the number of image pairs required to measure
the objective flowfield, preliminary experiments with an underex-
panded sonic jet from a converging nozzle were performed. There
were 1000 pairs of pictures taken and processed using the method
described hereafter. The changes in average velocity vectors were
investigated by changing the number of processed picture pairs. This
preliminary investigation indicated that 350 picture pairs were re-
quired to achieve convergence within ±2% of the averaged velocity
data obtained with 1000 pairs.

The planes where velocities were measured with PIV are shown
in Fig. 3. These were the x–y planes from z = 3 to 14 mm and the
x–z planes from y = −9 to 9 mm at intervals of 1 mm. The required
350 pairs of photographs were taken for every plane. The field of
view was 55.7 × 44.5 mm, and the resolution of the recording was
43.5 μm/pixel.

Because of the mist-covered window, the reflected light from
the wall, and the shortage of particles, erroneous vectors appeared
in the data. It was necessary to eliminate these erroneous vectors.
In addition, if the number of erroneous vectors were more than a
specified value at certain measurement points, such a point would
be classified as an invalid. In this experiment, the elimination of the
erroneous vectors and the classification of the invalid measurement
points were carried out with the following postprocesses.

First, the average and the standard deviation of the velocity vector
at each point were calculated from the whole output of the PIV
software. Then the data whose difference from the averaged value
in each component were smaller than the standard deviations were
adopted as valid.

After these postprocesses on each vector datum, the measurement
points were classified. The number of adopted data differed at each
point because of the data selection just mentioned. We consider
the average velocity obtained by the adopted data at each point to
be reliable only when the number of adopted data exceeds 25%
of all of the data (350 data). Points whose data set did not satisfy
this criterion were classified as invalid. The 25% threshold was
determined to include as valid the points close to a Mach disk,
where large fluctuations occurred.

2. Tracer Particles
The tracer particles for the PIV measurement were droplets of

dioctyl sebacate (density 913.5 kg/m3) produced with Laskin noz-
zles (see Ref. 14) in a mist generator. This generator was designed
to supply mist to the flow feed line pressurized up to 3 MPa.

The response of the tracer particles to the change of flow velocity
is very important for the PIV measurement, and particle diameter
strongly affects this response. Therefore, we conducted preliminary
experiments to examine the response of the tracer particles passed
through a Mach disk produced by an underexpanded jet ejected from
a converging nozzle.15 The diameter of the nozzle exit was 6.5 mm.
A swirler15 could be attached in the converging part of the nozzle, but
it was not used in this test of tracer particle response. The jet was
ejected into a quiescent atmosphere. Static pressure at the nozzle
exit was estimated to be 2.7 times the atmospheric pressure from
the measured feed pressure and the isentropic relation. The total
temperature of the jet was 280 K.

The motion of the tracer particles was described by the following
equation:

dUp

dt
= −3

4
CD

ρp

ρ f

1

dp
(Up − U f )

2 (1)

Here, CD is the drag coefficient for a sphere. In a low-speed flow-
field, the relative velocity between tracer particles and fluid is small
for PIV, and so the Stokes law can be used for the drag coefficient.
However, in our experiment, the relative velocity behind the Mach
disk exceeded 400 m/s. The Reynolds number with relative velocity
and the diameter of the particle was, thus, 163, assuming a particle
diameter of 1.0 μm. In addition, the Mach number of the relative ve-
locity was 1.3. Because both Reynolds and Mach numbers exceeded
the ranges where Stokes’s or Oseen’s law for incompressible flow
was applicable, both the high Reynolds number and compressibil-
ity effects should be considered for the drag coefficient in Eq. (1).
Henderson16 proposed the following drag coefficient, taking into
account compressibility and the temperature difference between the
solid particles and fluid as well as the Reynolds number relative
value between particles and fluids. In the subsonic region (MPF < 1),
the drag coefficient is written as
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and for the supersonic region (MPF > 1.75),
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(3)

where

S = MPF

√
γ /2 (4)

In the Mach number region between 1 and 1.75, the drag coefficient
is linearly interpolated using the following equation:

CD(MPF, RePF, Tp/T f ) = CD(1.0, RePF, Tp/T f ) + 4
3 (MPF − 1.0)

× [CD(1.75, RePF, Tp/T f ) − CD(1.0, RePF, Tp/T f )] (5)
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Fig. 4 Response of tracer particles in passing through Mach disk.

where CD(1.0, RePF, Tp/T f ) represents the coefficient calculated
using Eq. (2) with MPF = 1, and CD(1.75, RePF, Tp/T f ) repre-
sents the coefficient calculated using Eq. (3) with MPF = 1.75.
Henderson16 compared experimental data with his equations for the
range of MPF ≤ 6 and RePF ≤ 104, and reported that the maximum
deviation was 16%.

Figure 4 shows the axial velocity distributions on the nozzle cen-
terline downstream of the Mach disk. The solid circles are the PIV
data, and the lines are data calculated from Henderson’s16 equa-
tions with T f /Tp = 1 and different particle sizes. In this experi-
ment, the temperature of the particles and the fluid behind the Mach
disk were almost that of the atmospheric air, and so T f /Tp = 1 was
adopted. Because the position of the Mach disk was between x = 0
and 0.5 mm, in Fig. 4 the lines were fitted the experimental data at
x = 0.5 mm, the first data behind the Mach disk. Comparison be-
tween the experimental data and the calculated curves indicated that
the particle diameter was about 2.0 μm. This is a little larger than that
obtained by Kitamura et al.17 with the gravitational sedimentation
method.

For this particle diameter, the characteristic delay time (the time
required to reduce velocity difference to 1/e of the initial value in the
stepwise change) was estimated to be 12.8 μs when the particles pass
through an oblique shock wave inclined 40 deg to the mainstream of
a Mach 2.35 flow. In this estimation, the Reynolds number relative
value between particles, and fluids just behind the shock wave was
9.8. This result means that it needed to be 7.9 mm normal to the
oblique shock wave for the tracer particles to follow the normal
velocity component with less than 10% error.

D. Accuracy of Supersonic Velocity and Streamwise Vorticity
To confirm the applicability of the PIV system used in the present

study to the supersonic flow with streamwise vortices, one of two
swirlers, sw0 or sw45, was attached in the converging nozzle. Vanes
of the sw0 swirler did not incline to the nozzle axis, and they added
no swirl to the flow. However, the vanes of the sw45 swirler in-
clined 45 deg to the nozzle axis added a swirling component to
the flow velocity. The supersonic jet was ejected into the quiescent
atmosphere. The tracer particles were fed only to the supersonic
jet. Figure 5 shows a comparision of the radial distributions of the
axial velocity component at x = 20 mm measured by the PIV and
a pitot/static pressure probe. The distributions of the two methods
agree very well, except for the data near the axis in the case with
the sw45 swirler. This result demonstrates that the PIV system was
an appropriate method to measure the mean velocity of supersonic
airflow as high as 500 m/s.

The tangential velocity component was obtained by shifting the
laser sheet away from the nozzle axis. Figure 6 shows the distri-
bution of the tangential velocity component measured by the PIV
with the sw0 and sw45 swirlers. As expected, the tangential veloc-
ity components for the sw0 swirler were almost zero. In the sw45
case, a forced-vortex velocity profile was seen near the centerline

Fig. 5 Axial velocity distributions of single freejet by PIV and
pitot/static pressure probe at x = 20 mm.

Fig. 6 Tangential velocity distributions of single freejet without swirl
(sw0) and with swirl (sw45) at x = 20 mm.

and a free-vortex profile was seen far from the central region. The
maximum value of the tangential component was about 50 m/s in
this section. The tangential movement of the particle between the
two laser pulses in this case was less than 20 μm, and this is only
4% of the thickness of the laser sheet.

The theoretical angular momentum was calculated at the swirler
exit assuming that the axial velocity could be obtained from the
quasi-one-dimensional isentropic relation and that the flow was par-
allel to the swirler vane. The angular momentum was 6.4 × 106 Nm
with the sw45 swirler installed. Those in the sections of x = 10, 20,
30, and 40 mm were calculated by numerically integrating the veloc-
ities measured with the PIV and the densities calculated from static
pressure data. The average angular momentum was 3.8 × 106 Nm,
about 60% of the theoretical value. The disagreement of the theoret-
ical and measured values was mainly caused by viscous loss in the
nozzle. The measured angular momentums were conserved within
±28% in the flow.

To describe the information on the streamwise vortices, the vor-
ticity component in the x direction will be calculated in the next
section. Thus, it is important to estimate the uncertainty of the vor-
ticity component in the x direction. Vorticity is calculated using
the second-order central difference. In this case, the uncertainty of
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a) U meters per second without injection

b) U meters per second with injection

c) W meters per second without injection

d) W meters per second with injection

Fig. 7 Contours of streamwise and transverse velocity components in x–z plane of y = −−4 mm: , Shock wave; · · · ·, expansion wave; and
· , boundary layer.

vorticity depends on those of the velocity components v and w, the
length of the grids �y and �z, and higher-order terms of �y and
�z. Among these three factors, the term depending on the uncer-
tainty of the velocity components v and w was much larger than
the others. Thus, only the uncertainty that depends on the velocity
components is estimated here. It is calculated via the next equation,
considering �y and �z the same and assuming that the uncertainty
of v and w on the neighboring grid was same,

εωx = (
1/

√
2�y

)√
ε2

v + ε2
w (6)

Here, ε and ωx indicate the uncertainty and vorticity component
in the x direction, respectively. To estimate the uncertainty of v and
w, the difference of the result measured with PIV and a pitot/static
pressure tube in the case without swirl, shown in Fig. 5, were referred
to. In this case, the maximum and the average errors of the PIV data
were 17.5 and 6.5%, respectively, assuming that the results measured
with pitot/static pressure tube were of the true value. In the region
measured with PIV, the maximum values of v and w are almost
100 m/s. Thus, the maximum and average uncertainty of v and w
are estimated 17.5 and 6.5 m/s, respectively. Given these values and
that the distance between the grids was 1 mm, the maximum and
average values of uncertainty for the value 50,000 1/s was estimated
as 1.2 × 104 and 4.6 × 103 1/s, or 24 and 9%, respectively. Three-
dimensional surface contours at 50,000 1/s will be shown in the next
section.

III. Results and Discussion
A. Velocity Components on x–z Plane

Averaged magnitudes of streamwise and transverse velocity com-
ponents, U and W , respectively, in the y = −4 mm plane are shown
in Fig. 7 for the cases with and without injection. This plane is
0.5 mm outside the center of the injection nozzle. In Fig. 7, the lines
that indicate a shock wave, expansion wave, and boundary layer
are shown. Under both cases with and without injection, we can
clearly see that an oblique shock wave generated by the ramp (from
x = 2 mm and z = 15 mm to x = 11 mm and z = 25 mm) rapidly
decelerated and deflected the flow. This oblique shock wave im-
pinged on the boundary layer of the upper wall. The boundary layer
thickened due to the shock-wave boundary-layer interaction. The
reflected wave was less clear than the incident one.

In the noninjecting case, the flow behind the oblique shock wave
was reaccelerated and deflected downward by an expansion fan that
emanated from the trailing edge of the ramp at x = − 3.0 mm and
z = 5.2 mm. Actually, W became negative in a wide region, and
U around x = 13 mm and z = 8 mm was about 50 m/s higher than
the undisturbed freestream. The low-speed region at the lower left
corner of Figs. 7a and 7c was a recirculation zone behind the ramp.
The recompression shock wave can be seen from x = 15 mm and
z = 4 mm to x = 30 mm and z = 10 mm, where it crossed with
the reflected shock wave from the upper wall. This recompression
shock wave turned the main flow parallel to the lower wall again.
The oblique shock wave reflected by the upper wall propagated into
the region near the lower wall. The flow was deflected downward
and decelerated by this shock wave.

With injection, the expansion wave from the ramp edge was seen
only above the jet in this plane. The z components had large positive
values near the ramp. The x components were high and almost the
same speed as the main flow near the injection hole (x = 5 mm and
z = 3 mm). This result indicates that the shear stress produced by
the difference of speed between the main flow and the jets was low,
and strong mixing of the injectant was not expected to be caused by
the shear. The boundary layer on the lower wall was thickened by
impingement of the reflective shock wave from the upper wall. This
effect appeared more significantly in the injection case than in the
noninjection case.

B. Velocity Components on x–y Plane
Contours of U and V in the z = 6 mm plane are shown in Fig. 8.

This plane lay slightly above the trailing edge of the ramp. Note
that the velocity was measured only in the central two-thirds of
the duct width because of the size of the window attached to
the upper wall. In the noninjecting case, a long elliptic region of
low-speed (A) in Fig. 8a was produced by the recompression shock
wave and the reflected shock waves from the upper wall and the
sidewalls. The width of the low-speed region was almost the same
as that of the ramp. In the lateral velocity distributions shown in
Fig. 8c, strong outward flows were observed on both sides of the
ramp, but they disappeared as the flow went downstream of the ramp
base. The central region around x = 25 mm was decelerated by the
recompression shock wave, and the flow was moving outward.
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a) U meters per second without injection

b) U meters per second with injection

c) V meters per second without injection

d) V meters per second with injection

Fig. 8 Contours of streamwise and spanwise velocity components in x–y plane of z = 6 mm.

a) Without injection b) With injection

Fig. 9 Isovalue surface of U = 300 m/s.

The width of the low-speed region for the injection case exceeded
that for the noninjection case. Beneath each jet (y = ±4 mm), there
appeared a narrow low-speed band (B) extending upstream from
the decelerated region. It was considered that this extended low-
speed region appeared because the jets decelerated by the Mach
disk produced the low-speed region and the main airstream that
was high speed could not flow near the lower wall because of the
existence of the jets. Near the ramp base, the lateral expansion of the
jets turned the airstreams on both sides of the ramp outward. In the
central part of the ramp base region, each of the twin jets restricted
the expansion of the other jet and resulted in a small absolute value
of V . At approximately x = 20 mm, strong outward flows were
observed from the central low-speed, high-pressure flow produced
by the reflected shock. Because the twin jets supplied sufficient
volumetric flow to fill the space behind the ramp base, the inward
flows near the sidewalls that appeared in the noninjection case were
not observed in the injection case.

C. Velocity Component in x Direction
Contour surfaces of U = 300 m/s are shown in Fig. 9 for the non-

injection and injection cases to show the three-dimensional features
of the low-speed region. Note that these surfaces do not represent

any stream surfaces. In the former case, the cross section of the low-
speed region bounded by the contour surface near the ramp injector
resembled the base of the ramp. As it moved downstream, it first
converged due to the inflows accelerated by the expansion waves
from the trailing edges of the ramp. The low-speed region then ex-
panded because of the formation of the recompression shock wave
and the incidence of reflection shock wave and had a single peak at
around x = 25 mm and y = 0 mm.

In the injection case, two ridges of the low-speed region were seen
below the twin jets. These two ridges became large and high because
of the incidence of the reflection shock wave from the upper wall.
Two peaks appeared in the low-speed contour surface, indicating
that the low-speed ridges under the jets continued downstream. The
width of the low-speed region with injection exceeded that without
injection.

Figure 10 shows the distributions of the streamwise velocity com-
ponent U in the cross sections at x = 5,8, and 10 mm for the injection
case. In the x = 5 mm section, there were two low-speed regions,
one at the midheight (z ∼= 15 mm, A) and the other around the twin
jets (B). The former was a region between the shock wave from
the leading edge of the ramp and the expansion fan from the trailing
edge of the ramp. The latter was the separated boundary layer on the
ramp surface. There was a local maximum value of U near the center
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a) x = 5 mm b) x = 8 mm c) x = 10 mm

Fig. 10 Cross-sectional distribution of streamwise velocity component U meters per second with injection.

a) Without injection, x = 5 mm

b) Without injection, x = 15 mm

c) With injection, x = 5 mm

d) With injection, x = 15 mm

Fig. 11 Streamwise development of cross-sectional velocity vector fields.

of each jet (y = ± 4 mm and z = 3 mm, C). However, in the x = 8
mm section, the central region of each jet became a local minimum
surrounded by a high-speed region. The jets became overexpanded,
and shock waves were formed in the jets, decelerating their central
parts between x = 5 and 8 mm. The side view of this decelerating
process can be seen in Fig. 7b at x = 7 mm and z = 5 mm. Also note
that the low-speed region under the jets in the x = 8 mm section be-
came thicker than that in the upstream section. The two low-speed
ridges mentioned earlier corresponded to these low-speed cores of
the jets. The lower part of the high-speed region around the core
was decelerated by the low-speed boundary layer. At x = 10 mm,
the local high-speed region around the jets could not be seen.

D. Vortex
The velocity data of the x–z planes and the x–y planes were com-

pounded to determine the velocity vectors in the y–z cross sections.
Those in the x = 5 and 15 mm cross sections are shown in Fig. 11.
In Fig. 11, the rectangle and ellipses represent the ramp injector
projected in the y–z plane.

In the noninjection case, the vectors in the x = 5 mm section at
the level of the ramp surface moved outward from the center of
the ramp surface because of the pressure difference between the
ramp surface and the sides of the ramp. In contrast, the flow near
the lower wall went to the center of the ramp. This indicates that

a pair of the counter-rotating vortices was rolling up at both sides
of the ramp. The vortex pair was clearly seen in the x = 15 mm
section.

In the injection case, we can see strong expansion of each jet
around its injection port at x = 5 mm. Because the jets prevented the
main flow from moving into the base region of the ramp injector, the
main flow was forced to spread in the lateral direction more strongly
and widely than that in the noninjection case. An intensified vortex
pair, whose centers were pushed outside of the ramp sidewalls, was
formed at the cross section of x = 15 mm. The shape of each vortex
looked like a flattened circle.

Vorticity distributions were calculated from the averaged velocity
data to visualize the location and development of the streamwise
vortices. The second-order central difference was used to calculate
the velocity gradient except for boundary points where the first-order
one-sided difference was used.

The distributions of the streamwise vorticity component in the
y–z and x–y planes can be seen in Figs. 12 and 13, respectively.
Figure 14 presents the three-dimensional views of the contour sur-
face of streamwise vorticity. Only the surfaces of ±50000 1/s are
shown for clarity.

In the noninjection case, a pair of contoured surfaces with the
same magnitude of vorticity in the opposite sign existed from x = 10
to 30 mm as shown in Figs. 12a, 12b, and 14a. They corresponded
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a) Without injection at x = 5 mm

b) Without injection at x = 15 mm

c) With injection at x = 5 mm

d) With injection at x = 15 mm

Fig. 12 Contours of vorticity component in x direction on y–z plane with injection.

Fig. 13 Streamwise vorticity distribution on x–z plane at z = 4 mm with
injection.

to the vortex pair produced by the ramp injector shown in Fig. 11.
These isovorticity surfaces departed slightly from each other as they
moved downstream.

In the injection case shown in Figs. 12c, 12d, and 14b, another
pair of isovorticity surfaces appeared. The outer pair corresponded
to the one observed in Fig. 11d, but their centers moved outside the
sidewalls of the ramp. The inner pair was not clear in Figs. 11c and
11d. These vortices were produced by the main flow pushed inside
between the twin jets by themselves. The contours in the x = 5 and
15 mm sections shown in Figs. 12c and 12d indicate that the outer
pair was stronger and larger than the inner one. The contours in the
z = 4 mm plane shown in Fig. 13 show that the outer pair was lo-
cated outside of the sidewalls of the ramp up to x = 18 mm, and then
they moved inside. The inner vortices existed up to x = 18 mm and
then became weaker and more difficult to distinguish in this plane
as they moved further downstream. Comparing the cases with and
without injection, we can see that the streamwise vortices produced
in the injection case were stronger than those in the noninjection
case. The twin jets served as aerodynamic extensions of the ramp
and intensified the streamwise vortices.

E. Discussion
In the present research, the distributions of velocity around a ramp

injector with and without injection were measured with two objec-
tives. One was for clarification of the characteristics of streamwise
vortices that interacted with a swirl in each jet in previous research.12

Another was for clarification of the influence of twin jets on the
streamwise vortices.

The existence of a pair of streamwise vortices had been shown
in many previous studies13 where there was one injection hole on
the base of the ramp injector. However, there was no information of
the streamwise vortices around the ramp injector with two holes on
its base. Thus, it was not clear how the streamwise vortices around
the ramp interacted with the swirl in each jet in previous research.12

In the present research, the velocity distribution around the ramp
injector indicated that two pairs of the streamwise vortices were
produced and that the center of the outer vortices was located outside
of the sidewall of ramp. It is considered that this information is useful
in modeling the flowfield around a ramp injector with two holes.

In the case without injection, only a pair of streamwise vortices
exists behind the ramp near the lower wall. Note the difference of
the position and the strength of the streamwise vortices between the
two cases. When the injection was stopped, the height and strength
of the streamwise vortices decreased. In this case, the streamwise
vortices of ramp may not be expected to enhance mixing in the main
flow, but mainly to transport the momentum of the main stream to
the boundary layer and suppress large separation.

It is also important to compare the ramp injectors with one and
two holes. In the present case, the interaction between the outer
and the inner streamwise vortices produced flow moving upward
and outward. The injectant was mainly transported by this flow and
spread widely. On the other hand, the flow moving only upward was
produced on the centerline of the base of the ramp with single hole
because of the interaction between the pair of vortices. The distance
between the centers of these streamwise vortices is shorter than that
of the outer pair of streamwise vortices in the present study. Thus,
it is considered that the penetration of the injectant is better in the
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a) Without injection b) With injection

Fig. 14 Contour surfaces of streamwise vorticity.

single-hole case and that the lateral expansion of that is better in the
twin-hole case.

IV. Conclusions
The structure and characteristics of the streamwise vortices pro-

duced by a ramp injector in a Mach 2.35 airstream were experi-
mentally investigated. Three-dimensional distributions of velocity
and vorticity were measured by particle image velocimetry for the
noninjection and injection cases. The following conclusions were
obtained.

In the noninjection case, a pair of vortices was produced around
the ramp injector and the centers of these vortices were located
behind the ramp injector.

In the injection case, two pairs of vortices were observed around
the ramp injector. The centers of one pair were outside the sidewalls
of the ramp and their directions of rotation were the same as those
in the noninjection case. The other pair lay near the central plane
and higher than the trailing edge of the ramp.

The characteristics of the streamwise vortices generated by the
ramp injector were significantly modified by the injected jets not
only quantitatively, but also qualitatively.
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