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Abstract

Fluidic thrust vectoring (FTV) offers a novel approach to aerodynamic control, circumventing some of the issues associ-
ated with mechanical systems. One method is shock vector control which involves injecting a fluid into the exhaust nozzle
of an engine to redirect the gases and thus, produce a control force. An experimental model which incorporated FTV was
designed and tested at Mach 6 in the Oxford high density tunnel (HDT). The model was a simplified two-dimensional scramjet
geometry with two different configurations to compare an internal and external exhaust nozzle. The FTV injection system
consisted of a slot at the rear edge of the exhaust nozzle fed from an internal plenum. In the experimental campaign, a range
of gas injection pressures and free stream stagnation pressures were tested to assess the effectiveness of both configurations.
Two new measurement methods were successfully implemented in the HDT: pressure sensitive paint and a 6-axis load cell.
The FTV system has been shown to be effective with observable increases in lift and pitching moment. A linear relation
between the injection pressure ratio and the control forces could be observed for both configurations.

Graphical abstract

Main Shock
Separation Shock

/

Separation Start

%

Injection Jet

1 Introduction be very thin to minimize drag at hypersonic speeds and so
they are more susceptible to the thermal effects of aerody-
namic heating (Van Wie et al. 2004). An alternative method
of control is thrust vectoring, where the exhaust from an

engine is diverted away from the axis of motion, creating

Aerodynamic control of hypersonic vehicles is traditionally
achieved using mechanical control surfaces (Skujins et al.
2010). However, components for such arrangements tend to
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a pitching force on the aircraft. Mechanical thrust vector
control systems currently used to achieve vectoring are very
heavy and add significant complexity to an aircraft.

Fluidic thrust vectoring (FTV) can offer an alternative
solution to mechanical systems, where a secondary fluid
is injected into the exhaust nozzle of an engine causing a
deflection of the exhaust stream away from the injection site.
FTV systems are mechanically very simple and do not need
the heavy components associated with mechanical thrust
vectoring. Although no practical working examples have
been demonstrated for hypersonic flight, such systems are
aimed at allowing for reduced size and complexity of aero-
dynamic control surfaces on hypersonic vehicles.

The force achievable from secondary jet injection is
larger than that of just the injector thrust on its own. This is
commonly referred to as the amplification or magnification
factor (Wu 1961; Spaid 1975). The underlying cause is the
increase in surface pressure upstream of the injector due to
shock-induced boundary layer separation. Looking at this
from a control volume perspective, this results in the nozzle
exit flow being diverted and distortion of the exit pressure
profile. The amplification factor has been shown to be insen-
sitive to most factors of the exhaust flow (Mach number,
Reynolds number, jet diameter) (Spaid 1975). However, the
amplification factor is increased with decreasing ratio of jet
total pressure to local exhaust pressure (Spaid 1975). Thus,
applying this in the nozzle exhaust will give higher forces
due to the higher pressures in comparison with the external
vehicle surface. The rear end of the exhaust also provides the
longest lever arm on the engine, naturally providing larger
moments. The optimal location is therefore dependent of
nozzle/vehicle design and would need to be incorporated
during the earlier stages of design.

This paper extends the work of Ivison et al. (2019) to
include further testing and analysis of an internal nozzle
configuration. The model was developed with a slot injector
mounted to the exhaust. Two exhaust nozzle configurations,
internal and external (referred to as long and short cowl,
respectively), were tested under a variety of freestream con-
ditions and injection pressure ratios.

2 Experimental setup
2.1 Oxford high density tunnel

Testing took place in the Oxford High Density Tunnel
(HDT), operated as a heated Ludwieg Tunnel. The facility
features a 152-mm-diameter, 17.3-m-long barrel that can be
pre-heated up to 550 K. A Mach 6 contoured nozzle with
an exit diameter of 350 mm was used. The initial fill con-
ditions are set to meet the desired stagnation pressure and
temperature in the test, which are directly measured. The
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facility produces successive periods of steady flow, each
lasting approximately 40-50 ms, set by the plug opening
time, stagnation plenum volume, nozzle throat diameter and
the transit of the unsteady expansion waves along the facil-
ity. Further details about the Oxford HDT can be found in
McGilvray et al. (2015).

The freestream conditions produced for the testing are
detailed in Table 1. These are calculated assuming isentropic
expansion of air through the nozzle, using the measured
stagnation pressure averaged over steady periods of 30—40
ms together with calibrated Mach number and total tem-
perature relations. The viscosity is calculated via the Keyes
relation (Keyes and Frederick 1952). To enable injection of
a control flow, a new gas injection system was implemented
in the HDT (Ivison et al. 2019). Timings were set so that the
pressure in the model’s plenum reached a steady level before
the tunnel was fired. The drop in plenum pressure over each
test was < 1%.

2.2 Experimental model

The experimental model was designed as a 2D generic
scramjet shape, following a similar geometry to Van
Pelt et al. (2017). The dual-ramp intake compresses the
freestream flow before expanding it through a 19 degree
straight-sided nozzle. The injector was located on the body
side, 10 mm from the downstream end of the 100-mm-long
exhaust ramp. Figure 1 presents CAD images of the model,
which is 311.6 mm long and 80 mm wide. This configuration
thus formed a 2D generic analogue of an external expansion
scramjet nozzle like that used on the NASA X-43 McClinton
(2006), mounted upside down. For further comparison, a
second configuration of the model was designed with long
side walls and a long top cowl to form an internal expansion
scramjet nozzle (Fig. 1). The whole model was mounted to
a 6-axis load cell and shielded to prevent acrodynamic load-
ing of the support and load cell. The injector was slot-like
and contained six closely spaced individual two-dimensional
nozzles which were choked to ensure the mass flow rate was
independent of the freestream. The nozzles had a total throat

Table 1 Nominal flow properties for experiments in the HDT

Condition Mach num- Total pres-  Total Re,,;; (105/m)
ber sure temperature  (K)
(MPa)

1 6.00+0.03 1.85+0.04 385+15 213+ 1.7

2 6.00+0.04 1.60+0.04 384+15 185+ 1.5

3 6.00+0.05 139+0.04 383+15 16.1 + 1.5

4 6.00+0.06 1.13+0.04 385+15 13.0+1.3

5 6.00+0.06 098+0.04 384+15 11.3+1.3

6 6.00+0.07 0.85+0.04 384+15 9.8+1.2
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Fig. 1 CAD images of the FTV model with shielding and injector volume

area of 25.2 mm? and an exit area of 42 mm?. The injec-
tor was pre-calibrated using an Alicat M-250SLPM-D/5 M
mass flow meter with an uncertainty of +0.25 SLPM, and the
discharge coefficient was measured to be 0.81. The intake
and nozzle block portions of the model were manufactured
as a single piece using a Stratasys Objet30 Pro 3D printer to
enable the complex internal geometry of the injector to be
produced at low manufacturing cost. This was mounted into
an aluminum body to form the scramjet geometry.

2.3 Instrumentation

Measurements were taken of surface pressure along
the body, injection pressure and temperature, and loads
and moments on the model. Flowfield visualization was
obtained using high-speed video schlieren. All sensor data
were recorded using an NI PXIe-8135 controller with NI

Bottom Plate

“ Pressure Transducer
Tapping

/. Pressure Sensitive
\ Paint
/\\>I;icctor Slot

T —

PXIe-6368 acquisition cards at 200 kS/s/channel and 16 bit
ADC output.

Pressure was measured along the centerline of the model
and laterally upstream of the injector using tapped Honey-
well SDX15A2 absolute pressure transducers with ranges of
0 to 15 psi and uncertainties of +0.2% FS. Centerline gauges
were placed with 20 mm spacing, and the lateral gauges were
placed 20 mm upstream of the injector. Furthermore, one
centerline gauge was replaced with a surface mounted Kulite
XCS-093 absolute pressure transducer, with a range of 0 to
5 psi and an uncertainty of +0.1% FS, to allow for a more
precise calibration of the pressure sensitive paint (PSP).
Another two Honeywell transducers were placed along the
centerline of the bottom of the model to determine the off-set
in lift due to the compressed flow between the model and
the shielding. All transducers were calibrated in situ from 1
bar to vacuum during the pre-test pump down of the tunnel.
A pre-calibrated Inficon CDGO025D high-precision vacuum
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gauge with an uncertainty of +0.2% of the measured value
was used as a reference gauge.

ISSI FP Porous, Fast Response Pressure Sensitive Paint
(PSP) was applied to the wetted surface of the model expan-
sion nozzle. The PSP was illuminated from above with a
Luminus CBT-120 UV LED at 24 V, with a diffuser and a
UV filter placed in front of it. The surface was imaged via a
mirror onto a Photron FASTCAM Mini UX200 at a frame
rate of 10 kfps and used a 550 nm long pass filter in front of
the lens to block the UV light. The behavior of PSP can be
described by the Stern—Volmer equation:

n

] ref . p 0,
1 p 0, ref

+0b 1)

where / is the measured light intensity and p,, is the partial
pressure of oxygen at the surface. The subscript ref refers
to a reference condition, where an intensity is measured at
a known pressure. This reference state is measured for each
shot before the flow initiates, while the test section is at a
vacuum (50-100 Pa). The constants a, b, and n are calcu-
lated from calibration data. PSP calibration was performed
in situ on a shot-by-shot basis, by taking measurements of
pressure and emitted intensity at different test section pres-
sures, using the surface mounted Kulite pressure transducer
as a reference gauge. This has the advantage of accounting
for the sensitivity of the paint to variations in temperature.
By using the reference gauge method, the uncertainty of
PSP measurements is tied to the uncertainty of the pressure
sensor used (the Kulite XCS-093 gauge with an uncertainty
of +0.1% FS).

A 0.25 mm butt welded K-type thermocouple and an
additional Honeywell SDX15A2 pressure transducer were
mounted into the injector plenum. Using the assumption that
the flow was stagnated in the plenum and the pre-calibrated
discharge coefficient, the mass flow rate through the injec-
tor could be calculated using the choked mass flow equa-
tion. This calculation was not used in the final presentation
of results; injection to stagnation pressure ratio was used
instead.

A Tecsis F9866 6-axis load cell with a full range of 200
N and 6 Nm and an uncertainty of +£0.5% FS was used to
measure the forces on the model. The moment arm resulting
from the arrangement of the model sting was 145 mm down-
stream and 61 mm below the leading edge of the model.
Static calibration of all six axes to their full range was car-
ried out prior to testing by hanging known masses from the
load cell at different orientations. This allowed each axis to
be calibrated in isolation. Using this method, the 95% confi-
dence in the calibrated gradient was < 1% for each axis. The
response time of the system was found to be fast enough, and
the output signal was steady enough across the test time that
a dynamic calibration was deemed unnecessary.
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A 300-mm-diameter high-speed Z-type schlieren system,
incorporating a Luminus CBT-120 green LED, was setup for
the experiments. A Photron FASTCAM Mini AX100 video
camera was placed at the side of the test section to image
the flowfield laterally at 1280x1000 pixels, and a frame rate
of 10 kfps. In addition to providing information about the
flowfield, this was also used to determine the location of the
injection-induced separation.

3 Results
3.1 Flowfield and injection-induced separation

The slot injection causes an effective protuberance in the
surface topology that the flow has to be diverted around,
causing a pressure rise. This adverse pressure gradient
causes the boundary layer to separate. The FTV force may
be considered to mainly result from a local increase in sur-
face pressure in the separated boundary layer upstream of
the injector. Figure 2 shows a schematic of the expected flow
pattern around the model, and a frame from the schlieren
imaging. Similar features are identifiable in each case.
Figure 3 compares the separation distance determined
from the PSP at the centerline of the exhaust surface and
schlieren imaging as a function of injection pressure ratio
and freestream Reynolds number. The size of the separa-
tion can be measured directly from the schlieren imaging
by tracing the separation shock back to the model surface or
from the processed PSP data by measuring where the pres-
sure first deviates from the no injection baseline. In both
cases, this was carried out manually by the same person to
avoid any differences in the chosen location. The associated
uncertainty with each method is expected to be no more than
+2 mm. No significant unsteadiness was observed in either
the PSP or schlieren. The separation distance is seen to rise
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(a) Schematic of main flow features expected in experiment.

Main Shock
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(b) Schlieren image from FTV tests (Condition 4, 120kPa injection).

Fig.2 Flowfield around the injector with a hypersonic crossflow
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rapidly when small amount of injection are provided, tail-
ing-off at higher injection pressures. As expected based on
investigation 2D flat plates (Kumar et al. 1997), the separa-
tion distance is largely independent of freestream Reynolds
number. Results for both internal and external nozzles are
comparable; however, there is suggestion that the internal
exhaust tends to produce a marginally shorter separation
distance.

The schlieren images evidence a lengthening of the sepa-
ration distance as well as an increase in main-shock angle
as the injection pressure is raised (Fig. 4). This general pat-
tern is the same for both internal and the external nozzles.
Although separation distances are approximately the same,
the main-shock angle for the long cowl (internal nozzle)
case is seen to be smaller. This is due to the higher pres-
sure on the expansion surface. A reflected shock is seen to
result from the boundary-layer separation in the ‘combustor’
and may also have an impact here. This is due to the shock
impingement from the cowl after on the body side wall.

po = 11.27 bar
pinj = 38.23 kPa

po = 11.27 bar
pinj = 1229 kPa

Fig.4 Schlieren footage for several injection pressures. Left column is short cowl, and right column is long cowl
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3.2 Surface pressure

Exhaust surface pressure maps comparing injection and no-
injection conditions, for both internal and external nozzles,
are shown in Fig. 5. These images were created by applying
the Stern—Volmer equation (Eq. 1) to each pixel to convert
the emitted light intensity to a surface pressure, averaged
over the steady period for each test. The PSP data presented
here are more useful as a tool to reveal flow features and
general patterns in surface pressure rather than the exact
quantification of pressures at specific locations. The lines
crossing the two long cowl images are the edges of sections
of the perspex cowl through which the PSP was recorded at
an angle.

Both cowl configurations show an elevated pressure
ahead of the injector and a reduction in pressure behind
the injector when the FTV jet is present. In the short cowl
(external nozzle) case, the evidence of three-dimensional
spillage is clear as the pressure drops-off toward the sides
of the surface. Consequently, the separated region shows
high non-uniformity across the injector span in the short
cowl case compared to the well-defined and consistent high
pressure region in the long cowl configuration. In the center
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of the long cowl images, there is evidence of the reflected
shock seen in the schlieren impinging on the surface, creat-
ing a high pressure patch.

Figure 6 shows centerline pressure profiles due to FTV
injection normalized to the corresponding no-injection pres-
sure profiles. As injection pressure increases, larger peak
pressure is measured upstream of the injector and the separa-
tion length increases. These data show that although separa-
tion distances are comparable between the long and short
cowl configurations, the long cowl cases exhibit a marginally
lower peak pressure, but a wider profile, consisting of a dou-
ble rise. This double rise has been noted in previous studies
(Spaid 1975), where the initial separation reaches a plateau
before rising again due to the shock at the jet.

3.3 Force measurement

During the steady flow period in each test, the load cell out-
put was found to be stable and followed the overall trend of
the freestream stagnation pressure closely. Figure 7 shows
a sample of filtered drag data compared to the stagnation
pressure from the same test.
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Fig. 5 Surface pressure on the expansion surface for Re,; = 13.0 X 10°m™!
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Fig.7 Sample stagnation pressure and drag force data

The initial impulse of the flow onset caused vibrations
in the experimental model which were seen as consistent
small scale oscillations in the load cell output at around 100
Hz. These artifacts were removed from the load cell data by
filtering before further processing. A 2-pole low-pass Che-
byshev type 2 filter with a cutoff frequency of 60 Hz and a
stopband attenuation of 20 dB was used on the load cell data.
The highest frequency of interest was approximately 30 Hz
which corresponds to the steady flow periods of 30-40 ms
in length. The mean and standard deviation of the filtered
signals during the steady flow periods were then used in
subsequent calculations.

Lift force (L), drag force (D) and pitch moment (P) ratios
are defined in Egs. 2, 3 and 4, respectively. These ratios are

the deltas in force and moment between a shot with injec-
tion (subscript inj) and without injection (subscript no inj),
divided by a reference force or moment. Additionally, the
forces for the injection cases were scaled by the measured
free stream stagnation pressure (p,) to account for slight dif-
ferences in the tunnel conditions shot-to-shot. The ratios are
in the form of more conventionally used drag, lift, and pitch
moment coefficient, where Payn is the freestream dynamic
pressure, A4 18 the projected capture area of the scramjet
model, and [ is the distance from the center of mass of the
model to the position of the load cell pitch axis.

Po no inj
(Lin' e Lm) in')
. . v Po inj v
Lift Ratio = 2
pdyn : Amadel
Po no inj
(Dinj : Tj - Dno inj)
Drag Ratio = : (3)
pdyn " Amodel
Po no inj
Pigj + == = Prg i)
Pitch Ratio = - 4)

Payn * Amodel -1

To compare the range of conditions, the force and
moment ratios are plotted against the ratio of injection pres-
sure to freestream stagnation pressure in Figs. 8, 9 and 10.
The obtained data show a strong linear relationship between
the plotted ratio and the injection pressure ratio in each case
and for both configurations. PSP data shown in Fig. 5 were
also used to calculate lift and drag ratios, plotted in Figs. 8
and 9 as Short Cowl—PSP. These points were calculated by
integrating the pressure over the expansion surface, provid-
ing a force normal to the surface. This method neglects the
difference in skin friction and other surfaces being affected
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Fig. 8 Lift ratio versus pressure ratio
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Fig. 10 Pitch ratio versus pressure ratio

by the injection, in particular the flat trailing edge of the
model. Since this surface is vertical, any difference in pres-
sure will only result in a force in the streamwise direction,
hence the discrepancy in drag but not lift. Generally, Reyn-
olds number independence is observed in the data. This
agrees well with the conclusions drawn by Spaid (1975).

Although the short cowl and long cowl data are close to
one-another, the internal nozzle tends to produce a slightly
enhanced effect over the external nozzle configuration: the
long cowl trends are marginally steeper, indicating a poten-
tial benefit in controllability of the FTV effect on a real vehi-
cle. This may be a result of the higher average pressure on
the expansion surface with the long cowl or the impinging
shock noted in Fig. 4. This shock may also be the cause
of boundary-layer separation even in a no-injection sce-
nario, leading to the apparent ‘zero-offset’ in the long cowl
trendlines.
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@

The associated uncertainties for these derived quantities
are plotted as red regions which encompass the uncertainties
of each data point in both x and y axis data. Uncertainties
in drag ratio appear larger than they are in lift and pitch
moment ratios due to the smaller difference in drag force
experienced. In all three cases, the uncertainties do not sig-
nificantly detract from the obvious trend in the data. The
method used to calculate the uncertainties for these quanti-
ties is briefly summarized in Appendix A.

3.4 Amplification factor

The interaction between a jet and a supersonic freestream
is well understood and usually described by an amplifica-
tion factor K (Spaid 1975). In order to develop understand-
ing of interaction between a supersonic jet and hypersonic
crossflow, an amplification factor similar to the K factor has
been defined for this study (Eq. 5). The formulation used by
Spaid (1975) normalizes the control force effect by a hypo-
thetical vacuum thrust, revealing the additional benefit due
to the fluid interactions above the baseline jetting effect. In
this case, the actual thrust into vacuum (7',.) was measured
for the external nozzle configuration before the crossflow
reached the model. The force used here (F) is the force nor-
mal to the nozzle expansion surface, rather than lift or drag
which were used above. This was calculated by taking the
component of the resultant force vector normal to the expan-
sion surface. This is for comparison with Spaid’s flat plate
data, where the measured force is normal to the surface.

Amp. Factor, K = (Fyyj - ——— = F,p 1) - Tirk (5)

inj



Experiments in Fluids (2023) 64:75

Page90of10 75

Figure 11 shows the amplification factor for each shot
plotted against the injection pressure normalized by the
freestream stagnation pressure. As in Figs. 8 and 9, a point
derived from PSP data has also been plotted. This point
shows close agreement between the two measurement
techniques.

Uncertainties in amplification factor have been plotted as
ared area, as with the lift, drag, and pitch ratios. At condi-
tions with a small difference in force, the associated uncer-
tainty in amplification factor is large. This helps to explain
the large spread at low injection pressure ratios. Uncertain-
ties at higher injection pressure ratios are relatively small,
giving confidence to the effect of FT'V.

Comparing the amplification factor with the K factor for
a sonic injector for a flat plate (Spaid 1975), it is found to
be roughly half the magnitude (typically the amplification
factor is between 2 and 3). Yet, with the amplification factor
ranging between 1 and 2, an increase in control force com-
pared to a vacuum thruster of 100-200% is measured. The
amplification factor for the long cowl is found to be slightly
higher on average. The amplification factor for the long cowl
is consistently at a slightly higher level than for the short
cowl, particularly at higher injection pressures. This sup-
ports the findings from the lift, drag, and pitching moment
ratios that indicate an increased FTV effectiveness when
using a long cowl.

4 Conclusion

An experimental method integrating PSP, schlieren and a
6-axis load cell for investigating fluidic thrust vectoring on
hypersonic aircraft has been successfully demonstrated in
the Oxford High Density Tunnel. Results obtained have been
comparable to previous numerical and experimental research
for a similar geometry and in more abstract studies. For a
fundamental scramjet model, the forces produced by an FTV
system have been found to be of a similar magnitude to no-
injection body forces. The ratios of the force components
have clear, proportionate relations to the injection pressure
ratio, and an amplification factor was found to be between 1
and 2, independent of Reynolds number and injection pres-
sure ratio. An internal expansion nozzle configuration indi-
cated marginal advantage over the external model tested.
The long cowl also produced a more uniform pressure profile
on the exhaust ramp, with a spanwise-consistent separation
zone ahead of the injectors. The centerline separation dis-
tance is very similar for long and short cowl configurations,
though the long cowl induced a thicker but marginally lower
normalized pressure profile. The impact of a reflected shock
initiated by boundary layer separation at the ‘combustor’ exit
is of note and may provide opportunity for a mechanism to
further enhance the FTV effect.

A Uncertainty analysis

The known uncertainties in directly measured quantities
are used to calculate uncertainties in subsequently derived
results. The method used to propagate uncertainties from
their sources to derived quantities (described by Coleman
and Steele (2018)) involves summing the squares of con-
tributions from each variable.

or '\’
uf = Z <07) ui’_ ©6)

Where u, is the overall uncertainty of the variable r
which is a function of multiple measured variables:
r=f(X;, X1, ... X;). The total uncertainties attributed to
each measured quantity, X, are denoted by uy, and the partial
derivative term quantifies the influence of each variable, X,
on the derived quantity.

The main results of this paper, Figs. 8, 9, 10 and 11,
are each derived from four measured variables: total tem-
perature, total pressure, pitot pressure, and model forces.

Uncertainties associated with the tunnel pressure sen-
sors (stagnation pressure and pitot pressure) come entirely
from sensor uncertainties due to the stability of the meas-
urements during test times. The total temperature meas-
urement requires more complex processing (described by
Hermann et al. (2019)), and, typically, a conservative 15
K uncertainty is given to total temperature measurements
in HDT.

Uncertainties in model forces are the largest of the meas-
ured quantities due to the nature of the response of the load
cell. For these measurements, the uncertainty is a combina-
tion of the sensor error, the calibration uncertainties, and the
standard deviation of the filtered load cell output during the
steady test periods.
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