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Jet Interaction with a Primary Jet and an Array of Smaller Jets
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A combined experimental-numerical study of the jet interaction flowfield associated with sonic injection of a gas
into a turbulent, high-speed crossflow (M =4.0) was conducted with an innovative configuration for jet-thruster
applications. This configuration consists of a sonic primary jet, flanked by arrays of smaller secondary sonic
injectors that interact with the flowfield created by the primary jet. The mass flow from the small secondary jets
ranged from 0.5-1% of that from the primary jet. Pressure sensitive paint was used to measure the pressure field
acting on the surface. Forces and moments acting on the flat plate were quantified by integration of the pressure
field. Schlieren photographs were used to analyze the main flow features generated by the jet interaction. The
numerical solution used the Reynolds-averaged Navier-Stokes equations and Wilcox’s k—w turbulence model. The
study showed that the main improvement of this configuration was a considerable reduction (by as much as 164 %)
in the generally undesirable nose-down pitching moment typical of jet-interaction flows. A secondary benefit was a
small increase in the normal force by as much as 3%. These two effects were caused by reductions in both the size
and intensity of the low-pressure region aft of the primary injector and, in some cases, by an increase in the extent
and intensity of the separation region in front of the jet. The location of the secondary injector was not optimized
here; it is believed that even larger improvements in the performance can be obtained by strategically locating the

secondary injectors.

Nomenclature
A = plate area, m?
a = speed of sound, m/s
Cry = axial force coefficient
Cry normal force coefficient
Cu: = pitching moment coefficient
C, = pressure coefficient
D jet diameter, m
F, axial force, N
F, = normal force, N
H height of the barrel shock from the tunnel floor, m
k turbulent Kinetic energy, m?/s
L axial (x) length of plate, m
M = Mach number
M, = pitching moment, Nm
P = static pressure, Pa
PR = pressure ratio (P j/Pso)
Pr Prandtl number, Prpersect gas, 0.72
Py = total pressure, Pa
Re = Reynolds number
T static temperature, K
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To = total temperature, K
t = time,s
u,v,w = Cartesian velocity components, m/s
x,y,z = Cartesian coordinates, m
= angle between the zero-C), line and the tunnel
centerline, deg
y = specific heat ratio, Vperfect gas> 1.40
8 = boundary-layer thickness, m
& = turbulence dissipation rate, m?/s?
6, = inclination of the bow shock to the tunnel floor, deg
0, = inclination of the barrel shock to the tunnel floor, deg
A = second bulk viscosity coefficient, Ns/m?
" = laminar (molecular) viscosity (first bulk viscosity
coefficient), Ns/m?
Ur = turbulent (eddy) viscosity, Ns/m?
v = kinematic viscosity, m%/s
0 = density, kg/m*
T = shear stress, N/m?
cu = turbulent frequency, m?/s?
Subscripts
inf = freestream condition
j = jet condition
jet = jet condition
wall = wall condition
00 = freestream condition
* = nondimensionalized value
Superscripts

mean value of Favre-averaged variable
time-averaged values
fluctuating value of Favre-averaged variable

1 =

Introduction

HE jet-interaction flowfield produced by a jet exhausting in
a crossflow (Figs. 1a and 1b) is a complex problem found in
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Fig. 1 Sonic jet in a high-speed crossflow.

numerous applications. Reference 1 has adetailed review of the field.
Typical applications of the jet-interaction flow range from the very
low-speed regime of a chimney plume in a crossflow to the very high-
speed cases of scramjet and hypersonic missile control systems.!
The basic problem of a gas injected into a crossflow has several
variations, depending on the application.! Examples of such vari-
ables are the yaw and pitch angle of the injector and the flow condi-
tions of the jet (subsonic, sonic, supersonic) and of the freestream
(subsonic, supersonic, laminar, turbulent), not to mention the chem-

ical composition of the gases (perfect gas, single or multiple phase,
nonreacting mixture, reacting mixture, etc.). The present study fo-
cuses on the case of normal injection of a sonic circular jet into
a supersonic turbulent crossflow.! This configuration is representa-
tive of typical reaction control systems installed on hypersonic ve-
hicles such as experimental aircraft, for example, the X-15; reentry
vehicles, for example, the space shuttle and future reusable launch
systems; and missiles, for example, the national missile defense
interceptors or high-altitude surface-to-air missiles (SAMs).
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In reaction control systems, normal injection is commonly used
because it maximizes the lateral force produced by the thrust of the
jet. Two primary mechanisms contribute to the production of the
lateral force. The first contribution comes from the thrust of the jet.
The second contribution is produced by the complex interaction of
the jet with the crossflow. The injected gas acts as an obstruction that
produces a shock wave in the primary flow (Fig. 1a). The shock wave
produces an adverse pressure gradient, causing boundary-layer sep-
aration. The high pressures typical of recirculated flows (as in the
pressure plot of Fig. 1b?) augment the lateral force produced by
the thrust of the jet. Therefore, a jet exhausting into a supersonic
crossflow will produce a much larger force than the same jet ex-
hausting into a quiescent medium. However, a large low-pressure
region forms aft of the injector (Fig. 1b). This region has two main
effects on the forces and moments produced by the jet on the surface.
First, the net normal force is decreased because the low pressures
act over a large area behind the injector. Second, and perhaps more
detrimental, a couple is formed with the high-pressure region ahead
of the jet to produce a nose-down moment about the injector. The
contribution to the nose-down moment from the low-pressure re-
gion is particularly high because, as mentioned earlier, this region
extends far aft of the injector, and so its moment arm is relatively
large.

The decrease in normal force can be compensated for by an in-
crease in the total thrust of the jet. On the other hand, the nose-down
pitching moment cannot be corrected so easily. The nose-down mo-
ment must be suppressed or cancelled. An aft thruster will create a
nose-up moment. However, this configuration adds complexity and
cost, increases the fuel requirements, and complicates packaging.

The disadvantages of double-thruster configurations can be re-
duced by the design of a single thruster that minimizes or cancels
the region of negative pressure aft of the injector. In 1998, a team
at Virginia Polytechnic Institute and State University? (VT) discov-
ered an interesting feature of multiple-injector configurations. In
an array of jets arranged to form an aerodynamic ramp, the influ-
ence of the injectors located in the second row of the array was to
suppress the area of negative C,, behind the first row of injectors.
A study was initiated at VT to determine the feasibility of the use
of small, strategically located secondary jets to suppress the low-
pressure region. This paper summarizes the results of the combined
experimental/numerical study.

In a preliminary numerical study, relatively simple jet-interaction
flowfields were simulated. Two laminar cases were simulated.*>
Comparisons of the numerical solutions to the experimental results
were favorable. The first simulation of a jet-interaction problem with
a turbulent boundary layer was that of an experiment by Letko.°®
Following that, a smaller secondary jet was simulated behind the
primary jet for the conditions of the original Letko experiment. The
numerical results showed that the secondary jet had the desired effect
of increasing the normal force on the flat plate and decreasing the
nose-down pitching moment. Consequently, a more detailed study
that used both experimental and numerical resources available at
VT was designed to further investigate the effects of insertion of
smaller secondary injectors aft of the primary injector.

Description of the Experiment

For the experiments described in this paper, the primary injec-
tor was tested with two pressure ratios: 532 and 620. The tests
with a pressure ratio of 620 were used as proof of concept to
show qualitatively that a smaller secondary injector could decrease
the area of negative C, aft of the primary injector. Several injec-
tor configurations were run with these conditions. On the other
hand, only one test with a jet pressure ratio of 532 was run. All
tests were run in the VT supersonic wind tunnel, which is of the
blowdown type with a working section measuring 23 x 23 cm. In
this setup, the flat surface with the normal injector was mounted
flush to the tunnel wall, downstream of the tunnel throat. Com-
plete details of the experimental setup and procedures can be found
in Ref. 7.

A developed turbulent boundary layer existed at the leading edge
of the flat surface, and the boundary-layer thickness was measured

from the schlieren photographs. The fact that the plate was mounted
flush to the tunnel floor introduced a weak shock produced by the
slight misalignment of the junction between the tunnel floor and
the flat plate (Interference shock; Fig. 2). This shock was not in-
cluded in the numerical simulations, and it could have changed
the flow conditions at the injection location, introducing a source
of discrepancy between the experimental results and the numeri-
cal solution. The flat plate had one primary injector drilled in to
its surface and five pairs of secondary injectors drilled behind the
primary one. Both the primary and the secondary injectors were
converging nozzles drilled through the thickness of the flat plate
(Fig. 3).

The secondary injectors were drilled along a straight line on the
surface of the plate that formed an angle of 13 deg with the plate,
as shown in Fig. 4. This arrangement was selected based on the
geometry of the low-pressure region behind a single, sonic jet in a
supersonic crossflow taken from experiments in the literature.>>-°
The pairs of secondary injectors were identified by a group number:
Group 1 is located 1.78 cm behind the primary injector, group 2 is
2.54 cm behind the primary injector, and so on. The plate dimensions
are 30.48 cm long and 22.86 cm wide. The nominal flow conditions
for the experiments and the numerical computations and the flat
plate dimensions are shown in Tables 1-3.

Several pressure orifices were embedded in the surface of the flat
plate; however, the detailed pressure field acting on the flat plate
was measured and mapped by the use of pressure-sensitive paint
(PSP),%° and the pressure taps were used for calibration and for
double checking the PSP pressure readings. (See Ref. 7 for details.)
There are considered to be three related sources of uncertainty in

Table 1 Flat plate and injector dimensions for the VT experiment

Parameter Value
Flat plate entry length xo 7.62 cm
Injector diameter d; 0.48 cm
Aprimary/Asecondary =100
xo/d; 16.0
Table 2 Summary of flow parameters
for the cases studied: freestream
VT Mach 4.0
Parameter CFD Experiment
Gas Air, perfect gas (y = 1.40)
My 4.0 .
Poo s 1120 kPa 1045 kPa
P 7.1 kPa 6.2 kPa
To 70.3 K 68.8 K
Turbulence model (Wilcox k—w)10-11 (Wilcox k—w)10-11

Inlet § 1.65 cm 1.65 cm

Fig. 2 Schlieren photograph of the flowfield generated by the primary
jetonly: M =4.0 and PR =532.
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Table 3 Summary of flow parameters for the cases studied:
primary and secondary jets

Parameter CFD Experiment
Gas Air, perfect gas (y = 1.40)

M, 1.0 1.0

Pr. 3797 kPa 3835 kPa
Py 2006 kPa 2026 kPa
T 261 K 261 K
Pri/Pso 532 620
Primary jet mass flow 0.116 kg/s* 0.117 kg/s*
Primary jet thrust 37.5N* 379N
Secondary jet mass flow 0.0013 kg/s* 0.0013 kg/s*
Secondary jet thrust 0.427 N? 0.432 N2

“These values are for a discharge coefficient of 0.75 for both the primary and
secondary nozzles.
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Fig. 3 Primary and secondary jet dimensions (all dimensions in cen-
timeters).
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Fig. 4 Top view of the flat plate used in the experiments (all dimensions
in centimeters).

the PSP results. The first is due to the camera being mounted on one
side of the tunnel, giving a skewed view of the painted surface. Soft-
ware from Innovative Scientific Solutions, Inc. (OMD version 2.5),
helped to compensate for this skewness, giving a more spanwise,
symmetric result. The differences between the PSP measurements
and the pressure taps are assumed to be a bias error. Finally, the
measurement of the pixel size introduced uncertainty into these
experiments. By consideration of the contributions of these three
sources of error, an uncertainty of 11% in the force and moment
results is estimated.

Spark schlieren photographs were taken to visualize and help
understand the interaction between the major features in the flow,
particularly those of the boundary layer and the main jet and that
of the main and secondary jets. The light source for the schlieren
photographs was a nanopulser with a time of about 10 ns.

Description of the Computations

The governing equations of a turbulent flow can be written with
time-averaged (Reynolds averaged, indicated by an overbar) values
of the density and pressure and mass-weighted (Favre averaged,
indicated by a tilde) averages for the velocity components and tem-
perature.

Conservation of mass:

ap  9(pu;)
— =0 1
Jat + Bx,- ( )
Conservation of momentum:
815ﬁ1 a el ) - Ty
+ —(pit;ii; + pd;;) = (f,, +1) — (pu ul) (2)
ot 0x;
Conservation of energy:
8,0@ ad aq
ot a(ﬂeou + P + pegu)) = P CTTI Et rall )
where
éo = C,T + Lty + Sujul @)

The perfect-gas law is used to close the system:
p=pRT )
The Reynolds stress tensor is defined as
Ty = —puji! (6)

First-order models, also known as turbulent viscosity models,
make use of the Boussinesq assumption:

_ u//u// _ aﬁ’ + 8_'2’ _ gs% — gS ok (7)
p /J,T ax, 8)([- 3 ij an 3 l}p

where (7 is the turbulent viscosity and £ is the kinetic energy of the
turbulent fluctuations. All of the numerical calculations performed
in this study used Wilcox’s k—w turbulence model.!®!! This model
was chosen because of its good capability in the prediction of sepa-
ration and in dealing with adverse pressure gradients and separated
flows compared to other two-equation models.'""'? The following
equations are used in Wilcox’s k—w turbulence model to close the
system of the governing equations.
Eddy viscosity:

KT = C[l (Iak/w) (8)

Turbulent kinetic energy equation:

ok ok aU; d ok
P +pU,-ax =gy, - B pkw+3—%[(u+0*ur)gj}
®
Specific dissipation rate equation:
dw dw w JU; a
Py +PU,/§]_ =ar Tua— — Bpo’® + a—xj|:(M+GMT)Tj]
10)
The empirical closure coefficients for the 1988 model are
a=5/9, B =3/40, B* =9/100, o=0"=1/2

The numerical solver used in this study is AeroSoft’s structured
flow solver GASP, version 4.0. GASP was chosen because it is a
mature program with a proven reliability record in simulations of tur-
bulent flows,'? vortical flows,'* jets,'> shock—vortex interaction,'
and jet-interaction flows.'” GASP solves the integral form of the
time-dependent Reynolds-averaged Navier—Stokes (RANS) equa-
tions in three dimensions. %1

The solution was driven to a steady-state by the use of the im-
plicit Gauss—Seidel scheme. The inviscid fluxes were computed in
three dimensions by the use of the flux-vector splitting of Roe and
had third-order spatial upwind biased accuracy with the min—-mod
limiter. The viscous terms are discretized with a standard second-
order accurate central differencing scheme. An exception to this flux
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combination was the replacement in only one computational direc-
tion of the Roe flux with the Van Leer flux, leaving all of the other
parameters unchanged to avoid the carbuncle effect (see Ref. 20).

The grid design used in this work is a combination of H- and C-
type grids shown in Fig. 5 that allows a near-optimal cell clustering
near the injector. The grid size was dictated by the need to find
a balance between the grid refinement and the time to converge a
solution to a steady state.

The secondary injector was simulated by the use of a chimera
grid that substituted a block of the original computational domain.
The chimera grid was considerably finer than the original block it
replaced (179,564 vs 814,044 cells) because one of the goals of
the substitution was to better resolve the flow details in the region
around the secondary injector and perform a localized grid conver-
gence study. The overall size of the grid with the chimera block is
2,073,024 cells compared to 1,544,098 for the baseline grid. The lo-
calized grid convergence study of the mesh around the secondary in-
jectors demonstrated that the fine chimera grid produced a converged
flowfield solution in the region around the secondary injector.?!

All grids were created with GRIDGEN version 13.3 (Ref. 22).
Care was taken to ensure that the cells closest to the solid surface
would lie below a y™ of 1.0. One-dimensional hyperbolic tangent
stretching®® was used in all regions to distribute the cells along the
grid connectors. The injector was simulated by cells on the surface
of the flat plate with imposed pressure and velocity equal to the
jet total conditions. The grid was sequenced twice by elimination of
every other cell in the three spatial directions. Note that, according to
the coordinate axis used to define the computational domain in this
study, a negative pitching moment about the center of the primary
jet indicates a nose-down moment. On average, it would take 2090
total CPU hours with SGI Origin CPUs to converge a turbulent
calculation on a 1.5-million-cell grid.

The computational domain for the flat plate with normal injection
consisted of a six-sided box (Fig. 5). The lower plane, that is, the
plane defined by y/d = 0.0, corresponds to the solid surface of the
flat plate. The no-slip condition (1 =v = w = 0.0) is imposed on
the flat plate, along with dp/dy =0.0 and the adiabatic wall con-
dition 07 /dy =0.0. The injector is cut into the surface of the flat

plate, and sonic conditions were applied at the cells simulating the
jet(M;=1.00, p; =p*,u; =w; =0.0m/s,v; =v*,and p; = p*).
The jet was assumed to have a step profile, that is, no boundary-layer
profile, in the nozzle that was simulated. The area of the simulated
jet is smaller than the real jet, and the ratio of the two areas is equal
to the discharge coefficient Cd; of the real nozzle. In this way, the
viscous effects inside the nozzle were taken into consideration, and
the mass flow of the simulated jet was the same as the real jet. The
secondary injectors are cut into the surface of the flat plate, and the
same total conditions as the primary jet are applied to them. The flow
upstream of the injector is supersonic, and a turbulent boundary layer
is present. All of the dependent variables on the entry plane outside
the boundary layer were assigned their respective freestream value.
The initial freestream turbulence intensity (TI) was assumed to be
5% because no turbulence measurements were available. This value
was thought to be a reasonable assumption, given the tunnel condi-
tions. In general, given Wilcox’s k—w sensitivity to the freestream
conditions (see Ref. 24), the forces and moments on the flat plate
might have been affected when the inlet turbulence level was fixed.
However, only the initial inlet turbulence level was specified. That
is, the inlet TI was fixed only during the very first iteration, and then
the inlet turbulence level was extrapolated from the interior turbu-
lence quantities. In this way, the inlet turbulence intensity was not
fixed and could adjust and relax to the proper level. In light of this
approach, the final solution should not be sensibly affected by the
initial freestream T1. Note that, due to restrictions in computational
resources, a sensitivity analysis of forces and moments to the initial
freestream TI was not performed. The entry boundary-layer thick-
ness 6 was obtained from the schlieren photographs of the tunnel
flow, and the boundary-layer velocity profile was assumed to follow
the one-seventh power law relationship.

The symmetry plane is represented by the x—y plane. The three
remaining sides of the computational domain (the exit plane, the top
surface, and the longitudinal plane opposite the symmetry plane) do
not represent any physical surface. The top surface and the sidewall
of the wind tunnels were assumed*~® or actually measured’ to be
distant enough from the injector not to interfere with the flowfield of
interest. Therefore, a first-order extrapolation boundary condition
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was applied to these surfaces, as well as to the downstream exit
plane.

The iterative convergence of the calculations was determined by
verification of the variation over time of several flow parameters.
Convergence was declared when the normal force, axial force, and
pitching moment were steady. The discretization error of the compu-
tations was calculated with the “Mixed 1st + 2nd Order Richardson
Extrapolation” described by Roache? because, according to Roy,?
this method “produces the best error estimation for non-monotonic,
mixed-order solutions.” The procedure made use of the solution
and of the ratio of the number of cells on the three grid sequences
to estimate the discretization error on the fine grid sequence. The
discretization error on the fine grid was estimated to be 0 and 1%
for the normal force and 4 and 21% for the pitching moment for the
case with only the primary injector and the case with the primary
injector plus group 1 jets, respectively. Complete details of the com-
putations and of the estimation of the uncertainty can be found in
Refs. 21 and 27.

Experimental Results

The results are presented mainly as comparisons between the
surface pressure field (a ratio of the local surface pressure to the
freestream static pressure) created by the primary injector only case
(top half of Figs. 6-8) and different jet configurations (bottom half of
Figs. 6-8). A horizontal line separates the results for the two cases.
Figures 6-8 show the cases with a pressure ratio of 620. The flow
direction is from left to right. The main injector is shown as a black
circleat X =0and Y = 0. The group 1 secondary injector can be seen
as a small black dot at approximately X =1.778 cm, ¥ =0.51 cm,
and the other secondary jets can be seen farther downstream. A
high-pressure region, as expected, can be observed upstream of the
primary injector in all of the cases.

Consider the surface pressure comparison of the primary jet only
case and the primary plus group 1 and 2 secondary jets case shown in
Fig. 6. Note that upstream and downstream for the secondary jets are
not simply left and right on the graph because they are experiencing
an approaching flow with a large spanwise component caused by
the primary jet. Figure 6 shows that the addition of the first two
pairs of secondary injectors both increases the size and intensity
of the upstream high-pressure region and allows the flow to return
to freestream static pressure faster downstream. The low-pressure
region is not only reduced in size, but also in intensity.

The effects of adding additional secondary jets can be noted in
Figs. 6-8. Figures 6—8 show a successive increase in the positive
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Fig. 6 Surface pressure ratio comparison: M =4.0, Py ~ 10.34 atm,
Py =37.84 atm, and PR = 620; primary only (top) vs primary + groups 1
and 2 (bottom).

> bad

Or— ;

N Ll
F "
- 0
g g
o 22
o 2
3 Hz
- =
4 H 3
= I
= 1
s 7
4 2
N n
o 09
3 o
2 =§
™ [
- 0
1=

ob— X (in)

X (cm)

Fig. 7 Surface pressure ratio comparison: M =4.0, Py ~ 10.34 atm,
Py; =37.84atm,and PR = 620; primary only (top) vs primary + groups 1-
3 (bottom).
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Fig. 8 Surface pressure ratio comparison: M =4.0, Py ~ 10.34 atm,
Py =37.84atm, and PR = 620; primary only (top) vs primary + groups 1-
4 (bottom).

effects on the surface as more groups of secondary jets are added.
When compared with the results of Fig. 6, the primary plus group
1-3 secondary jets case in Fig. 7 shows even more effectiveness
in reducing the size and intensity of the downstream low-pressure
region. The secondary jets create more high-pressure regions down-
stream with the same beneficial moment effect. Indeed, the whole
low-pressure region is markedly reduced in both size and intensity.
The upstream high-pressure region is increased further by the addi-
tion of the third pair of injectors. The addition of the fourth pair of
secondary injectors, however, begins to show some drawbacks, as
demonstrated in Fig. 8. The low-pressure region downstream of the
fourth pair of injectors has a much lower pressure than that of the
other three pairs. Also, the flow seems to take longer to recover in
the primary plus group 1-4 secondary jets case than in the primary
plus group 1-3 secondary jets case. The upstream high-pressure
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Table 4 Experimental interaction force and moment comparison:
M =4.0 and PR =620

Case C[:y AC]:_V, % CM: ACMZ, %

Primary jet only 9.47 0 16,346 0

Primary jet plus 15.29 62 10,094 —38
group 1, 2 jets

Primary jet plus group 1-3 jets 16.26 72 11,969 -27

Primary jet plus group 1-4 jets 18.08 91 21,880 34

#Results are only for the limited area of the surface that could be observed in the first
experimental setup; the contribution of the jet thrust is not included, experimental
uncertainty for both the normal force and the pitching moment coefficients was
estimated to be +11%.

region is greatly enlarged. Both of these phenomena would tend to
increase the nose-down moment on the plate. Therefore, it is ex-
pected that the force on the plate would be increased, but there will
be an increased nose-down moment, which is undesirable.

The measurement area for the PSP pressure results was used to
detail the integrated effects of the secondary jets on the flowfield
of the primary jet. Thus, these data cannot be used to assess the
total force and moment corresponding to the complete interaction
flowfield. Nevertheless, integrations over the available areas of the
surface were made to permit quantitative assessment of the effects
of the secondary jets on the interaction forces and moment (thrust
of the jet not included) on those limited areas of the surface. The
results can be seen in Table 4. The force increases measurably with
the addition of successive groups of secondary jets. The primary
plus group 1-2 secondary jets case, for example, shows a 62% in-
crease over the primary jet only case. It is evident that the large
increase in force is not only due to the increased intensity of the
upstream high-pressure region, but also to the reduction in intensity
of the downstream low-pressure region. Therefore, the nose-down
moment is expected to be reduced, and Table 4 reports this reduction
as 38% of the primary jet only value. This is the first case to show
both increased force from the jet and decreased nose-down moment.
In fact, for the primary plus group 1-3 secondary jets case, the force
is increased by 72%, an improvement over the primary plus group
1-2 secondary jets case. However, the reduction in the nose-down
moment is decreased from 38 to 27%. This results hints that a point
of diminishing returns is being approached with the addition of each
pair of jets. This premise is supported by primary plus group 1-4
secondary jets case where the large increase in force (91%) is offset
by an increase of nose-down moment (34%).

Numerical Results

A second series of experiments was attempted with a different
viewing arrangement intended to capture more of the interaction
flowfield upstream of the primary jet. Some of the downstream
region was lost, and the viewing area was not a simple rectan-
gle. Furthermore, the pressure ratio (PR) was reduced somewhat
to PR =532. The numerical studies were directed at these cases.
Unfortunately, we experienced difficulties with some of the exper-
imental tests in this series, and only the tests with the primary jet
alone are considered reliable. Therefore, the comparison of the ex-
perimental and computational flowfield is performed only for the
case with the primary jet and a pressure ratio of 532. However,
the comparison of the measured and predicted augmentation factors
compares the trends observed in the experiments with a pressure
ratio of 620 with the trends predicted by the computational fluid
dynamics (CFD) computations that use PR = 532.

Two injection configurations were simulated by the Mach 4.0,
PR = 532 calculations: 1) primary jet only and 2) primary jet plus
group 2 secondary jets.

Consider first the case with the primary jet alone. The integrated
forces and moments obtained from the numerical solution for the
same integration area are compared to the experimental values in
Table 5. Note that these values were obtained by integration of the
pressure field acting on the flat surface and do not include the thrust
contribution from the jets. The CFD solution underpredicted both
the normal force and the pitching moment. The numerical results

Table 5 Comparison of experiment to the CFD prediction for force
and moment for the VT case with only the primary jet: M =4.0

and PR =5322
Method Cry Cu:z ACuy:z, % ACyps, %
Experimental 1.53 —0.87 — —
CFD 1.16 —0.53 —24 -39

“Results are for the limited area of the surface that could be observed in the second
experimental setup.
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Fig. 9 Comparison of the experimental (top) and numerical (bottom)
C, mappings on the surface of the flat plate: M =4.0 and PR =532.

underpredicted the normal force by 24%, whereas they underpre-
dicted the pitching moment by 39%. Note that, as mentioned earlier,
the main source of the relatively large discrepancies between the
measured and computed forces and moments is attributable to two
main factors: the difference in pressure ratios used in the experiment
(620) and in the CFD (532), and the presence of a shock ahead of
the working section of the wind tunnel. (See “Description of the Ex-
periment.”’) However, it is still possible to conduct an analysis of the
trends in the forces and moments and to determine those flowfields
features that determine the under/over-prediction in the computa-
tions. Look at the comparisons of the numerical and experimental
pressure mappings of Fig. 9 and the pressure plots of Fig. 10. The
predicted mappings for the case with only the primary jet are in
good agreement with the experiment (Fig. 9), the isobars having
the same shape and the same values. However, the CFD predicts a
higher pressure coefficient in the separation region as shown by the
C, plotof Fig. 10. From Fig. 10, it is also clear that the experimental
data does not show the two peaks and the trough in C, just ahead
of the injector. Apart from this discrepancy, the experimental and
predicted C), plots are very similar in the separation region ahead
of the injector and in the region of negative pressure aft of the jet.
The experimental C, mapping shows considerably more noise
than the CFD, as indicated by the jagged isobars of the top half of
Fig. 10. It is not possible to assess exactly whether the separation
location is properly predicted by the CFD because the experimen-
tal data do not extend upstream far enough. From the C, plot in
Fig. 10, it seems that the CFD slightly underpredicts the separa-
tion location. The predicted larger separation region and higher C,
just ahead of the primary injector explains why the CFD pitching
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——CFD, Primary jet only

- - — Experimental, Primary jet only

Fig. 10 Pressure coefficient plots between ——, the numerical solution and - - - -, the experiment, with error bars: M =4.0 and PR =532.
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Fig. 11 Comparison of the schlieren photographs with the CFD solu-
tion on the plane of symmetry (CFD contours represent spatial deriva-
tive of density; compare Fig. 2.)

moment is less negative by 39% than the experimental value (Ta-
ble 5). In fact, a force pushing down on the plate at a location ahead
of the primary injector produces a positive (nose-down) moment.

The schlieren photograph of Fig. 2 provides a means to draw an
outline of the main flow features visible in the experiment such as
the barrel shock, the bow shock, and the separation-induced shock.
Because schlieren photographs depict the first spatial derivative of
the density, the outline of the flow features drawn from these pho-
tographs can be superimposed on the mapping of this parameter on
the plane of symmetry produced by the numerical solution. Note
that although the schlieren photograph is a two-dimensional repre-
sentation of a three-dimensional flow, the CFD solution shown is a
real two-dimensional slice through the three-dimensional flowfield.
Therefore, some of the flow features visible in the schlieren pho-
tographs that may appear to lie on the symmetry plane do not lie
on it in actuality and cannot be compared to the CFD mappings on
the symmetry plane. The visual comparisons of the schlieren pho-
tograph to the numerical solution are shown in Fig. 11. The CFD
correctly predicted the location of the separation-induced shock (at
least near the location where it impinges on the bow shock) and the
location and shape of the bow shock and barrel shocks.

The comparison with the experiment presented an uncertainty
due to the presence of a shock ahead of the tunnel working section
produced by misalignment of the junction of the tunnel floor with

Table 6 Predicted increase in normal force and pitching moment
due to the action of the secondary jets, without consideration of the
thrust of the jets or uncertainties calculated with the mixed first-
and second-order Richardson extrapolation?’:

M =4.0 and PR =532

Case pr AC[:y, % CM: ACMZ, %

Primary jet only 1.16199 0.0 —0.53149 0.0
Primary jet plus group 1 1.1941¢, 2.9 —1.404219 164
secondary jets

the flat plate (Fig. 2). Therefore, it is convenient to compare the force
and moment augmentation factor of the secondary jets rather than
to compare directly the experimental and numerical forces and mo-
ments. The force and moment increase generated by the primary plus
group 1 secondary injectors are listed in Table 6. According to the
numerical solution, the normal force is increased by 2.9%, whereas
the pitching moment is made more negative (nose-up) by 164%, that
is, the nose-down attitude of typical jet interaction configurations is
decreased. This result is very important because it clearly indicates
that the secondary jets alleviate the nose-down moment created by
the primary injector as intended.

The increase in the normal force and the decrease in the nose-
down pitching moment can be understood from the pressure co-
efficient mapping in Fig. 12. The upper half of Fig. 12 shows the
results with only the primary injector and the lower part with group 2
secondary injectors activated. The secondary injectors marginally
reduce the area of negative C,, behind the primary injector. They
also make the separation region extend farther upstream than the
case with only the primary jet. However, the C), in the two separa-
tion lobes does not reach the high levels seen in the single-jet case.
This phenomenon is visible in the C, plot along the tunnel center-
line of Fig. 13. Note the complex shape of the zero-C, line (line D)
for the case with only the primary jet (Fig. 12, top half). In other
experimental cases, for example, Refs. 5 and 6, the zero-C), line
appeared to radiate almost linearly from the region of the primary
injector toward the downstream location. However, in this case, the
zero-C, line extends linearly up to a certain downstream location
and then it moves back upstream to form a lobe around a region of
higher pressure (line E in top half of Fig. 12). Note that when the
secondary injectors were activated, the lobe formed by the zero-C,,
line around the higher-pressure region was canceled by the effects
of the secondary injectors.

The effects of the secondary jets on the computed pressure dis-
tribution along the centerline are shown in Fig. 13. The separation
region in the case with the secondary jets appears larger than the
case with only the primary injector, even though the peak pressures
are lower. The secondary injectors also affect the region aft of the
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Fig. 12 Comparison of the CFD C, results for the primary jet only case (top) and the primary jet plus 1 secondary jet case (bottom): M =4.0

and Pr 532.
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Fig. 13 Comparison of the predicted C, plots along the tunnel centerline for the primary jet only case: M =4.0 and Pr=532.

primary injector. Note the steep pressure rise in the middle of the
region of negative pressure at x /d of 5.0. In addition to this, the sec-
ondary injectors smear and push downstream the location at which
the reflected shock of the Mach disk impinges on the flat plate from
x/d of 15.0 to 17.0. This location is indicated by the steep pressure
increase at x/d ~ 15.0 for the case with the primary jet only. The
weakened reflected shock also does not thicken the boundary layer
as much as in the case of the primary jet alone, and the region of
positive C, aft of the impingement is shorter. The weakening of the
reflected shock is a consequence of the secondary injector imping-
ing on the back side of the barrel shock, in this way reducing the size
of the barrel shock itself. Because of this mechanism, the injectant
does not expand to such a large extent inside the barrel shock as in
the primary jet alone case, and the Mach disk has virtually disap-
peared from the top of the barrel shock. Also, the wake behind the
plume is larger when the secondary injectors are activated, which
indicates a slower mixing between the injectant and the freestream
fluid. These differences, such as the larger separation and the lack
of a strong reflected shock for the case with the secondary injectors,
are confirmed by the mappings of the Mach number contours on
the plane of symmetry in Fig. 14. The top half of Fig. 14 shows the
Mach contours for the case with only the primary jet, whereas the
bottom half shows the Mach contours for the case with the primary

jetand group 2 jets. Note how the Mach disk disappears from the top
of the barrel shock generated by the primary jet when the secondary
injectors are activated. Also note the larger size of the separation
region and the lack of the reflected shock impinging on the flat plate
when the secondary jets are activated.

A better understanding of the physics of the flowfield can be
obtained by a study of the isometric plotting of the streamlines
and of the contours of Fig. 15. This flowfield snapshot shows the
Mach contours mapped on the plane of symmetry, the C, con-
tours mapped on the surface of the flat plate and the vorticity
magnitude contours mapped on the crossplane aft of the barrel
shock. The paths of the trailing vortices are highlighted by stream-
lines that follow the vortex core. The horseshoe vortex is created
in the separation region by one of a couple of counter-rotating
vortices,”"?® and trails downstream and away from the plane of
symmetry. The second counter-rotating vortex in the separation
region forms the upper trailing vortex that follows the upstream
edge of the barrel shock and slowly moves away from the plane
of symmetry. A complex system of vortices forms at the Mach
disk (vortex 1) and along the barrel shock (vortex 2) at the lo-
cation where the reflected shock inside the barrel shock creates a
sharp angle of the barrel itself. These primary vortices trail down-
stream in a direction parallel to the plane of symmetry, and they
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Fig. 14 Comparison of the CFD Mach contours on the plane of symmetry for the primary jet only case (top) and the primary jet plus 1 secondary
jet case (bottom): M =4.0 and Pr=532.
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Fig. 15 Isometric view of the oblique barrel shock with streamlines identifying the main rotational motion (Mach number contours on symmetry
plane, C, contours on surface of flat plate, vorticity magnitude contours on crossplane): M =4.0 and Pr =532, primary jet only.
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tend to merge into one large vortical system as they are convected
downstream. Finally, the surface trailing vortex forms at the up-
stream edge of the barrel shock (Fig. 15), and, to be convected
around the footprint of the barrel shock, it moves away from the
symmetry plane as the barrel shock expands. Once the axis of the
injector has been passed at x/d =0.0 and the barrel shock de-
taches from the surface of the flat plate, the vortex moves back
toward the centerline and into the low-pressure region behind the
injector. Because of its closeness to the solid surface, the trailing
vortex entrains large quantities of boundary-layer fluid as it trails
downstream.

Conclusions

This combined experimental-numerical study showed that it is
possible to improve present-day jet thruster configurations for su-
personic crossflows and high jet pressure ratios by the use of an
array of smaller secondary injectors that interact with the primary
jet. It was shown that the main improvement of this configuration is
a considerable reduction in the nose-down pitching moment typical
of jet-interaction flows. A secondary benefit is a small increase in
the normal force. These two effects were found to be caused by the
reduction in both size and intensity of the low-pressure region aft of
the primary injector and, in some cases, by an increase in the extent
and intensity of the upstream separation region. However, the loca-
tion of the array of the secondary injectors was not optimized here,
and it is believed that even larger improvements in the performance
can be obtained by strategic location of the secondary injectors. The
investigation further demonstrated that a combined effort of numer-
ical studies and experiments could efficiently and effectively lead
to the understanding of complex fluid-dynamics phenomena. Such
a coordinated approach is most desirable in the development and
design stages of new technologies because of its time- and cost-
saving advantages over an exclusively experimental or numerical
approach.

The RANS equations, in conjunction with a first-order two-
equation turbulence model such as Wilcox’s k—w, were shown to
be able to reproduce the main physics of a highly complex phe-
nomenon such as the multiple jet interaction flowfield. The k—w
turbulence model proved to be reliable and robust, and the results
it provided for this type of flowfield were accurate enough from an
engineering standpoint. However, in spite of the overall good per-
formance, the k—w turbulence model failed to predict correctly the
flow in the regions of strong adverse pressure gradients. Compar-
isons with experimental results showed that the separation region
was often underpredicted, highlighting the need to employ second-
order turbulence models for more accurate results.

A large effort was dedicated to the development of an efficient
computational grid that could capture the flow physics with the least
amount of cells. The grid was adapted to the physics of the flow via
a combination of H- and C-type grids. Also, chimera or overset
grids were employed in the simulation of the secondary injectors to
improve the efficiency of the calculation.

The numerical solutions made possible a detailed study of the
three-dimensional jet-interaction flowfield. The analysis showed
that the primary mechanism responsible for the creation of the jet-
interaction pressure field is the interaction of strong vortical struc-
tures with the bow-barrel shock systems.
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