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Jet-Spike Bifurcation in High-Speed Flows
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In recent plasma injection experiments, counter� ow jet interaction has been identi� ed as one of the mechanisms
that signi� cantly reduces the drag. There is a sudden change of the dynamic state from an oscillatory to nearly
steady motion of this jet-shock interaction which depends on the relative magnitudeof injection and the stagnation
pressure. Theshock-wavebifurcationassociatedwith a counter� ow jet froma hemispherical cylinderis investigated
bya side-by-sideexperimentalandcomputationaleffort. Shock-wavebifurcationhasbeen discovered by the present
experiments over the entire rangeof tested conditionsin theMach 6wind tunnel.This oscillatorymotionis sustained
by the upstream propagationof selectively ampli� ed frequencies from the free-shear layer to the Mach disk through
the embedded subsonic domain. The breakdown of this feedback loop occurs when a higher injecting jet pressure
creates a supersonic zone separating the interconnecting embedded subsonic domains.

Nomenclature
D = total drag
p = air pressure
Q = conservativevariables
q = primitive variable
r = radius of hemispheric nose
T = air temperature
u = velocity vector, u, v , w
D = standoff distance of bow shock
q = air density

I. Introduction

IMPROVING aerodynamic performance of aerospace vehicles
through drag reduction has been pursued since the days of

the Wright brothers. Large drag reduction via plasma or high-
temperature gas injection from the stagnation region of a forebody
are reportedon in recent experimentsusinga weakly ionizedgas.1 3

An unspeci� ed focusedenergy depositionupstream of a vehicle has
also been analyzed for improving aerodynamic performance.4 A
common feature of these reports is the interaction of the oncoming
streamwith the introduced� ow� eld perturbation.As a consequence
of the � ow� eld adjustment to either the counter� ow jet or a locally
released thermal energy source, favorable � ow control can be re-
alized. These particular � ow control mechanisms are completely
independentof electromagnetic forces.5,6

Preliminary research was conducted using unheated air as the
injectant to determine the drag reduction by the counter� ow
jet interaction from electromagnetic forces and nonequilibrium
thermodynamics.7 The total drag of a hemispherical cylinder with
and without mass injection was measured by a set of load cells. For
the conditions tested, the drag was reduced as much as 30% from
the case without mass injection.In addition, the � ow� eld was found
to be unsteady even at the lowest injection rate until the stagnation
pressure of the injected air was approached and exceeded a critical
point. Beyond the critical value of injection pressure, both the drag
force and shock-wave structure settle to a nearly steady state. In
essence, a jet-spike bifurcation was observed by this experiment.

The wave drag reduction in aerodynamic applications by either
a spike or a jet spike on a blunt-nosed body is well known.8 12 The
wave drag reduction is derived from both the splitting of a single
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strong shock into multiple shock waves and effectively replacing
the blunt body by a slender displacement. Even if the accumula-
tive pressure rise across the multiple and sequential shock waves
is identical to that of a single shock, the entropy jump across the
multiple wave system is much less. This difference is because the
entropy increment across each shock wave is proportional to the
cubic power of the pressure jump. The blunt body with injection
will, thus, produce a lower wave drag. There are also disadvantages
of these drag reduction devices in that they can induce unsteady
motion with large-amplitude oscillations through free-shear-layer
instability.7,11

The unsteady � ow� elds of spike and jet spike associated with
a blunt body were noted a long time ago.8 10 These self-sustained
oscillationshavebeen observedfor a wide variety of shear-layerim-
pingement phenomena.13,14 The highly organized oscillatory � uid
motions are sustained by the feedback of upstream pressure prop-
agation through the subsonic recirculating � ow region and by a
selective ampli� cation of � uctuations in the shear layer. The spike-
tipped buzz phenomenon exhibits aerodynamic bifurcation when
the length of the spike is extended or retracted from the blunt body
to a critical value.11,15 17 An identical aerodynamic bifurcation for
the jet spike is also detected.

For jet-spike interaction, a counter�ow jet issues from the fore-
most point of the blunt body. The supersonicjet expands into a very
low stagnation pressure bow shock envelope, then decelerates to
a stagnation region, and is terminated by a Mach disk. Then the
counter� ow jet reverses its orientation as a free shear layer. A part
of the jet stream is entrained to form a recirculating region beneath
the free shear layer. This complex interacting � ow� eld constitutes
a new displacement shape to the blunt body. As the free shear layer
reattaches to the blunt body, the � ow realigns with the body con-
tour and also induces a series of compression waves coalescing
into a reattachment ring shock. Because the � ow displacement is
supportedby a subsonic recirculating� ow and free shear layer, un-
steady � ow structure is anticipated.The sudden change of dynamic
states of the counter�ow jet interaction is uniquely governed by the
feedback mechanism of the free shear layer and the Mach disk. The
selectively ampli� ed frequency leading to resonance is closely tied
to the frequencycontent of the free shear layer, the physical dimen-
sions of the recirculating region beneath the shear layer, and the
local acoustic speed. When the selective ampli� cation process and
feedback loop can not be maintained, large-amplitude oscillation
will cease, and the � ow� eld tends to return to a nearly steady state.
The observed � ow phenomenon is complex and requires interpre-
tation of data derived from two different approaches: experimental
and computational.

The present effort consists of a side-by-side experimental and
numerical study of shock bifurcation over a hemispherical cylin-
der with mass injection at a freestream Mach number of 5.8. The
experimental measurements include schlieren photographs, axial
aerodynamic force component measurements, and the spectral data
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of aerodynamic load sensors under the tested conditions. The nu-
merical simulationsare generatedby solving the three-dimensional,
compressible Navier–Stokes equations based on the unstructured
grid approach. The calculations are concentrated in the stagnation
region, and both laminar � ow and turbulent solutionsare generated.
The detailed � ow structure within the displaced shock layer will be
delineated by comparing the numerical results with experimental
observations.

II. Experimental Measurements
The test facility for the present effort is a high-Reynolds-number,

blow-down wind tunnel designed to simulate � ow conditions at a
nominalMach numberof 6.0, at the stagnationtemperatureof 610 K
(1100 R), and a range of stagnation pressures from 0.35 103 to
1.4 104 kPa (50 to 2000psi). The open jet is issued from the nozzle
exit with a diameterof 254 mm. The simulatedfree-streampressure,
therefore, has a range from 2 to 77 torr (0.25 to 10.0 kPa). For the
present investigation, the mass � ow rate at the stagnation pressure
tested (0.35 103 kPa) is 0.77 kg/s (1.7 lbm/s). This facility can
sustain a testing period more than 10 min.

The key parameters for describing counter� ow jet phenomenon
are the exit conditions of the jet, particularly the exit jet Mach
number and the thermodynamic properties of the injectant.10 Bar-
ber introduced the relative mass � ow rate as another parameter for
counter� ow jet experiments.10 This dimensionless parameter is de-
� ned as the jet � ow rate per unit area over that of the wind tunnel.
He has also demonstrated that when the relative mass � ow is less
than 3, the shock standoff distances show little or no change. In the
presentinvestigation,themaximummass injectionrateof the jetwas
0.195 kg/s (4.3 lbm/s), and the experimental data were collected for
a parametric range from 6.61 to 423.5.

The most effective way to reduce drag using a jet spike is to
achieve the maximum jet penetration and to create both a slender
displacement shape and multiple enveloping shock waves in the
supersoniconcoming stream. The jet exiting Mach number is a crit-
ically important parameter, shown in Fig. 1. The jet spike is gener-
ated from a hemispherical cylinder with a nose radius of 38.1 and a
length of 292.1 mm (1.5 and 11.5 in.), respectively.Both jets shown
are initiated from the identical stagnation pressure and tempera-
ture 1.03 103 kPa and 294 K (150 psi and 530 R), respectively.
Thus, these jets have the same mass � ow, 0.097 kg/s (0.21 lbm/s)
but at different jet exit Mach numbers. The basic features of the
sonic and supersonic counter� ow jets are similar. Both jets are ter-
minated by a Mach disk in the bow shock layer. Then the stagnated
jet stream reverses its direction to appear as a free shear layer. The
jet–shock interactionsigni� cantly modi� es the bow shock wave en-
velope. The free shear layer reattaches upstream to the shoulder of
the hemispherical cylinder. The reattachment process in turns cre-
ates a stream realignment with the blunt nose and induces a ring
shock. The main difference in the � ow� eld structure between the
sonic and supersonicjet is that the jet with an exiting Mach number
of 2.84 increased the standoff distance to twice the sonic injection
value.

Fig. 1 Effect of jet exit Mach number on � ow structure.

Fig. 2 Force measuring model.

Nevertheless,no attempt was placed on the present effort to opti-
mize the jet spike ahead of the blunt body to achieve the maximum
wave drag reduction. Instead, the tested model is designed to gen-
erate an exiting Mach number of 2.84 by a slender conical nozzle
with a sonic throat diameter of 2.44 mm (0.096 in.) and an exit di-
ameter of 4.65 mm (0.183 in.) at a distance of 12.7 mm (0.5 in.)
downstream. With the � xed nozzle geometry at a constant stagna-
tion temperature condition, the only control parameter of the jet
spike is either the stagnationpressure of the jet or the jet mass � ow
rate. Similarly, the simulations at different altitudes are controlled
by the tunnel operational stagnationpressure at a minimum stagna-
tion temperature of 610 K for condensationfree � ow. Therefore, all
of the drag measurements are collected at a combination of tunnel
and jet stagnation pressures.

Because jet spike bifurcation and drag reduction are the primary
interest, the data collection is focused on the force measurement,
spectral data of oscillating motion, and schlieren photographs.The
drag data are recorded by a set of three load cells and prestressed
by a force of 2.2 kN (495 lbf) to operate in the linear measuring
range. The test model is isolated from the support strut by these
load cells to receive the total axial aerodynamicforce exertedon the
model. The force measuring model is shown in Fig. 2. In this ar-
rangement, the wave drag, skin-frictiondrag, and the base pressure
drag are not separablebut measured together.The spectral informa-
tion of the oscillating force data is recorded by a dynamic signal
analyzer, Hewlett–Packard Model 3562, with a frequency range up
to 100 kHz.

III. Numerical Analysis
An experimental and computational side-by-side investigation is

essential for studying the complex self-sustained� uid motion high-
lighted by a jet-spikeshock bifurcation.The detaileddynamic event
of the counter� ow jet and its associatedmultiple shock-wave struc-
ture can only be obtained by solving the time-dependent, three-
dimensional Navier–Stokes equations. The system of governing
equationsis solvedbyan implicit,unstructuredEuler/Navier–Stokes
solver, Cobalt.18,19 The basic algorithm is based on the Godunov’s
Riemann formulation and implicit time stepping to yield second-
order spatial and temporal accuracy.20,21 The numerical procedure
is developed for a cell-centered, � nite volume approach and is able
to accommodatea single grid system that may consist of a varietyof
cell types, tetrahedronand hexahedron,in three-dimensionalspace.
The neighbor-cell connectivity of a unstructured gird formulation
also enhances an exceptionallyscalable, parallel computing perfor-
mance when this numerical procedure is ported to multicomputers
using a message passing interface library.22

The governing differential equations are discretized by the fully
implicit numerical scheme and can be recast as

[3(Qn 1 Qn ) (Qn Qn 1)]/ 2 D t F 0 (1)

where the Q are independent vectors of conserved variables,
Q ( q , q u, q v , q w , p) and F are the � ux vectors of the Navier–
Stokes equations. The details of this formulation may be found in
Ref. 18. However, several interesting features of the Cobalt code
need to be mentioned.

First, the reconstructionof � ux vectors at the centroid of the cell
faces is based on the estimated primitive variable, q( q , u, v , w , p)
by a least-squares solution to the following approximation:

qi 1
2

qi r qi (2)
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where qi 1/ 2 are the reconstructed left- and right-side primitive
variables at the centroid of the cell face for the Riemann problem
and qi is the gradient vector for cell i .

The three-dimensional formulation includes all of the nearest
neighborcells and the solution to the gradientvector yields a matrix
relation, A qi (qm qi ). For Cobalt, the overdetermined matrix
A is solved by a QR factorization,23 A is factored into an orthogo-
nal matrix Q times an upper-triangularR, to attain a greater stability
over that of a lower–upper (LU) decomposition for the high aspect
ratio cell structure. The gradient calculation then requires only a
matrix–vector multiplication:

qi R m !m
i (qm qi ) (3)

where !m
i (R 1Qt )m

i is the least-squares weight vector of cell i
associated with all nearest-neighbor cells in the QR factorization
of A .

Another unique feature of Cobalt rests on the computationof vis-
cous � uxes. In fact, the calculationprocess must possess three basic
attributes: It satis� es the conservation law, the discrete maximum
principle, and q 0 for a linear � eld. In Cobalt, the gradi-
ent � ux vector is split to include a normal and tangential compo-
nent qm ( qm )n ( qm )t . The tangential gradient � ux vector
is taken as the average of the two cells adjacent to the interface.
Meanwhile, the tangential component is also used to evaluate the
normal component:

( qm )n

qm ( qm )t rm
i

n rm
i

(4)

where rm
i is the unit vector connecting the adjacent centroid of a

givencell i . The componentsof gradientconstructionin this manner
ensures the linearity-preservingproperty for q in a linear � eld. The
ultimate goal is to achieve, a conservative, positive, and linearity-
preserving scheme.

These unique features plus an ingenious limiter have enhanced
the cell-center,� nite volume,unstructuredgrid procedure to control
effectivelythenumericaldissipationandsimultaneouslyto maintain
the robustness for solvingproblems even with poor grid topologies.

In the present application, the no-slip velocity components and
adiabatic temperature conditions are imposed on the blunt-body
surface. For the far � eld, the unperturbed freestream condition at
the upstream and the no-re� ection condition downstream are spec-
i� ed. The turbulent closure is achieved by the Spalart–Allmaras
one-equationmodel.24

The computationalerror is assessedby generating three consecu-
tive solutionson increasinglyre� ned grids. For the shock-dominant
problem, the error criterion for evaluation is the shock de� nition
and the standoff distance. The � ow� eld around the hemispherical
cylinder at a freestreamMach number of 5.8 and Reynolds number
based on nose diameter of 3.458 105 is calculated on three dif-
ferent grid systems that consist of 185,484, 256,824, and 303,804
cells. In Fig. 3, the Mach number distributionsalong the stagnation

Fig. 3 Effect of grid resolution on standoff distances.

streamlineof these calculationsare presented.The calculatedshock
standoffdistances, de� ned by the sonic point of the captured shock,
essentially are grid independent after the � rst grid re� nement. The
calculated and measured standoffdistancescompare very well with
the correlated data of Ambrosio and Wortman.25 The normalized
values by the nose radius are D / r 0.155, 153, and 0.157, respec-
tively. The Mach number distributionsfrom the second and the � nal
mesh re� nement are limited to a maximum discrepancyof less than
3.4%. For the � nest mesh system, the average law-of-the-wall vari-
able y is less than unity. The � nest grid distribution is adopted for
the rest of the present computations.

Based on the aforementioned criterion and the focused interest
on shock-wave structure, the difference in jet interaction between
the laminar and turbulent computationis important. For the laminar
computation, the very short jet penetration into the shock layer and
multiple separated � ow topology that surrounds the counter� ow jet
are not supported by the experimental observation.Therefore, only
the numerical results with a turbulent closure are included in the
following discussion.

IV. Experimental Findings
The shock bifurcation of a jet spike is shown in Fig. 4. Six

schlieren photographs are included at a tunnel stagnation condi-
tion of T0 610 K (1100 R) and p0 6.89 102 kPa (100 psi).
Each photograph represents the six different jet stagnation pres-
sures normalized by a � xed tunnel stagnation condition, p j / p0.
The � ow� eld becomes unsteady even at the lowest injection pres-
sure level of 0.148. As the jet stagnation pressure increases, the
length of jet penetration upstream increases accordingly. Because
of the unsteady aerodynamic motion, the image of the jet-induced
shockwave in the schlierenphotographbecomesblurredby multiple
exposures. Meanwhile, the amplitude of oscillatory motion is also
increased until it reaches a maximum around p j / p0 0.90. At this
point, a bifurcationof shock wave structure takes place, and further
increases in jet stagnation pressure do not alter this complex shock
structure signi� cantly. The magnitude of oscillation also decreases
to near the level of � ow without jet injection.Similar shock bifurca-
tions were also observed for all of the other wind-tunnel stagnation
pressure settings.

The spectral data of the oscillatory drag force sensor under the
tested conditions are presented in Fig. 5. For the present investi-
gation, the range of the spectral signal was found to be less than
500 Hz. Only two typical data sets are included in the presentation,
one of them describes the oscillatory motion when the jet spike is

Fig. 4 Jet-spike shock bifurcation.
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Fig. 5 Spectra data of drag force.

Fig. 6 Drag measurements of jet-spike bifurcation.

near the bifurcation. At this critical point of the dynamic event, at
least two dominant frequencies around 100 and 440 Hz are easily
detected.The standarddeviationof drag measurementat this critical
state grows rapidly by a factor of 11.72 relative to the no-injection
condition.The standarddeviationof � uctuatingdrag measurements
also reaf� rms the observation that the jet-spike induced unsteadi-
ness diminishes after the injection pressure exceeds a critical value
at the bifurcation point.

In Fig. 6, the measured drag force normalized with respect to the
no-injection case at different jet and wind-tunnel stagnation con-
ditions are given. The � ow� elds are generated at four wind tunnel
stagnation pressures, p0 0.345 103 , 0.689 103, 1.379 103,
and 2.068 103 kPa (50, 100, 200, and 300 psi), all at a stagnation
temperature of T0 610 K. The measured data represent the total
axial force exerted on the entire model, including the wave drag,
skin-friction drag, base drag, and the reverse thrust of the counter-
� ow jet. In general, the critical points of bifurcation described by
the stagnation pressure ratio of jet and tunnel, ( p j )0 / p0 , are brack-
eted in the range from 0.8 to 1.05. The value of the critical point
increases as the tunnel stagnation pressure decreases.

The overall behaviorof the drag force variation with counter� ow
jets at four differentwind-tunnelstagnationpressuresis similar.The
measured drag is lower than the baseline, or the no-injection case,
even at the lowest jet injection pressure. The drag reduction due to
shock shape modi� cation overwhelmscompletely the reverse thrust
by the counter� ow jet. Althoughthere are variationsamong the drag
force distributionsat differencewind-tunnelconditions, the drag re-
ductionis as low as 60% of the baselinecase at the shock bifurcation
point. At the highest tunnel pressure tested, the drag reduction by
the counter�ow jet is still more than 30%. The shock bifurcation

generally occurs at a higher jet injection pressure for higher wind-
tunnel stagnation pressures. This behavior is easily understood by
recognizingthat the counter� ow jet has to encountera higherexiting
pressure within the shock layer. As will be shown in the following
discussion, the cutoff of the feedback loop by a local supersonic
region requires a higher jet stagnation pressure.

Beyond the bifurcating point, the measured drag force � rst rises
sharply and then sustains a continuous drop with a shallow slope.
All test results exhibit identical behavior. In short, the counter� ow
jets have continuouslyexpanded into the lower exit pressure in the
shock layer of the testedpressurerange.At the lowest tunnel stagna-
tion pressure,decreasingdrag persists up to the highest counter� ow
pressure tested, ( p j )0 / p0 2.85.

In Fig. 7, the measuring process is examined to assess the data
scattering band at the lowest tunnel pressure p0 0.345 103 kPa
(50 psi). Two proceduresfor data recordingwere used.The majority
of datawas collectedby sweepingthe loadcell outputat a scanrateof
0.25s. In thisdata recordingmode,1000datapointswereobtainedin
20 s after the model injected into the test chamber and a steady � ow-
� eld was detected. Another test procedure measured a single point
at one run. A total of � ve points at different counter� ow stagnation
pressures was recorded in this manner. From these measurement
procedures, the data scatter is determined to be around 6.5%.

V. Numerical Results Validation
To understandbetter the observedshockbifurcation,the resultsof

numerical and experimental simulation must be analyzed together.
The side-by-side effort focuses on the validation of the computed
results on both global behavior and detailed � ow� eld structure.
The comparison of measured and calculated drag force normalized
by the baseline case is presented in Fig. 8. These data are for the
wind-tunnel stagnation pressure of 0.689 103 kPa (100 psi). The

Fig. 7 Veri� cation of drag measurement procedures.

Fig. 8 Drag computation of jet-spike bifurcation.
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calculateddrag force using the mass-averagedNavier–Stokes equa-
tions with a turbulent closure24 includes the base drag correction
from experimental measurements. The base drag evaluated from
two pressure taps in the model base region yields a nearly constant
valueof 2.558N (0.575 lbf) over the entire injectingpressurerange.
However, the aerodynamic interference by the stem support is un-
accountable.Therefore, the comparison with data is meaningful as
long as the wave drag is the dominant force of the � ow� eld. In
addition, because the � ow� eld is unsteady, the calculated results
will depict an oscillating range instead of an ensemble value from
experiments. In spite of the aforementionedconstraints, reasonable
agreement is notedover a large rangeof the injectionpressuretested
including the bifurcation.

The comparison of the observed and computed shock structures
across the critical point of bifurcation can be more de� nitive than
the integrated drag force. The shock-wave structures at the values
of p j / p0 0.75 and 1.05, at the wind-tunnel stagnation pressure
of 0.689 103 kPa (100 psi), are selected for presentation. Fig-
ure 9 shows the shock-wave structure before the critical point of
bifurcation, p j / p0 0.75. Because the Mach disk responds to the
unsteady shear layer surrounding the counter� ow jet, the complex
shock envelope is highlyunsteadyand appears as a blurred image in
the schlierenphotograph.On the other hand, the computedschlieren
image is sampledat a given instant in time and, thus, yields a clearly
de� ned � ow� eld structure. The counter� ow jet and the ring shock
inducedby the reattachedfree shear layer are clearly identi� ed. The
computed result exhibits good agreement with experimental ob-
servation. The overall dimension of the computed shock structure,
particularlythe standoffdistanceat the time of sampling, represents
the lower limit (D / r 1.21) within the experimentalobservedband
(1.21 D / r 1.77).

In Fig. 10, the shock structure for p j / p0 1.05 is given. At this
injection pressure, the shock-wave structure has jumped to a nearly
steady state. The schlieren photograph yields a sharper image than
the highly unsteady motion in the lower injection pressure range.
Under this condition, the Mach disk, which terminates the forward
motion of the jet, and the coalesced reattaching waves to form the
ring shock are clearly exhibited. Even the slip stream originating
from the intersection of the bow shock and ring shock is clearly
visible. For the nearly steady � ow� eld, both the measured and com-
puted standoffdistanceshows an identicalvalueof D / r 0.74.The

Fig. 9 Comparison of computed schlieren and photograph; pj/p0 =
0:75.

Fig. 10 Comparison of computed schlieren and photograph; pj/p0 =
1:05.

agreement of the overall � ow� eld structure between the measured
and the computed result is excellent.

VI. Discussion of Results
The detailed� ow� eld structureof thecounter�ow jetcanbe easily

delineatedby the validated numerical results. To put the steady and
unsteady� ow� eld structureonanequalfooting,theparticle tracesin
the plane of symmetry at a given instance are shown in Fig. 11. The
oscillatory � ow for the lower injectioncase, p j / p0 0.75, is on the
left-hand side of Fig. 11. The higher injection case, p j / p0 1.05,
for which the � ow� eld has jumped across the critical point of bi-
furcation into the nearly steady-statecondition, is on the right-hand
side of Fig. 11. The predominant� ow� eld structureis similar in that
the underexpanded, counter� ow jet interacting with the oncoming
stream through the bow shock creates a recirculated � ow region.
This recirculationzone is three dimensionaland resembles the open
crater of a volcano or geyser. The forward motion of the counter-
� ow jet ceases immediately downstream of a Mach disk, reverses
its direction, and becomes a free shear layer over the recirculating
zone.The free sheer layer eventuallyreattachesto the hemispherical
cylinder. The reattachmentprocess triggers a series of compression
waves that coalesce into a ring shock.

The free shear layer and the recirculation zone possess multi-
ple in� ection points in velocity and mass � ow ( q u) pro� le, which
is inherently unstable with a rich content of frequency spectrum.
Meanwhile, the upstream pressure propagation is made possible
by the mostly subsonic recirculating region to close a feedback
loop through the local stagnation region downstream of the Mach
disk. The closed feedback loop is essential to amplify selectively
small perturbations to achieve a self-sustained oscillation. There-
fore, the frequencyspectrumof this oscillatorymotion is determined
by the characteristics of the free shear layer, the length dimension
of the subsonic conduit, and the local speed of sound. However, the
resonating oscillatory motion of the � ow� eld, including the shock
waves, will cease if the feedback loop is interrupted.

In Fig. 12, the Mach number contoursof the two cases across the
critical point of the bifurcation are given. Again, a snapshot of the
unsteadymotion is on the left-handside, and the steadymotion after
the jump is on the right-hand side of Fig. 12. For the lower injection
rate case, the recirculating zone beneath the free shear layer and
the subsonic region immediately downstream of the Mach disk are
completelyembeddedin the supersonic� ow� eld.The feedbackloop

Fig. 11 Particle trace of jet spike in plane of symmetry.

Fig. 12 Mach number contours of jet spike.



1164 SHANG ET AL.

from the unstable free shear layer to the Mach disk is, therefore,
closed. Any perturbation generated by the free shear layer must
propagate through the embedded subsonic domain to in� uence the
Mach disk formation. Any ampli� able frequency of the free-shear-
layer stability through the feedback loop is capable of achieving a
resonance.For the present investigation, two dominant and discrete
frequencies have been identi� ed at 100 and 440 Hz.

After an injection pressure exceeds the critical point of the bifur-
cation as shown in the right-hand side of Fig. 12, the supersonic jet
stream now separates the recirculating zone beneath the free shear
layer and the subsonic region immediatelydownstreamof the Mach
disk. Separationof the disturbancegeneratingsourceand the ampli-
� er effectivelycut off the feedbackmechanism.The oscillatory� ow
motion ceases, or at least is substantiallysubdued. This observation
is con� rmed by both experiment and computation.

The drag reductionby the counter� ow jet can be explainedin part
by the multiple shock-wave structure that reduced the entropy pro-
duction signi� cantly in contrast to a single enveloping bow shock
wave. The jet spike also creates a new displaced shape that is more
ef� cient in reducingthewavedragthan thebluntbody.Thedisplaced
shapes of the jet spike are shown in Fig. 13. In fact, the maximum
drag reduction is achieved consistently at the critical point of the
bifurcation. At this condition, the counter� ow jet attains the maxi-
mum penetration into the shock layer to produce the most slender
displacementcon� guration.However, the � ow� eld is unsteadywith
a large magnitude aerodynamic � uctuation.

The calculated pressure distribution on the hemispherical cylin-
der in terms of the pressure coef� cient Cp is presented in Fig. 14.
Again the C p distributionswere calculatedfor the tunnel stagnation
pressure of 0.689 103 kPa (100 psi). Because there are no avail-
able data for the purposeof validation,the C p distributionsare given
in consecutive discretized nodes on the body surface. It is clearly
exhibited that the surface pressure reaches the second peak at the
free shear reattachment.The local maximum is decreasing with the
increasing injection pressure. The lower attachment pressure level

Fig. 13 Displacement shape de� ned by jet interaction.

Fig. 14 Pressure distribution on the body surface.

re� ects a decreasing total drag measurement, as observed in the
experiments.

VII. Conclusions
A shock bifurcation of the counter� ow jet and shock-wave in-

teraction has been discovered by the presented experiment. This
phenomenon de� ned the dynamic range of a feedback resonance
between the free-shear-layer instability and the Mach disk of this
� ow� eld.

The jet-spike bifurcation experiment reveals a critical state for
oscillatory � uid motion. The control parameter is the stagnation
pressure ratio between the oncoming stream and the counter� ow
jet. At lower injection pressures,a self-sustainedoscillatorymotion
is maintained by a feedback loop between the free shear layer over
the recirculating zone surrounding the jet spike and the Mach disk.
When the counter� ow jet is generated by a suf� ciently high stagna-
tion pressure, a supersonicstream separates the embedded subsonic
domain to break down the feedback loop, resonance ceases, and
returns to a steady motion.

The critical point of bifurcationscan be quanti� ed by the stagna-
tion pressure ratio between tunnel and the counter� ow jet. For the
cases tested, the critical point varies from a value of 0.80 at higher
tunnel stagnation pressures to a value of 1.05 at the lowest tunnel
stagnation pressure tested.

The drag reductionfor the hemisphericalcylinderat a Mach num-
ber of 5.8, using a cold counter�ow jet, will reach a minimum at
the bifurcationthen rise sharply.The maximum drag reductionnear
the bifurcation has an oscillatory value as high as 40%. However,
for the tested conditions, the drag reduction varies from 30 to 40%,
dependingon the operatingstagnationpressure.The drag force after
an initial rise at the critical point continuously decreases with in-
creasinginjectionpressureunderthe presentconditions.The present
� nding suggests a rigorous reexamination of drag reduction proce-
dures using plasma injection techniques.
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