ATAA JOURNAL
Vol. 42, No. 1, January 2004

Driving Mechanisms of High-Speed Unsteady
Spiked Body Flows, Part 1: Pulsation Mode

Daniel Feszty,” Ken J. Badcock, and Bryan E. Richards*
University of Glasgow, Glasgow, Scotland G12 8QQ, United Kingdom

The driving mechanism of the unsteady flow mode pulsation arising over axisymmetric spiked bodies has
been analyzed by using computational fluid dynamics as a tool. Laminar, axisymmetric flow at Mach 2.21 and
Reynolds number (based on the blunt-body diameter) of 0.12 x 10° was simulated by a spatially and temporally
second-order-accurate finite volume method. The model geometry was a forward facing cylinder of diameter D
equipped with a spike of length L/D =1.00. After reviewing previous pulsation hypotheses, the numerical results
were analyzed in detail. A new driving mechanism was proposed, its main features being the creation of a vortical
region in the vicinity of the foreshock-aftershock intersection causing mass influx into the dead-air region, the
existence of supersonic flow within the dead-air region, the liftoff of the shear layer from the spike tip, and the
collision of the recirculated and penetrating flows within the expanded separated region.

Nomenclature
a = nondimensionalspeed of sound a*/u’,
D = nondimensionalblunt-body diameter D*/ D*
d = diameter of the location of pressure measurement points
L = nondimensionalspike length L*/D*
M = Mach number
p = nondimensionalpressure p*/p* u*?
pr» = nondimensionalpitot pressure
p1 = nondimensionalstatic pressure
Re = Reynolds number based on blunt-body diameter
Sr = Strouhal number, f*u} /D*
t = nondimensionaltime t*(u /D*)
v = nondimensionalvelocity u*/u},
o = angleof incidence, deg
B = shockangle, deg
Ap = pressure amplitude

Subscripts and Superscripts

freestream values
dimensional quantities

o0
* =

Introduction

IGH-SPEED spiked body flows or flows similar to them can

appear in a variety of aerospace applications, such as axisym-
metric jet inlets with conical centrebody,? ballistic missile drag
reduction by spike,>~® plasma or hot-gas injection,’ parachutes for
pilot-ejection capsules’® or the ablation phenomenology associ-
ated with reentry problems.!%!! It is well known that both steady
and unsteady flows can appearover spiked body geometries depend-
ing on the spike length and the applied flow conditions. Although
it was initially thought that the unsteady flow can occur in only
one particular form,>~ it was soon found that in fact two very dis-
tinct unsteady flow modes can exist: oscillation and pulsation (with
the terminology after Kabelitz!2). Oscillation was characterized by
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a change in the shape of the foreshock as it oscillates between a
convex and a concave shape (Fig. 1a), whereas pulsation exhibits
a somewhat more dramatic excursion between two very different
shock envelopes (Fig. 1b).

The boundaries of the possible flow modes have been satisfac-
torily mapped for engineering purposes,'*~!> and it became well
known that pulsation is typical of shorter spike lengths (between
L/D =0.2 and 1.5 for the particular geometry of this study) and
oscillation of medium ones (from L/D = 1.5 to 2.5), whereas the
flow becomes steady outside these ranges, that is, at very short or
very long spikes. The driving mechanisms of the instabilities were
also investigated by experimental means®>->~18; however, the var-
ious theories and hypotheses put forward are diverse with insuffi-
cient supporting evidence from the experiments. This is because of
the difficulty of obtaining data from the flowfield at the high-speed
freestreams considered (typically between Mach 2 and 10) and also
becauseof the high frequency of the events (1000-7500 Hz) (Refs. 5
and 15).

Although computational fluid dynamics (CFD) can offer an al-
ternative way of obtaining more data required for the analysis, it
has not been utilized in detail for this purpose.®!*? The objec-
tive of the present work was therefore to use CFD as a tool for the
detailed investigation of the driving mechanisms of high-speed un-
steady spiked body flows. Although a brief review of the overall
research program, including the descriptions of pulsation, oscilla-
tion, and the transition between them, have been given in Ref. 21,
the present paper will focus on the detailed analysis of the pulsation
flow mode only.

Pulsation Theories

Various hypotheses have been suggested for the driving mecha-
nismof pulsationin the past.>31~17 The first researcherdealing with
this instability,althoughtermingit as “oscillation,”was Mairin 1952
(Ref. 3). Mair could not explain the origin of the unsteadiness,but he
recognized the coexistenceof a collapsing and a growing bow wave
along the spike and also gave a thorough description of a complete
cycle of pulsation. His most interesting finding concerned the obser-
vation of a vortex sheet at the intersection of the oblique foreshock
and the normal bow wave in front of the blunt body and that of short
duration high-speed expansion regions within the dead-air region.

In 1960 Maull’ suggested that pulsation was driven by the pres-
sure imbalance arising at the weak-shock/strong-shockintersection
at the cylinder face, causing mass reversal into the conical dead-air
region and leading to its inflation. He also observed the formation
of the vortex sheet.

Antonovetal.!® showed by using standardshock relationsthat the
pressure behind the normal bow wave (p; in region C, Fig. 2) was
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Fig. 1 Flow modes: a) oscillation and b) pulsation.

Fig. 2 Explanation of the
pulsationmode according to
Antonov et al.1®

actually smaller than that in region B (p; in Fig. 2), and hence the
mass influx into the dead-airregion could not originate from region
C, as suggested by Maull, but from region A behind the conical
foreshock instead.

This idea was confirmed independently by Panaras,'” who came
up with probably the most original idea on the explanation of the
flow reversal in pulsating flows: based on Edney’s type IV shock
envelope?? (Fig. 3) he argued that a small supersonic jet curved
toward the body axis will direct the flow from the region behind
the conical foreshock into the dead-air region. He justified the su-
personic nature of the jet by using quasi-steady shock hodographs,
which were later modified by Kenworthy'® to account for dynamic
effects. Accordingto these results, the flow should always be super-
sonic in region B (Fig. 2), regardless the freestream velocity.

Self-Sustained Oscillatory Flows

Unsteady spiked body flows can be put into context as a type
of self-sustained oscillatory flows, according to the definition of
Rockwell and Naudascher?® These highly organized oscillatory
flows, which include instabilities such as cavity flows, jet-edge, jet-
cylinderor jet-flap interactionsetc., are sustained through a series of
interacting events such as the production of organized disturbances
at impingement; the feedback, or upstream propagation, of these
disturbances from the impingementregion to the area of separation
of the free shear layer; the inducement of localized vorticity fluc-
tuations at the separation caused by the arriving perturbations; and
the amplification of these vorticity fluctuationsin the shear layer be-
tween separation and impingement. Although all self-sustained os-
cillatory flows must incorporate these fundamental events, the flow
features through which they are realized can differ for the various
self-sustainedoscillatioryflows. The identification of these elements
in the unsteady spiked body flow of pulsation will also be the task
of the present work.

Test Case

The test case to be analyzed was chosen from the experimen-
tal work of Kenworthy."> The model geometry was a forward-
facing cylinder equipped with a spike of the length of L/D =1.00
(Fig. 4). The freestream flow conditions were Mach 2.21 and
Re=10.12 x 10°. The flow was axisymmetric at zero angle of inci-
dence. There were two pressure transducers placed at a diameter of
D /2 on the face of the cylinderin the experiment, and the pressure
was recorded at these points.

a)

b)

Fig. 3 Similarity between a) Edney’s type IV shock formation*? and
b) the flowfield corresponding to the pulsation flow mode.!”

pressure probe point

D2
D

Fig. 4 Model geometry.

CFD Approach

Grid Generation

Because of the axisymmetry of the examined configuration, it
was sufficient to model the body geometry in the two-dimensional
plane. A structured, multiblock grid was generated, consisting of
160,000 cells in nine blocks. The first spacings near the wall (in
both streamwise and cross-sectional directions) were of the value
of 1.5 x 10~ x D. This grid will be referred to as the fine grid
throughoutthis paper.

Numerical Method

The Parallel Multi-Block (PMB) code?* was used for the numer-
ical simulations. This is a generic CFD code developed at the Uni-
versity of Glasgow, employing a second-order cell-centered finite
volume discretizationmethod to solve the Navier-Stokes equations
in two-dimensional, axisymmetric or three-dimensionalfashion. In
the present work, axisymmetric simulations were only performed,
considering laminar flow conditions in the entire flowfield. Roe’s
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scheme, involving Harten’s entropy fix>® with MUSCL variable in-
terpolation, was used to discretize the convective terms and central
differencingfor the diffusiveones, yieldinga spatially second-order-
accurate discretization scheme. Steady-state calculations proceed
in two phases: the freestream starting solution is initially smoothed
using an explicit scheme, and then an implicit scheme is employed
to obtain rapid convergence. The linear system arising at each im-
plicittime step is solved by using the generalizedconjugate gradient
method along with a BILU(O) factorisationas a preconditioner. An
important feature of the code is the use of approximate Jacobian
matrices for the left-hand side of the linear system. The unsteady
part of the code is second-order accurate in time and employs an
implicit unfactored dual-time method.

Results Verification

Three levels of grid density were considered for the grid-
dependencetests. A medium and a coarse grid were extracted from
the original fine mesh by taking every second and every fourth point
in each direction, respectively. The result of this test is shown in
Fig. 5, from which it can be seen that the three grid levels yield com-
parable time periods and pressure amplitudes. However, the coarse
grid seems to miss some importantfeatures, such as the existence of
a pressure plateau, the sharp pressure minima, and secondary peaks
on the ascending and descending parts of the curve. The medium-
and the fine-grid results show quite good similarity in these terms,
and hence the medium grid appears sufficient.

The real time-step influence was also tested by decreasing the
original, 0.0125, value by factors of 5 and 10, which comparison
gavenearly identical pressurehistories. Hence, the largestallowable
time step can be considered for further analysis.

Results Validation

The computational results were validated in terms of the time-
averaged pressure amplitudes Ap, the time-averaged Strouhal num-
bers Sr, the characteristicshape of the pressure traces and the shock
envelope histories.

The evaluation of the time-averaged characteristics is given in
Table 1, showing good agreement between experimentand CFD for
both the pressure amplitude and the Strouhal number.

The characteristic shape of the pressure history, featuring a typ-
ical pressure plateau,’’ was also well captured by the numerical
method and compares well with the sample curve available from
the experiment (Fig. 6).

The experimental and numerical shock envelope histories are
shown in Fig. 7. Note that the CFD results are presented in terms

Table1l Comparison of the time averaged characteristics

Method Ap S,
Experiment!’ 1.1909 0.1725
CFD 1.1136 01727
T T : -
14 coarse grid -------- |
. medium grid ———

fine grid -—--

non-dimensionalised pressure [1]
o
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Fig. 5 Grid-dependence test results.
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Fig. 6 Comparison of the numerical and experimental pressure histo-
ries recorded on the cylinder face at the diameter of d =D/2.

of density isolines to allow comparison with the density gradients
captured in the schlieren pictures. The time positioning of the CFD
frames is indicated on the pressure trace of Fig. 6. In general, the
agreement between the frames was found to be very good. The only
discrepancies were observed in the extent of the expanding fore-
shock. In the experiment the foreshock remained attached to the
spike tip at all times, whereas in CFD it is seen detached in frames
A, I, and J (Figs. 6a, 6i, and 6j). However, as other flow features,
such as the location of the foreshock-aftershockintersection or the
general shape of the shock waves show good agreement with the
experiment, it was concluded that the numerical results provide a
credible account of the events occurring during pulsation and that
they are well suited for further analysis.

Flow Conditions Behind Unsteady Shock Waves

To enable the analytical evaluation of the flow conditions dur-
ing pulsation, exhibiting complex movements of shock waves, the
following methodology has been developed.

Consider a flowfield characterised by a freestream Mach number
of My, > 1 and a normal shock wave moving downstream along the
x axis with the velocity of v, (Fig. 8).

Such flow can be interpretedin a co-ordinatesystem moving with
a speed of v, and featuring a standing shock wave. Then, the shock
wave will be exposed not to the freestream Mach number M, but
instead to an effective one, M, :

Me:Moo_Ux/aoo :Moo_Mxoo (1)

This means that the flow Mach number upstream of the wave will be
less than the actual freestream Mach number. Using standard shock
relations,? the Mach numberdownstreamof the moving shock wave

M, can be evaluated as
M?2+5
M, = | ———" 2
) ,/7M3_1 @)

Note that this value is determined from M., and as such it represents
the Mach number behind the shock wave, relative to the shock wave.
To obtain the absolute Mach number M,,, which is relative to a
stationary point A (Fig. 8), M, has to be increased by v,. However,
because of the speed of sound a, being different behind the shock
wave than the one in the freestreama.,, M,, behind the shock wave
will also be different from M, in front of it. M,, should then be
evaluated as

Myp = M + v fay = My + M (3)

where a, could be obtained from the following relation®® (note that
a, is based on the conditions correspondingto M, and not M, ):

a2 (TM2 —1) (M2 +5)
i 36M? @

S
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Fig. 7 Comparison of the schlieren pictures of Ref. 15 and the density isolines from the CFD for the frames indicated in Fig. 6.

Fig. 8 Schematic of a moving normal shock wave.

Method of Analysis

The complexity of the flowfield dictates that for the purpose of
analyzing the pulsation driving mechanism the number of frames
per cycle used should be substantially larger than 10, the number
typical for the experiments.!>16-18 Therefore, from the CFD simula-
tion 30 frames per cycle were used with three differenttypes of flow
visualizationspresented simultaneously:the Mach-numberisolines,
which can reveal shear layers and boundary-layer separations; an

array of 10 instantaneous streamlines (numbered from the closest
to the body axis outward), which also represent the local instan-
taneous flow-path directions and which are shown superimposed
on the Mach contour plots, and pressure isolines, which enable the
identification of shock waves and vortices. Extra streamlines and
detailed vector plots are also shown when necessary to explain in-
teresting phenomena.

Analysis of CFD Results

The sequence of 30 flow-visualizationframes is shown in Fig. 9.
The nondimensional time difference between each of these frames
was Ar = 0.2, with the pointtimingof the framesindicatedin Fig. 10.

To identify the dominant movements of the shock system and to
allow analytical evaluations, a reference point relating to the shock
envelope was selected. Following Zapriagaev and Mironov,'® the
triple point(correspondingto the foreshock-aftershod intersection)
proved to be the best choice for this purpose, because this incorpo-
rates both the longitudinalmovement as well as the lateralexpansion
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of the bow wave. The position of this reference point in time was
tracked and plotted in Fig. 11a, while the temporal variation of the
foreshock angle at the triple point was evaluated in Fig. 11b. The
origin of the coordinate system for these plots was set to the center
of the afterbody face. The triple point was monitored only while
in the region of interest, that is, in front of the cylinder face. For
some of the cycle, there were two triple points present, one in the
collapsing shock system and another in the growing one. After the
two merged, the second triple point disappeared.

Based on these graphs and the frame sequence, it was found
useful to divide the pulsationcycle into three main sections (with the
frame numbers from Fig. 9): 1) collapse (frames 1-9), for which the
rapid horizontal movement of the reference point is characteristic;
2) inflation (frames 10-20), for which the fast lateral movement of

Frame 1

Frame 2

Frame 3 :: ¢
KU

Frame 4

Frame 5

Frame 6

Frame 7

the foreshock-aftershod intersectionis dominant; and 3) withhold
(frames 21-30), during which the expanded foreshock is almost
stationary.

Because of the numerous flow features emerging and dispers-
ing during these events, flow schematics helping their identification
were created in Figs. 12-15 in which shock waves were noted as
W, separated regions as P, shear layers as L, and vortical regions as
V. They were numbered in the order of their appearance duing the
pulsation cycle.

Process of Collapse: Frames 1-9

In frame 1 (Fig. 9) bow wave W2 (Fig. 12) has already accom-
plishedits expansionand starts to migrate toward the afterbody. The
minimum pressureon the cylinderface has justbeen passed (Fig. 10)

Frame 8
Frame 9
Frame 10
Frame 11
Frame 12
Frame 13 = N =
Frame 14

Fig. 9 Pulsation at Mach 2.21, L/D =1.00. Shown are the Mach isolines superimposed with instantaneous streamlines (left column) and the pressure

isolines (right column).
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Frame 15

Frame 16

Frame 17

Frame 18

Frame 19

Frame 20

Frame 21

Frame 29

Frame 30

Fig. 9 Pulsation at Mach 2.21, L/D =1.00. Shown are the Mach isolines superimposed with instantaneous streamlines (left column) and the pressure
isolines (right column) (continued).
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Fig. 10 Pressure history at the cylinder face (d=D/2) for the Mach
2.21 pulsation case.
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Fig. 11 Variation of a) the triple point location and b) the foreshock

angle during pulsation with the frame numbers indicated.
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w1 w3

and begins to rise as shock W2 moves downstream. As the most for-
ward portionof the spike becomesexposedto supersonicfreestream,
an oblique conical foreshock W1 will emanate from the spike tip.
This intersectsbow wave W2. The angle of W1 is 33 deg (Fig. 11b),
which is basically the value expected for a 15-deg semivertex cone
angle? represented by the spike tip. The flow behind W1 is super-
sonic and is decelerated through another oblique shock wave W3,
emanating from the triple point T1 to comply with the subsonic flow
behind W2. As this oblique wave interacts with the boundary layer
on the spike, a separated region P1 is formed. The first sign of this
is visible in frame 1 and is further developed in frame 2.

The speed of the collapsing bow wave appears to be very nearly
constantbetween frames 1-9 (Fig. 11a), and it can be determined as

v, = (Xg —x1)/(ty — ;) = 0.3335

According to Eq. (2), M, ., will be 0.737, and the effective Mach
number acting on shock W2

M, =M, — M, =221-0.737=1.473

Using Eq. (2), M, (based on M,) can be evaluated as M, =0.711.
This is the relative Mach number behind the shock wave. The

w2

RESIDUAL OF
VORTICAL REGION V1

Fig. 13 Scheme of the shock system during the final phase of collapse
and initial phase of inflation (based on frames 10/11).

RESIDUAL OF
VORTICAL REGION V1

Fig. 14 Scheme of the shock system during the late phase of inflation
and initial phase of withhold (based on frames 18/19).

VORTCAL
|/ REGION V1

a)

b)

Fig. 12 Scheme of the shock system during collapse (based on frames 3/4).
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RECIRCU-
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Fig. 15 Scheme of the shock system during the late phase of withold
and initial phase of collapse (based on frames 24/26).

X/ PRI

Fig. 16 Vector plot detail and pressure isolines for frame 3 from Fig. 9,
Mach 2.21 freestream (every second vector shown only).

absolute Mach number relative to the body can then be obtained
from Egs. (3) and (4) as

My, = My + M, = 0.711 + 0.646 = 1.357

This agrees well with the value predicted by the numerical simula-
tion, and it means that although the afterbody is in the wake of a
normal wave it is still exposed to a supersonic stream. Hence, a new
normal shock W5 is created in front of the cylinder face, which first
signis visiblein frame 1 (Fig. 9). This new bow wave interacts with
the boundary layer on the spike and creates another separation P2.
The first (i.e., lowest) shown streamline entering the shock system
is seen to be reversed by the cylinder face resulting in separation
point P2 being induced forward (frame 2).

By frame 2 separationregion P1 has grown downstream, tracking
the collapsing bow wave. P2, on the other hand, has moved farther
forward ahead of the growing bow wave W5, generating a weak
obliqueshock W4. As W4 intersectsW5, anothertriple shock system
similar to the one at the spike tip is formed (T2, W6). In frames 3
and 4 the two separated regions P1 and P2 gradually grow and
move closer to each other while the secondary triple shock system
becomes more clearly developed.

As aconsequenceof this, ashearlayerL1 is formed on the bound-
ary of separation zone P2 and the supersonic region behind shock
wave W4 (Fig. 12 and frame 2). Assuming a zero pressure gradi-
ent through the shear layer, dp/dy =0, the pressures in these two
regions will be equal and relatively low (p, = pp; see Fig. 12b).
However, the pressure behind shock W6 (pc) will be high because

it will tend to equal the high pressurearising behind the normal wave
W5 (pg = pc). Thus, the pressure imbalance between p¢ and pp
will lead to a strong favorable pressure gradient of clockwise direc-
tion into the separation zone. As this flow is immediately reversed
through shear layer L1 (Fig. 16), a significant vortical region V1 is
formed at the bottom of shock W6. The vorticalregioncanbe clearly
recognizedin the pressure plot of frame 3, characterizedby concen-
tric, nearly circular isolines and a low pressure in the center. This is
the vortex sheet observed by Mair,> Maull,> and Ferri and Nucci®’
and is the key to the pulsation driving mechanism. It can also be
identified as the fundamental element of the self-sustained oscilla-
tory flow representing the organized disturbance at impingement2?
In accordance with the experimental observation, this vortical re-
gion exists for a very short period of time only, approximately %th
of the instability cycle.

The primary effect of the vorticalregion V1 is the flow reversal of
the lowest streamlines,suchas streamline 1, into the separationzone,
from where it reversesand reentersthe supersoniczone (behind fore-
shock W4) through shear layer L1. The filling effect intensifies with
time as the nextintroduced streamlinebecomes involved in this pro-
cess in frame 4. The introduced streamlines outside these, although
being deflected downward from their original direction, reach the
face at an angle larger than zero and hence eventually flow outward.

The pressure gradientcreated by V1 also affects the spike bound-
ary layer. The clockwise pressure gradient is in fact a favorable
gradienton the downstream side of V1, thinning the boundary layer
there (see the vector plot detail of frame 3, Fig. 16). However, it
creates an adverse pressure gradienton the upstream side of vortex
V1, resulting in a thickening effect and eventually the separation
of the boundary layer there (Fig. 16). Thus, a new separatedregion
P3 of reverse direction to P1 and P2 and embedded in the latter one
appearsjustin frontof V1 (see Fig. 12 and frame 2). It will be shown
later that P3 is maintained and grows for almost the entire pulsation
cycle and, similar to the vortical region V1, is a key to the driving
mechanism of pulsation.

By frames 4 and 5 the primary shock system, W1-W2-W3,is seen
to continue its migration downstream as the secondary one, W4-
W5-W6, gradually strengthens. This leads to the growth of vortical
region V1 and the enlargementof separated region P3. Note that the
position of P3 remains stationary and connected to V1.

By frames 6 and 7 separation regions P1 and P2 merge to form
an enlarged region that we will call P1 with a resultant merged
shear layer L2 (Fig. 13). This event creates an enlargened zone for
the reversed high pressure flow to fill. The separation point of P1
remains stationary during this period until frame 7. The induced
flowfield of the vortical region and associated pressure gradient is
sufficient for the reversed flow to achieve supersonic speeds locally
(around Mach 2). This is the explanation of the strong expansion
region captured by Mair® in 1952.

Also during this period the angle of W1 drops rapidly from 33 to
27 deg (frames 5,6,7 in Fig. 11b). This is caused by the expansion
waves emanating from the spike tip shoulder weakening the fore-
shock. The shock wave angle of 27 deg corresponds to the Mach
line at the Mach 2.21 freestream?® The flow thus has zero deflec-
tion through the oblique shock wave W1, which is indeed the case
in flow visualization frames 5, 6, and 7.

By frame 8 the secondary foreshock (W4) has almost disappeared
as the growing shock system starts to merge with the collapsing one.
Althoughthe vortical region remains active and continues to reverse
the flow in the separation zone, this process no longer involves flow
originating directly from the freestream.

This important finding means that the whole of the forthcom-
ing inflation of the dead-air region is not caused by a mass influx,
as previously thought, but because of the expansion of the high-
pressure gas (generally above p,,; see Fig. 10) already trapped in
this zone. Thus, the hypotheses of Antonov et al.,'¢ Panaras,'” and
Kenworthy" regarding the continuous filling of the separation re-
gionthroughoutthe entire durationof inflation, for example, through
Edney’s jet, has to be reformulated according to these new findings.

At this stage the very first point of separation zone P1 has still
not advanced, and the reversed flow is impeded by the oncoming
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pressure wave associated with the first triple shock. In frame 9 the
two bow waves merge. The position where they meet correspondsto
the shock-detachmentdistance of the blunt body in the freestream.
This is explained by the collapsing bow shock (W1) becoming suf-
ficiently weak to have little effect on the flowfield at this stage. Thus
the growing bow shock (W5) is then fully exposed to freestream
conditions.

The most important feature of frame 9, however, concerns the
behavior of the vortical region itself. The oncoming pressure wave
passes through the region to leave a strong favorable upstream pres-
sure gradient. This process can be closely observed in the vector
plots of Figs. 17 and 18, showing also how separationregion P3 is
affected. With the sudden lack of the adverse pressure gradient, the
fluid within the boundary layer is now accelerated in the upstream
direction, slowing the flow reversal.

The axial velocity of the triple point becomes suddenly very
small at this moment (v, =0, and thus M., = M, =0, as shown
in Fig. 11a), which leads to an instant drop of the Mach number be-
hind the shock wave from supersonic, M = 1.473,to a fully subsonic
value. Another interpretation of this situation is that the resulting
normal shock adopts a position as though it were the growing bow
wave.

Note that by frame 9 the most forward separation point P1 fi-
nally starts to move forward toward the spike tip. This is associated
with the maximum pressure recorded at the cylinder face (Fig. 10),
which maximizes the flow escape to forward within the dead-air
region.
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Fig. 17 Vector plot detail and pressure isolines for frame 8 from Fig. 9,
Mach 2.21 freestream (every second vector shown only).
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Fig. 18 Vector plot detail and pressure isolines for frame 9 from Fig. 9,
Mach 2.21 freestream (every second vector shown only).

Process of Inflation: Frames 10-20

Frame 10 shows the beginning of the lateral expansion of the
foreshock. The lowest part of shock W3 has just reached its most
rearward position because of the dynamics of the collapse.

This unique shape means that W3 will act as a weak oblique
shock on the lowest streamlines involved in the recirculation (see
the sketch in Fig. 13), and thus a supersonic pocket characterized
by Mach numbers around 1.2 will appear behind shock W3 for a
short period of time (frame 10 only). This zone was fully subsonic
before. The pressure field of the residual of vortical region V1 starts
to enlarge and weaken as the high-pressure gas accumulated at the
cylinder face (the pressurereaches its maximumin frames 9 and 10)
escapes upstream with supersonic speeds. This is the only possible
path of flow as the direction of the pressure field does not allow
any other solution. The growing region of the pressure gradient will
also move separation point P3 upstream, which, as a result of this
effect, will alter to a locally thickened boundary layer. This causes
the highly accelerated flow represented by Mach numbers as high
as 2 to be channelled over it through a weak oblique shock W7
(Fig. 13), which is apparent from the pressure isolines of frame 10.
This in turn interacts with the locally thickened boundary layer and
separates it again (see the vector plot of frame 10, Fig. 19). This
is an important feature because although P3 will play a role later it
could have disappeared without the revitalizing effect of W7.

As the recirculated gas reenters the supersonic region behind W1
through shear layer L2, it collides with the flow originating from
the freestream. This results in the flow being recirculated again and
reenergized by the outer flow. This effect is visualized in frame 12
by introducing an additional streamline originated near the bottom
part of shock W3.

This demonstrates that the expansion process is internally fed,
rather than originating from outside. It means that the resulting flow
recirculationenables the high-pressuregas accumulatedat the cylin-
der face during the collapse to expand upstream into the separation
zone. As a consequence of this, separation point P1 advances from
the spike shoulder toward the tip. The shear layer originating from
it (L2) seems however to keep the same angle relative to the spike
surface, so that when the spike tip shoulder is passed (frame 11) a
break in the shape of the shear layer appears.

It is interesting to examine the angle of the foreshock at the
triple point at this time instant. It takes on a value of 20 deg
(Fig. 11b), which could not exist normally in a freestream of Mach
2.21 (Ref. 26). The Mach angle at this speed is 27 deg, which sug-
gests that another factor has to be taken into account. According to
Fig. 11b, the sudden drop from 27 to 20 deg happens at frame 11,
and this is the value preserved then through the next four frames.
These correspond to the period when the triple point starts to move
laterally outward.

By adding the Mach number arising from the lateral movement
to that of the freestream flow, a new resultant flow can be obtained,
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Fig. 19 Vector plotdetail and pressure isolines for frame 10 from Fig. 9,
Mach 2.21 freestream (every second vector shown only).
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which Mach number will be

M, = /M2 + M2 =228

acting at an angle of « = 14.1 deg. Now, the effective angle between
the foreshock and the resultant flow will be

Be = B+ a =20deg+ 14.1 deg = 34.1 deg

These conditions (upstream Mach number 2.28, shock angle
34.1 deg) resultin a Mach number behind the foreshock of 1.89 and
adeflection of 10.2 deg, which are again in good agreement with the
CFD results, yielding 1.92 for the Mach number and 10.1 deg for the
deflection. (Note that the deflectionis measured from the freestream
direction.) This analysis confirms Kenworthy’s suggestion'® that
shock systems during the pulsation mode should be considered as
unsteady instead of quasi-steady.

By frames 11 and 12 separation point P1 reaches the spike tip,
and the recirculationzone starts to expand laterally. This will have a
dual effect. First, the cross-sectionalarea at P3 will increase,leading
to the disappearance of shock W7 (frames 11 and 12). Second, the
angle of foreshock W1 near the spike tip will also grow, and thus W1
itself will strengthen (frames 13 and 14). This will yield an increase
in the pressure behind the shock so the recirculated supersonic flow
has to be decelerated to these conditions before reentering shear
layer L2. Hence, an internal normal bow wave W8 is generated in
the vicinity of the spike tip shoulder (frames 11 and 12 and also
Fig. 13), and as it interacts with the boundary layer yet another
separation P4; embedded in the recirculation zone, occurs.

Frame 13 marks the first time instant of foreshock W1 becoming
normal near the center line as it detaches from the spike tip. This
means the creation of a sizeable high-pressure region behind this
bow wave, causing shear layer L2 to be lifted off from the spike
tip. The first introduced streamline is thus able to penetrate more
deeply below the separation zone, absorbing P4 and even reaching
the location of the other internal separated region P3 (the resultant
of the two will be called as P3) and creating another shear layer L3
originating from it (frames 13-16 and Fig. 14). It is interesting to
follow the path of this streamline: it enters the recirculation region
viashearlayerL3, turnsback to adirectionoppositeto the freestream
(see the vector plot detail of frame 14 in Fig. 20), then enters the
supersonic flowfield behind the oblique portion of W1 through the
internal normal wave W8, and finally passes the afterbody shoulder
via the triple shock system. Also note that as shear layer L2 moves
away from the center, the triple point is gradually displaced in the
lateral direction.

By frame 17 the second introduced streamline joins the first one
in passing below the newly formed shear layer L3. A high-pressure
pocket can be observed at around the half spike length (or the lo-
cation of the separation point of P3), which appears as a result of
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Fig. 20 Vector plotdetail and pressure isolines for frame 14 from Fig. 9,
Mach 2.21 freestream (every second vector shown only).
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Fig. 21 Vector plotdetail and pressure isolines for frame 19 from Fig. 9,
Mach 2.21 freestream (every second vector shown only).

the collision of the penetrating and recirculating streams as they are
almost broughtto a standstill there. The first sign of the pocket actu-
ally appears two frames earlier, on frame 15, and it gradually grows
until frame 22. Because it is created in a relatively low-pressure en-
vironment,it will be surroundedby a curved shock wave W9 (frames
17-20 and Fig. 14). The collision of the flows is well illustrated in
the vector plot detail of frame 19, Fig. 21.

Another interesting feature apparent from this figure is the effect
of shock W8 on the penetrating flow. Because shock W8 determines
the direction of the pressure gradientlocally (high to low in a down-
stream direction), the same gradient will act as an expansionray on
the penetrating flow as well. Hence, it will experience an expansion
from high pressure to low pressure, strong enough to accelerateit to
supersonic speed (Mach 1.8) before colliding with the recirculated
flow (frame 19).

By frames 18-20 the number of the introduced streamlines par-
ticipating in this penetration process increases to three, causing a
continuing liftoff of shear layer L3. Shock W8 moves downstream,
rotates and also moves radially outward because of the high pressure
behind the expanded foreshock W1 and also because of the shifting
shearlayer L3. Italso weakens with little evidenceof it by frame 24.

For a short period of time (frames 19-21), an oblique wave W10
appears in front of the high-pressure pocket, because separation
region P3 has been so enlargened that it will dictate large flow
deflections.

The preceding observations are original in that sense that they re-
veal a new path for the flow entering the recirculationzone through
the expanded bow wave. Although previous researchers'>~!7 be-
lieved that this flow reaches the afterbody face in a straightforward
manner before passing the cylinder shoulder, it has been shown in
the present work thatit is actually turned back against the freestream
via shearlayerL3 to enter the supersonicconical flow region behind
the expanded foreshock before passing the afterbody shoulder. The
more flow becomes involved in this process, the larger the normal
portion of the foreshock becomes (frames 18-22). This enables the
volume dominated by high-pressure gas (generated by the normal
shock) to greatly grow in the vicinity of the spike tip.

Withhold: Frames 21-30

Frames 21 and 22 mark the most forward position of bow wave
W1, and even when it starts to move downstream in frame 23 it
continues to expand laterally (frames 23-25). This justifies the use
of term “withold” for this section. During this process, shock W1
transforms from a combined normal and oblique shock to a predom-
inantly normal bow wave (frames 25-30).

The withhold and the actual lateral expansion occurs because of
the equilibrium between the high-pressure zone behind foreshock
W1 and the low-pressure recirculation zone. These two are sepa-
rated by shock wave W9 (frames 23-25); however, because of the
liftoff of the primary shear layer L2 the size of the high-pressure
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Fig. 22 Vector plot detail and pressure isolinesfor frame 22 from Fig.9,
Mach 2.21 freestream (every second vector shown only).
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Fig. 23  Vector plot detail and pressure isolines for frame 24 from Fig.9,
Mach 2.21 freestream (every second vector shown only).

subsonicregion will gradually grow until it prevails the effect of the
lower-pressure recirculation zone (frame 25). Hence, the expanded
shock system is seen to collapse in frames 25-30. It is true that for
a short time (frames 25 and 26) the mass influx into the collapsing
separation zone is renewed through as many as four of the intro-
duced streamlines; it is able only to delay the ongoing processes but
not to reverse them. When this feature disappears, the collapse sud-
denly accelerates, and a new cycle starts again in frame 30, which
is identical to frame 1.

An interesting feature of the withhold sectionis that anothertriple
shock system, the third during a single pulsation cycle, appears
inside the separation region. Its normal shock portion is formed
from the originally curved W9 shock, which has gradually opened
as the number of penetrating streamlines increased. By this, the
extent of the collision has also grown, which is well demonstrated
on the vector plot details of frames 22 and 24 (Figs. 22 and 23).
The deflection of the recirculated flow in these frames appear to
be nearly 90 deg, which would be a nonexistent solution from the
shock-wave theory.”® This further substantiates that W9 is a shock
wave indeed induced by only a need for a boundary between two
very different flow states.

In frame 27 the pressure on the face reaches its lowest point and
is then approximately equal to the freestream static pressure (see
Fig. 10).

Hypersonic Considerations
A similar simulation and analysis was performed for the
L/D=1.00 spiked cylinder at Mach 6.00, Re=0.13 x 10°

freestream t00.2%% It was found that the pulsation mechanism ap-
pearing in this case was identical to the one in the supersonic
freestream, apart from some small differences in the shape of the
shock envelope. These were caused by the increased freestream ve-
locity and meant a generally lower foreshock angle caused by the
higher freestream as well as the foreshock-aftershod intersection
lying closer to the afterbody. All of these effects resulted in a more
bell-like shape of the expanded foreshock. In general, however, the
just-described pulsation mechanism was found to be Mach-number
independent, valid for both supersonic and hypersonic freestreams.
For full details, see Ref. 29.

Conclusions

The driving mechanism of the pulsation flow mode arising over
axisymmetric spiked bodies has been analyzed by using CFD as a
tool. Previous pulsation hypotheses have been extended and mod-
ified by revealing a number of new key elements in the driving
mechanism. These concerned the creation of a vortical region at the
foreshock-aftershod intersection causing the filling of the dead-air
region, the liftoff of the shear layer from the spike tip once a bow
wave was created there, the penetration of the flow below the shear
layer until about the half spike length and its consequent turn back
against the freestream, and finally the existence of two different re-
gions during the withold and collapse of the expanded foreshock.
Other important observations regarded the duration of the mass in-
flux into the dead-air region: it was found to last only for the %
of the total time period of the pulsation cycle and meant that the
inflation of the shock system was caused by the expansion of this
nearly constant volume gas rather than by a continuous mass influx
as previously believed.

The vortex sheet can be understood as an organized disturbance
at impingement in the theory of self-sustained oscillatory flows,’
which also serves as the source for upstream propagating signals in
the dead-air region.
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