It is evident from the results in Fig. 4 that steady-state waves corresponding to the
first and third modes can exist in the boundary layer. As for the second mode, it under-
goes upstream attenuation by relaxation in the limit w - 0.
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FEATURES OF SEPARATED SUPERSONIC FLOW PULSATIONS
AHEAD OF A SPIKE-TIPPED CYLINDER

V. I. Zapryagaev and S. G. Mironov UDC 534.13:533.6.011.5

Use of a spike on a blunt body to decrease the aerodynamic resistance is limited by the
adverse effect of intense flow pulsations, which depend on the shape of the front end of the
body, the length of the spike, and the Mach number of the flow. Supersonic pulsation flow
around such configurations have been investigated [1-7]. The intensive pulsations are ex-
cited by autooscillations in the forward separation zone ahead of the end with the spike.

The autooscillation system has distributed parameters; modeling it mathematically is a
complex problem. The trend to construct simplified models makes it necessary to distinguish
the most important components of the system: the oscillation system itself, the element
which controls the input of energy into the system, feedback, and the energy source (the
high-velocity flow) which surrounds the separation zone [8]. Delineating the basic elements
of the autooscillation system requires detailed investigation, not only of the spectral and

correlation characteristics of the pulsations, but also the separate stages of the flow pat-
tern.

Experimental data on the magnitude and spectral composition of pressure pulsations on
a cylinder with a conical spike, which has a 20° half-angle, are presented in [7], along
with a preliminary discussion of the pulsation mechanism. Here we refine the description
of the pulsation mechanism on a cylinder with a spike. We also give experimental data on
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the character of the pulsations for a spike whose length has the same dimensions as the dis-
tance to the separated shock wave.

1. Experiments were conducted on a model, which was a cylinder of diameter D = 100 mm.
On the end of the cylinder was fastened a spike, which was a cylinder of diameter d with a
conical tip of half-angle 6 (d = 4 or 16 mm). The length of the spike was varied in dis-
crete steps in the range £ = /D = 0-1.5. Four piezometric transducers to measure the pulsa-
tion pressure were fastened on the end of the cylinder in a circle of diameter 0.76:D. The
tests were conducted with cold air at a zero angle of attack (T,, = 280 K) in a supersonic
wind tunnel [9] for flow Mach numbers M, = 2.0 and 3.0. The Reynolds number, obtained from
the incoming flow parameters and the cylinder diameter was Re, = (2.4-5.0)-10°. In order to
measure the statistical characteristics of the pressure pulsations, signals from the trans-
ducers were sent to a single-channel N067 recording magnetometer and processed later. The
nature of the shock-wave motion was determined by relating instantaneous photographs of the
flow field to measured pressure pulsations [10].

2. Intensive pulsations of the separation flow in the forward part of the cylinder
arise when the length of the spike is larger than the axial distance from the end of the
cylinder to the separated curvilinear shock wave in the absence of a spike. The ratio of
the root mean square value of the pressure pulsation py to the velocity head q, of the ex-
ternal flow lies in the range of 0.3-1.0. Data from [1] indicate that for M_ = 3.0, and
Re; = 7-10® m~' (Re; is the unit Reynolds number), the maximum py/q, = 0.82.

A series of peaks are observed in the frequency spectrum of the intense pressure pulsa-
tions [1, 7]. From our measurements, the Strouhal number of the basic frequency is described
satisfactorily by the empirical relationship

Sh = fl/ue = —0,112 4 0,381 — 0,07. (2.1

< 1.5 and M, =
10-45°. Similar

Equation (2.1) can be used with an accuracy up to 25Z in the range 0.4 <
2-3 for Re, = (2.4-3.3)+10° for an aperture half-angle at the spike of 9
values of the frequency are given in [4].

I =)

Measured correlation functions indicated in-phase pressure pulsations for all transduc-
ers on the end of the cylinder. The shape of the pressure pulsation oscillograms depend on
the shape of the spike tip and its length.
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3. Two pulsation regimes were noted in the observed pulsations in the forward separa-
tion zone on the body with the spike [5, 6]. These regimes have been called [7] mass dis-
sipation pulsations and acoustic oscillations. The first regime is realized for a short
spike; the second for a longer one. The term "acoustical oscillations" is taken to mean
oscillations whose mechanism is similar to the mechanism of pulsations in the streamlines
surrounded by the flow. The basis of the latter mechanism is the instability of the shear
layer above the streamlines. The feedback in this case is closed by means of the acoustic
waves which are propagated in the channel (see [11], for example). The criterion which de-
limits the pulsations between mass dissipation and acoustic, is given in [7]. The descrip-
tion in the literature of mass dissipation pulsations, as applied to a blunt body with a
spike, have not been developed fully enough to define a mathematical model. Therefore, at
this point we present a mechanism for mass dissipation pulsations for supersonic flow around
a cylinder with a sharp spike, whose main feature is the intensive mass transfer near the
outer boundary of the cylinder. In constructing this method, along with available experi-
mental data, we use the results of numerical calculations of a similar pulsation flow [2]
and an experimental investigation of the flow structure ahead of a two-dimensional step [12].

The schlieren photographs in Fig. la and the corresponding flow diagrams (Fig. 1b) for
various stages of the pulsations correspond to M, = 2.0, Re_, = 2.5-10%, d= d/D = 0.16, & =
0.65, and 6 = 10°. An oscillogram of the pressure pulsations p'{(t/T,) is presented in Fig.
2. The points 1-5 in the oscillogram correspond to the times in the photographs and the
flow diagrams. The root mean square of the deviation of the pulsation period from its aver-
age value reaches 5%, which gives the error in determining the actual stage at the moment
the photographs were taken.

We will start to examine the autooscillations at the time (t = 0) at which the minimum
pressure is recorded on the end of the cylinder. This stage corresponds to the maximum
withdrawal of the main shock wave W; from the end. The use of the term shock wave (and not
shock front) is dictated by the significant displacement velocity of the wave, which is ob-
served at separate moments of time. At t = 0, the shape of the shock wave is close to that
of a wave which forms for flow around a blunt body without a spike. However, this shock
wave is located farther from the end than is the case when there is no nose spike. The
shock wave is not displaced for this stage of pulsations. This distribution of the main
shock wave is explained by the fact that, at a given time, the stall zone plays the role
of the blunt body and the spike is surrounded by subsonic flow. In photo l, we can clearly
see the boundary separating the gas directly behind the shock wave and the turbulent gas
flowing into the vortex motion of the separation zone. In diagram 1, this separation line
starts from the point C;. The streamlines of the incoming flow, which pass through the wave
W,, are shown based on the assumption that a fluid contour, limited by these separating
stream lines, flows around them. A similar shock wave distribution relative to the body is
unstable, which is manifested by the evacuation of the separation zone. The separating
streamline, which comes to the point P, is constructed from the fact that vortex flow must
exist in the separation zone in front of the end [of the cylinder]. As the separation zone
decreases, part of the gas flows outwards, and part remains inside the separation zone.

For this pulsation stage, the outflow from the separation zone dominates some incoming
mass of gas, due to the mass transfer within the separation zone through the separating
streamline (shear layer), which starts from the point C;. The decrease in the gas mass in
the separation zone shifts the shock wave towards the end of the body. As a result, the
spike tip pokes through the shock wave W, (photo 2 and diagram 2). Here the spike tip is
surrounded by supersonic flow, which forms an attached conical shock front. This front,
which interacts with the wave W,, forms a triple configuration of shock fronts (T is the
intersection of the fronts in diagram 3). For a cone with 8 = 10° and a flow with M, = 2.0
[13], the inclination angle of the attached conical shock front is 31°.



In diagram 3 the inclination of the attached shock front is 52°, which corresponds to
flow with M = 2.0 around a cone with 8 = 35°, which corresponds to a fluid cone which
arises due to the flow separation near the spike tip. Diagram 3 shows the separating
stream line, which starts from the point C, and coincides with the outside of the flud cone.
Diagrams 2, 3, and 5 show the separation zones near the spike tip, which can be seen clearly
in the corresponding photographs.

When the main shock wave W, is shifted along the flow from the position shown in dia-
gram 1, supersonic flow starts to surround the spike tip. The pressure directly behind the
wave is equal to the pressure for a direct shock front p,, and the pressure at the nose
part of the spike p. is determined by the flow constriction in the conical attached shock
front Wg.:

P ipe = (2yM%sin® 0 —y + 1)/(y + 1) (3.1)

where w is the inclination angle of the shock front to the direction of the incoming flow
and y is the adiabatic index. For sharp cones the pressure increase is insignificant; for
example, for M = 2.0, 6 = 10°, and w = 31°, the pressure in the attached shock front is
Pe/Pe = 1.06. The positive pressure gradient which arises interacts through the region of
conical flow and leads to a separation of the laminar boundary layer at the tip of the cone.
The pressure drop, which causes a similar separation at the cone, is described by an empir-
ical formula [14] as pe/py = 0.65 + 0.72'M;. In the case of a sharp spike, we can take

M; ® Mo, Pe = P1 ® Pu- According to (3.1), for M_ > 1.02, the pressure drop at the direct
shock front w = 90° exceeds the drop for which there a separation of the laminar boundary
layer occurs.

The dimensions of the resultant local separation region increase because of the in-
coming high-velocity flow, which is limited on one hand by the side of the tangential sepa-
ration starting from the triple point T and on the other hand by the shear layer which starts
at the separation point C,. In our opinion, at time t/T, = 0.5 pairs of toroidal vortices
can exist at the end [of the cylinder], as shown between the points P, and C; and between
the points P, and C,. The depiction of the vortices on the diagram is dictated by the co-
incidence of the directions of the velocity vectors near the surfaces and between the vor-
tices. The presence of a divergence point P, is related to the strong rotation of the flow
near the angled edge. If the flow above the point P, moves from the axis and the flow left
of the point P, moves toward the tip of the spike, the agreement of the gas motion in the
region between P, and P, requires the presence of a divergence point C; (diagram 3).

The presence of a local separation region on the lateral surface of the cylinder, which
is bounded by the separation point C; and the attachment point P;, is shown experimentally
for plane stationary flow around a step [12]. TFor pulsating flow, the formation of this
local separation zone is related to the flow stages shown in diagrams 2-5. They do not
show the fan of rarefaction waves, which correspond to the rotation and acceleration of the
flow near the sharp edge. The terminal shock W5, which accompanies the secondary attach-
ment on the lateral surface of the cylinder, is observed on photo and diagram 4.

As the main shock wave W, displaces downward along the flow, it runs into the secondary
outgoing shock wave W,, and the two waves start to interact. The formation of the secondary
shock wave W, is caused by the shifting shock wave W,. The necessity of flow rotation at
the end of the cylinder leads to the wave W,. The interaction of the shock wave of one di-
rection leads to a resultant shock wave W;, a rarefaction wave, and contact separation [14].
The resultant wave W3 is stronger than W,;, which can be seen from its reduced translation
velocity downward along the flow. In diagram 4, the triple configuration consists of Wi,
W;, and a reflected wave W,, where the conical wave W, takes on a curvilinear form and now
is denoted by W,.

Because the incoming flow, which is inside a circle with its center on the tip of the
spike and with a radius Ry (Rr is the distance from the axis to the triple point), enters
the separation regime, its dimensions are observed to increase (diagram 4). The line of the
contact discontinuity can be clearly seen, which starts from the triple point T and ends at
the end [of the cylinder] at the point P;. A curvilinear shock wave W; forms near the tip.
The separation point C, from the tip slips along the lateral surface of the spike. The gas
inside the separation zone is set into vortical motion. The representation of the vortical
flow lines on the diagram as open spirals indicates the separation zone is filling (diagrams
3-5) or emptying (diagram 1).
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As the separation zone fills, the divergence point shifts along the end surface [of
the cylinder] away from the axis. Initially, the separation region fills due to the inflow
of a high-pressure jet, which is limited by the separating streamline TP, and the separating
streamline starting from the point C, (diagram 4). As the separation zone fills, the ex-
ternal boundary of the jet, which is bounded by the contact discontinuity (which starts
from the tripe point T) moves from the end of the cylinder. As a result, only the inner
part of the jet enters the separation zone (diagram 5). The contact surface, which starts
from the flow separation point C,, moves from the tip of the spike along the flow. A fur-
ther increase in the transverse dimensions of the separation region leads to a cessation of
gas inflow at the edge of the end [of the cylinder]. This closes the cycle of the autoos-
cillation process (diagram 1). The appearance of a new triple point T near the tip {photo
5), while there is no triple shock wave configuration in photos 1 and 4, indicates some dif-
ference for different pulsation periods.

Analogous data were obtained for M_ = 3.0, Re, = 3.3-10%, d = 0.04, % = 0.75, and 6 =
10°; the stage characteristics of the process are similar to those for M, = 2.0. There is
some difference for diagram 3, which is expressed in a stronger pressure wave, which propa-
gates against the flow along the separation region. For M, =3.0, amore complex interaction
of the shock waves W; and W; is sometimes observed, which is expressed in the appearance of
a series of two triple points T and T'.

It should be noted that there are two maxima in the pressure on the oscillograms
p'(t/T,). Their presence is accompanied by an autooscillation process of a cylinder with a
sharp tip. For a blunt tip (8 = 45°), this feature is not noted.

The distortion of the tangential discontinuity, which starts from the triple point T
and which is clearly visible in the schlieren photographs, is explained by the pressure
gradient (diagrams 3 and 4). The distortion of the outer boundary of the high-velocity jet
TP, (diagram 4) is seen to be analogous with the results of [5], which correspond to M =
6.0 and are explained by the occurrence of type IV interference, which was investigated by
Edni. According to [15], for M, < 3, the Mach number is less than unity in the distorted
high-velocity jet behind the front W, (Fig. 1b). This is confirmed for data in Fig. 1 by
the fact that the internal shock front observed in [5] is not observed in the distorted an-
nular high-velocity flow. The distortion of the annular jet flow behind the wave W, plays
an important role in the mechanism of filling the separation zone, as shown in [5].

We note that the motion of the main shock wave W, relative to the pressure pulsations
p'(t/T,) at the end [of the cylinder] is similar to the results in [16], where calculated
relationships are presented between the behavior of the motion of the central shock front
in the first cell of a supersonic nonexpanded jet, which interacts with a plane barrier,
and the pressure pulsations at the barrier. In particular, the maximum outflow of the cen-
tral shock front from the barrier corresponds to the minimum pressure at the barrier, which
correlates well with the data presented here. In the calculated time dependence of the
pressure pulsations at a point on the edge of the barrier, a local minimum is observed in
the region of maximum pressure [16], which is also observed in our experiments with a spike
(see Fig. 2). The correspondence in the phase relationships between the pressure pulsations
and the motion of the shock front for these two types of autocscillation processes suggests
similar pulsation mechanisms. Evidently one element which causes this similarity is the
method of filling the separation zone by deflecting the high-pressure jet, whose external
boundary coincides with the contact surface starting at the triple point.

4. The flow diagrams presented here make it possible to describe the mechanism of
filling the separation zone during a single pulsation cycle. The filling starts with the
formation of a separation zone near the spike tip, which includes the separation point Ca,
the flow attachment point P,. and the triple point for shock-wave interaction T (diagram (2).

| The distance along the axis from the end of the cylinder to the point T is denoted as A%,

and the distance from the point T to the axis by Rp. As discussed previously, the appearance
of a local separation region near the spike tip is caused by the impossibility of the lamlnar
boundary layer overcoming the strong increase in the pressure in the shock wave W,.

As the shock wave W, displaces downwards along the flow, the local separation region
increases its dimensions, which occurs due a jet flow entering into the region. The jet
flow passes through the attached conical shock front W; and the reflected shock W, (dia-
grams 3 and 4). This method for filling the separation zone can be confirmed by comparing
the mass of gas flowing into the separation zone m; and the gas in the zone before it is
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evacuated. The flow entering the zone is bounded by a circle of radius RT (diagram 4). This
makes it possible to calculate the mass of gas in the separation region:

te
my = Poolboo d\ (nR%)dt
0

where p, and u, are the density and velocity of the incoming flow, and tf is the time for
filling the separation zone. This time corresponds to the movement of the separating stream-
line from the cylinder. In diagram 4 this streamline is denoted by TP,. For the regime
shown in Fig. 1, the dependence of Rp(t) in the interval 0 < t < tf can be represented
linearly:

Re(t) = u,t. (4.1)
The maximum outflow of the main shock wave W; corresponds to the time t = 0.
On the other hand, the mass of gas in the separation regime at time tf can be evaluated,

if the volume V of the region and the density of gas in it are known: 7n2==ypdV. For an
v

estimate, we assume that the gas density inside the separation zone is constant and equals
the gas density behind a square shock front p,. The volume of the separation region at time
tf can be approximated satisfactorily by a hemisphere with a radius equal to the length of
the spike.

The ratio m;/m, characterizes the validity of our assumptions
MMy = (Dol ) Ucclist /(21%), (4.2)

where (4.1) is used for m;. For M_ = 2, the radial velocity of the triple point T, which
characterizes the increase in the transverse dimensions of the separation zone, is u, = 50
m/sec. The time to fill the separation zone is equal to 1.03 and 0.69 msec for M, = 2 and 3,
respectively. These data are obtained by using the flow diagrams shown in Fig. 1b. The
ratio p,/p, corresponds to the density increase at a square shock front. Then m;/m, = 0.9
and 0.4 for M, = 2 and 3. These estimates indicate the validity of the assumed mechanism
for filling the separation zone. This conclusion is based on the fact that the numerical
values used for the variables in (4.2) differ by a factor greater than 10%. Therefore the
resultant values of 0.9 and 0.4 can be used as a verification of this method for filling

the separation zone.

The time to fill the separation zone coincides with the period of the autooscillation
process. The processes of filling and emptying the separation zone for the given stages of
the pulsation cycle occur simultaneously. For example, see diagram 2, which shows the pres-
ence of a local separation zone with increasing dimensions near the spike tip. However, at
the same time the region behind the shock wave W, is emptying, which indicates that it is
not sufficient simply to represent the pulsation period as the sum of intermediate times for
filling and emptying the separation region.

5. One of the features of flow around a body with a spike is the existence of a re-
gime of aperiodic pulsations. Figure 3 shows oscillograms of pressure pulsations for M, =
2.00, Re, = 2.4-10%, d = 0.2, and 6 = 20° (D = 80 mm). Here Figs. 3a-d correspond to spike
lengths % = 0.52, 0.58, 0.62, .and 0.74. For L= 0.52, which is somewhat larger than the
distance to the outgoing shock front in the absence of a _spike (g = 0.45), we observe sep-
arate, rarely sequential, negative pressure pulses. As & increases, both the frequency and
amplitude of the pulses increase (Fig. 3b). As the spike length is increased further, the
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impulses follow continuously, and the amplitude reaches 50 kPa. The frequency and amplitude
of the pulses fluctuates (Fig. 3c). The frequency spectrum of the pressure pulsations for
regimes corresponding to Figs. 3a-c contain no discrete components. In the regime of sta-
tionary autooscillations, a distinct peak is observed in the frequency spectrum (Fig. 3d).

Analysis of the schlieren photographs, which are related to the pressure pulsation
stages, showed that the relation between the position of the main shock wave and the pres-
sure pulsation stage for the regime of aperiodic pulsations is similar overall to the rela-
tionship for the regime of developed autooscillations. The appearance of aperiodic pulsa-
tions is explained by the fact an insignificant thrust of the spike tip behind the shock
wave leads to a loss of stability of a given oscillatory system, before sufficiently effec-
tive feedback exists. An analogous phenomenon was observed for jet systems [17]. The im-
pulsive nature of the occurrence of strong pulsations at their zone boundary indicates a
relaxation character of the autooscillations. This is inferred by the fact that the auto-
oscillation amplitude increases from a small value to its steady-state value over a half-
period of the oscillations.
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