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ABSTRACT

This paper presents the results of an experimental survey of the
flow field around a sharp, 10° half angle cone. Tests were conducted
at a free stream Mach number of 7. 7 for a range of free stream Reynolds
numbers of 0, 11 x ]O6 to 1.71 x 106 per foot. Surface heat transfer data
indicates that the cone boundary layer varies from laminar to fully developed
turbulent over this Reynolds number range. The bas= pressure variation
was also obtained throughout this range of Reynolds numbers; from this,
the interrelation between the surface boundary layer properties and the
hase pressure is discussed. A series of tests were conducted in the near
wake region at two different values of free stream Reynolds number, i, e.,
0.33x 106 and 1. 65 x 106 per foot, corresponding to a completely laminar
and fully developed turbulent surface boundary layer at the cone shoulder,
respectively. The relationship between boundary layer properties and near

wake prcpertias is studied.
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I. INTRODUCTION

A vehicle reentering the earth' s atmosphere leaves behind it a trail of
hot gases., This wake can give an indication of the vehicle's shape, weight and size
through correct interpretation of the observable wake properties. To make such an
interpretation a basic knowledge of the fluid physics of the wake must be obtained.

In the past, considerable research has been devcted to the study of
the far wake. This region is readily amenable to both .ualycic and experimental
investigation and as such, a large amount of information on th;s region is available
in the open literature. However, the starting point for any far wake analysis must
be obtained through kncwledge of the near wake properties. The near wake is a
region presenting a difficult challenge to the fluid mechanician. For a bluff-based
body with its regions of separated flow, recirculating flow, recompression zones,
etc., the problem it presents is especially complicated, and a unified solution
continuously valid throughout the flow field is still forthcoming. Many researchers
have devoted serious study to this regicn both analytically, .Ref. 1-5, and ex-
perimecntally, Ref, €-13. A review of most of the available literature concerned
with wake studies is contained in Ref, 14, The present report presents an ex-
perimental study of the near wake region and some effects of the free stream
Reynolds number variation on its properties. Through comparison with data obtained
by other sources, the effect of Mach number variation is also examined. The model
used is a sharp 10° half angle cone with a base diameter of 8 in. It is supported
during the tests by six braided steel cablez of 1/32 in. cross-sectional diameter.
This method of support has raised the question of interference with the base flow
field;, however, various rescarchers have studied this problem, Ref. 6-9 and 13, and
have arrived at somewhat different conclusions. It is now generally accepted
that for ratios of wire to base diameter less than approximately 0,010 there is no
discernible wire interference effect. The present wire to base diameter ratio is

0. 0039 which is well within this limit.




Tests were performed at a Mach number of 7. 7 in the PIBAL
Hypersonic Blowaown Facility with air as the test gas. The range of test Reynolds
p* o s available allowed the surface boundary layer to be varied ‘rom completely
lamirar to fully turbulcent at a point near the cone shoulder. To determine the
properties of the local surface poundary layer under this variation, a surface heat
transfer survey was taken. The base pressure variation also was obtained for this
range of Rey.iolds numbers, Fo;- the near wake survey, two Reynolds nombers were
selected, one corresponding to a laminar boundary layer at the cone shoulder and the
other to a fully turbulent huundary layer. This survey consisted of taking radial pro-
files of static pressure, pitot pressure, and stagnation temperature at selected axial
locations. From these n:easured flow properties, ai. other desired flow properties
can be obtained.

Due to the limitations on stagnation ten.peratures available in the
facility it was possible to simulate the free stream Mach number and Reynolds numbers
of interest but not the total enthalpies resulting in the free flight condition. Therefore,
this survey is pur:'; fluid mechanical in nature and contains no chemical kinetic
effects,

I. MODEL DESIGN AND TEST PROCEDURE

The model shown in Fig, 1, is a 10° haif angle cone fabricated out of
stainless stecl of 0.05 in. thickness with a flat base plate inserted. In order to prevent
any leakage of air through the base plate-cone junction, thorough precautions are
taken to insure an effective pressure seal. To determine the nature of the surface
boundary layer, the cone surface is instrumented with thermocoupl:s at selected
locations along a generator. These thermocouples consist uf fine thermocouple wires
spot welded to the inside of the model skin. The local heat transfer rate may then be
determined using tne thin skin technique (cf. Ref. 6). The basic assumptions of this

technique ar. that no heat is transferred along the surface of the cone and that the
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inner surface is adiabatic. For these surface heat iransfer tests, the cone is sting
supported using a specially designed base mounting which facilitates removal of in-
strumentation wires. The tuannel stagnation pressure is then varied between tests
{but held constant during each test) such that a wide range of free stream Reynolds
numbers is obtained.

Ton obtain near wake and base pressure measurements, the model is
wire supported. This e;ystem of support conaists of using six 1/3Z in. braided steel
cables to fixc the model in position, Three cables secure thz front and three cables
are affixed to the rear just slightly aft of the 1odel center of gravity. In this manner,
the nearest wires are approximately £50 wire c.ameters from the base and in this
distance their effect on the flow field is largely dissipated before reaclhing the cone
shoulder. The base pressure survey is taken using a Hastings type DV 13 gauge
mounted at the center of the model base. All instrumentation leads for this gauge
are taken out of the model along the support wires and are of a diama2ter less than the
support wire diameter thereby insuring minimal interference with the flow field.
These tests are run over the same Reynolds number range as the surface heat transfer
tests.

Using the surface heat transier results as a guide to select the two
desired flow Reynolds numbers, the nec. wake survey is obtained using the wire
supported model. Three identical rakes consisting of ten probes spaced3/4 in, apart
are used, cf. Fig. 2. The total head rake consists of standard pitot tubes with blunt

leading edges connected to Statham 0,5, 2.5, and 15 psia transducers. The static

probes consist of tubes with six static holes drilled around their periphery at a distance

of 15 tube diameters from the tip; slender (SO) cone are installed at the tips of the

probes to facilitate the decay of local static pressure on the probe surface to that of the

local free stream. The static pressure is measured using Hastings DV -13 gauges.
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In the Mach number-Reynolds number range considered, viscous-inviscid inter-
action effects are found to be negligible on the static pressure probe's surface.
The total temperature rake utilized is the total pressure rake with bare wire
thermocouples and supporting tuve inserts added. The junction is formed midway
between the supporting tubes ' sing 40 gauge wire. The wire length is such as to
insure large wire length to diameter ratio {approximately 300) and thereby provide
for rapid response to the free ‘stream equilibrium temperature. From total head
and static pressure data, the Mach number is obtained and the local value of the
stagnatic.. pressure is computed. Correspondingly, from the Mach number and
stagnation temperature, the local value of static temperature is obtained.

The nominal stagnation temperature is 1700° R, although this
varied » 120° for the tunnel pressures obtained. The range in test Reynolds numbers
results from varying the tunnel stagnation pressure between 30 psia and 500 psia.
The test duration is such that the mnde’ skin temperature is essentially constant
in comparison to the free stream stagnation temperature; therefore, the wall to
stagnation temperature ratio is prartically constant at 0. 30 to 0. 33. From the
surface heat transfer data, two test pressures were selected for which the near
wake tests wer e run; these correspond to free streimn Reynolds numbers of 0.33 x
106 and 1.65 x 106 per foot. The surface boundary layer at the shoulder under

these conditions was completely laminar and fully turbulent, respectively.
111. DISCUSSION OF RESULTS

The results of the surface heat tran. fer study are shown in Figs. 3
and 4. Typical plots of the Nusselt numher vs. Reynolds number are presented in
Figs . 3a and 3b for different locations zlong a generator of the cone. Also included

are the theoretical predictions of Eckert 15, 16 for both laminar and turbulent ilow.
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From these plots one can readily obtain the Reynolds number at which transition
o:curs and also the Reynolds number for which the flow is fully turbulent. If the
transition Reynolds number is corverted to one that is based on momentum thickness
rather than surface distance, the value of this parameter is seen cf. Fig. 4) to be
relatively constant at approximately 600, The gauge located furthest downstream

(s = 2.80) is seen to indicate the existenc¢ of turbulent flow at the highest test
Reynclds number (Reod;)l. 1 x 107); the shoulder is slightly downstream of this point
Gb = 2, 85). Thus tL® surface boundary layer for the high Reynoids numbher wake
tests is fully turbulent. For this condition the boundary layer is transitional over
roughly 40% of the conical surface. Wake surveys were also obtained at a test .
Reynolds number of 0. 22 x 10°; this corresponds to a surface boundary layer which
is completely lam‘nar.

The base pressures were obtained at the model centerline over the
same range of Reynolds numbers as the surface heat transfer tests; these data are
shown in Fig. 5 along with some additional data for different Mach numbers obtained
from references b -22. The free stream Reynolds number for which transition
occurs at the cone shoulder location is indicated therein (Reoo :' U.6x 10°). 1Itis
observed that the base pressure starts to decrease quite rapidly at a value of the
test Reynclds number which is somewhat higher thai. this (ReonD = 1.0x 10°);
this gives some 1nd’ -~tion of the behavior of the boundary layer after it separates
from the surface and expands into the low pressure base region. The observed
variation of base pressure with Reynolds number has been described previously
(cf., Refs, 17 and 18) and may be summarized as follows, When the surface boundary
layer is turbulent, more momentum is entrained by the boundary layer from the
inviscid flow field due to turbulent rnixing. Since the boundary layer at the cone
shoulder provides the initial conditions for the separated shear layer, the additional
momentum n the turbulent boundary layer is fed into the shear layer which is better

able to withstand the adverse pressure gradient it experiences in traversing the dis-




tance from the shoulder to the rear stagnation point. Thus, the flow adjusts itsell
to a larger initial expansion angle yielding a lower stalic (base) pressure after the
expansion and, coincidentally, a larger adverse pressure gradient between the ex-
panded flow and the rear stagnation point. Therefore, if the layer being she- is
turbulent in nature, it can sustain a larger gradient in comparison to an initially
laminar flow. The greater expansion and higher velocities of the turbulent shear
layer, therefore, produce a lower base pressure than that occurring at lower
Reynolds numbers. It has been suggested that the region of rapid decrease in base
pressure corresponds to a transitional flow in the separated shear layer which then
moves upstream (with increasing free stream Reynolds nuinber) until it reaches the
surface and causes the surface boundary layer to become transitional. The present
base pressure data, however, yieldsaReynolas number of roughly 1.0 x 106 at
which the base pressure drops off sharply, while the surface boundary layer first
becomes transitional at a Reynolds numbe : of 0.6 « 106. This indicates that even
for a Reynolds number for which the surface boundary layer is transitional, the
separated shear layer may be laminar; this can occur as the boundary layer expands
around the corner into the base region. When the base region first exhibits the effects
of a transitional shear layer (as indicated by the sharp decrease in base pressure),
the surface boundary layer is transitional over roughly one-third of the cone surface
and, in fact, is almost fully turbulent at the shoulder. In order to relate the near
wake properties directly to the surface boundary layer behavior, therefore, itis
important to determine the detailed behavior of transition in the shear layer. This can
be done quite readily with a hot wire anemometer but was not performead in the present
study.

The near wake survey consisted of taking profiles of pitot presgsure,

static pressure, and stagnation temperature and using these data to obtain the local
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flow properties. Profiles of total pressure are presented in Figs. 6a through 6f;
clearly visible in this data is the location of the trailing shock wave. Due to the bow
shock reflecting from the walls of the tunnel, profiles which were taken further down-
stream than 5 base diameters are of questionable value; however, the centerline
values are not affected until approxim: t=ly 7 base diameters downstream. In Figs.7a
through 7f, the results of the static pressure survey are plotted. Due to the con-
struction of these probes and the effect of the local shock interference with the probe
boundary layer, it is expected that the location of the trailing shock will not be as
well -defined by this data. Examination of the profiles shows the: this is in fact so.
It is seen that in the viscous core of the wake, i.,e., within the trailing shock bound-
aries, the static pressure is reasonably uniform downstream of the neck region.

The stagnation temperature profiles are shown in Figs., 8a through 8f.
The major difference in the high and low Reynolds numbher tests seems to occur in
the viscous core region; the cuter flow is practially identical for both sets of data
(again, this is not true at x=1. 0 since this is close to the sonic region where small
changes can effect the "inviscid' flow considerably),

The statir pressure distribution along the centerline is presented in
Fig. 9. It is seen that with the exception of the recirculation region the static pres-
sures in the low aad high Reynolds number tests are roughly th: same. Thisindicates
that the local pressure appears to be influenced more by the outer "inviscid' flow
than by the nature of the viscous core. In fact, comparison with other data at
Mach 59 and Mach 1613 shows an insensitivity to free stream Mach number.

Fig. 10 shows the centerline variation of stagnation temperature for
both laminar and turbulent flow on the cone surface. Also included for compmrison is
the data of Refs, 9 and 14. The raar e rapid approach to the free stream total temp-

erature is evident for the turb-ilent case in comparison to the laminar condition.




From the measured data presented in the previous figures, one can
compute the local Mach number, stagnation pressure, and static temperature, This
has been done along the centerline and is shown in Figs. 11 th=ough 13, respectively.

The locaticn of the rear stagnation point can be estimated from the .
Mach number distribution by extrapolation., From this plot it is seen that the lower
Reynolds number tests have a rear stagnation point at approximately one base dia-
meter downstream of the base, while the high Reynolds nuimber tests have a stagnation
point located between 0, 75 and 0, 85 of a base diameter downstream. For both test
conditions, the {low very quickly attains local sonic velocity after the rear stagnation
point. Due to the greater expansion at the shoulder experienced by the higher
Reynolds number flow, the velocity of the outer stream will be higher; therefore,
it is to be expected that this flow will be accelerated faster than the lower Reynolds
number flow, This will occur even without congidering the more rapid mixing
associated with the locally turbulent flow in comparison to the laminar condition.
Further downstream it is seen that the low and high Reynolds nurnber data begzin to
approach each other. The location of transition in the near wake can be estimated, -
for example, by uipplying the empirical correlations presented in references 24 and
25 while the location of fully turbulent flow can be estimated from reference 26.
ror the laminar flow condition, these correlations yield a transitional location of
3.5 and 6 base diameters downstream of the model, respectively, while the flow is
turbulent at a distance of 8 base diameters. The centerline variation of total
temperature and Macix number show that beyond 4 diameters downstream of the base
the data for both Reynolds numbers rapidly approach each other, indicating the
probability of the lower Reynolds number flow becoming transitiona. Unfortunately,
no data was able to be obtained beyond 8 diameters to ascertain whether the initially
laminar and initially turbulent flows are identical when they both become fully

turbulent, although extrapolation of the data appears to imply this result.




Fig. 12 presents the ratio of local stagnation pressure to free stream
stagnation pressure along the centerline of the flow. Iaitially, there is a factor of
three or more betwzen the laminar and turbulent data; however, at a dewnstream
distance of six base diameters, this ratio has decreased to 1.5. Again, this is
indicative of the more rapid mixing occurring as the initially laminar wake becomes
transitional.

Fig, 13 shows the centerline distribution of static temperature obtained
from the centerline values of Mach number and stagnation temperature. The static
temperature reaches a maximum value in the vicinity of the rear stagnation point
and then slowly decays to the free stream value downstream. It is nuted, that whereas
the static pressure has recovered to the free strezm value at X » 6.0, the lccal static
temperature is still more than twice the free stream static temperature at tnis point.
The data & Ref L also indicates failure to recover a3 far downstream as 8 base
diameters, while the static pressure has approached its free stream value much more
rapidly.

Fig. 14 shows the trailing shock shape as determined from the pitot
pressure profiles; also shown is the shape of the bow s'.ock and its approximate
reflection from the tunnel wall. The extent of validity of both the centerline data and
the wake survey profiles can be estimated from this figure. It also appears that within
the accuracy of determination of the trailing shock configurations, there is very little

difference between the shock shapes for the laminar and turbulent cases.

IV. CONCLUSIONS

The surface boundary layer has an important role in determining the
near wake characteristics. As transition occurs a:ong the surface, the rear stagna-

tion point moves closer to the base and due to turbulent mixing in the frec shear



layer, more momentum i3 entrained in the viscous core from the local inviscid

flow. This causes a general shift of the near wake characteristics in the upstream
direction. Once transition occure in an initially laminar near wake, the &ffects of
the initial surface boundary layer become less important and the local flow conditions
approach those characteristic of an initially turbulent layer.

The base pressure and the pressure distribution in the recirculation
region are strongly related to the surface boundary layer. Transition on the body is
accompanied by a marked decrease in base pressure and a smaller recirculation re-
gion, however, this effect does not occur immediately but only after the transition
point has moved upstream a considerable distance along the body surface. Hot wire
studies relating boundary layer transition to transition location in the free stream
layer are extremely important in this regard.

It is also seen that once transition occurs in the near wake, both low
and high Reynolds number tests show similar recovery ratios of local properties
to their free stream values. Although the static pressure recovers withia 6 base
diamgters in both cases, the static temperature and stagnation pressure recovery

is much more gradual and does not recover for a considerable distance downstream.,
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