VOL. 3, NO. 6, JUNE 1965

ATAA JOURNAL 1001

Near Wake of a Blunt Body at Hypersonic Speeds

C. ForeEs DEWEY JR.*
California Institute of Technology, Pasadena, Calif., and University of Colorado, Boulder, Colo.

An experimental investigation was conducted to determine the characteristics of the near
wake of a blunt body in hypersonic flow. Base-pressure and body-surface pressure measure-
ments are combined with hot-wire and pitot-pressure data to describe the free shear layer,
the base-flow region, the recompression zone, and the initial development of a laminar wake.
It is found that the postulate of thin shear layers is valid for Reynolds numbers greater than
about 104, if the Mach number M, external to the shear layer is net large. Detailed measure-
ments with a steady-state hot-wire behind a two-dimensional circular eylinder indicate
that the maximum pressure rise occurs downstream of the stagnation point formed by the
merging shear layers. The hot-wire measurements are corroborated by base-pressure data
obtained with cylinders and wedges. Comparison between the experimental and theoretical
results points out the importance of the base-flow temperature and the initial shear-layer
profile in determining the observable characteristics of the near wake.

Nomenclature

half-height of wedge; total enthalpy, ¢,7 + u2/2

hot-wire current

distance measured along shear layer

characteristic body length

Mach number

static pressure in flow; model surface pressure

base pressure at model centerline

total (stagnation) pressure behind normal or oblique
shock; pitot pressure behind normal shock

wire resistance

Reynolds number puz/u, where = is characteristic
distance

distance along dividing streamline from separation

temperature

local flow velocity

distance in streamwise direction from centers of cylin-
ders and spheres or bases of cones and wedges

distance from model axis in transverse direction

= temperature-resistivity coefficient, (R,/R,) = 1 -+

ar( Tw - Tr)
5 = boundary-layer or shear-layer velocity thickness;
§* = displacement thickness

= wedge half-angle

initial momentum thickness of the shear layer

viscosity

shear-layer variable (s/6,)%(1/Re.,s)

density

stream function
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Subscripts and Superscripts

(G

evaluated in base-flow region

( )e = quantity at outer edge of boundary layer or shear
layer
( Y = evaluated at stagnation temperature

¢ )=

quantity along dividing streamline
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( )w = freestream quantity

() = quantity evaluated along body surface in upstream
attached flow region ‘

) conditions at edge of wake downstream of neck
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Introduction

HE wake of a blunt body at low speeds is complicated

by the existence of a time-dependent flow field.
Roshko® 2 found that vortices are developed behind the
body, the dominant frequency being proportional to the free-
stream velocity. This periodicity is also present in the in-
vestigations of Gorecki,® Nash,* Thomann, and Gowen
and Perkins® at subsonic speeds. In the experiments cited
previously, the test body was two-dimensional, but similar
results have been found for spheres in subsonic flow.”—?

As the freestream Mach number M, is increased, a drastic
change occurs in the structure of the base region. For M =
1 (the exact value varies with geometry and Reynolds num-
ber), the violent periodic behavior evidenced at lower speeds
disappears, and a steady supersonic flow pattern is estab-
lished. Figure 1, reproduced from the work of Nash,*
clearly indicates the dramatic change which oceurs in the
wake structure. Similar phenomena are evident in the
schlieren photographs of spheres by Charters and Thomas,?
of cones by Charters®and by Pallone, Erdos, and Eckerman,™
and of eylinders by Thomann.?

Further increases in Mach number at large body Reynolds
numbers produce no qualitative change in the near wake.}
This is explained by the well-known ‘“hypersonic freeze”
or “Mach number independence principle,”’*? which recog-
nizes that the viscous and inviscid flow fields become inde-
pendent of Mach number if M., sinfy is sufficiently large
(85 is the characteristic angle between the freestream direc-
tion and the local body surface). Thus, the flow field about
a blunt body will be “frozen’” at a much lower value of free-
stream Mach number than that which pertains to a slender
body.

Decreasing the Reynolds number at a fixed value of M
will produce a laminar boundary layer on the surface; as
the boundary layer separates to become the shear layer, it
will remain laminar if the Mach number M. at its outer edge
is greater than about 2.5.* The two shear layers from op-
posite sides of the body then meet to form a laminar viscous
wake, which may persist for many body diameters in the

+ For many body diameters downstream, the inviscid wake
exhibits a static enthalpy profile which depends strongly on
Mach number if M, >> 1.



1002 ‘ C.F. DEWEY JR.

a) M = 0.925

b) M = 1.00

c) M=1.05

Fig. 1 Base flow behind a slender two-dimensional body
at transonic speeds.

downstream direction.t™ 13— Thuys, there exists an im-
portant class of wake flows for which the shear processes are
laminar and time-independent.

Section 1 describes a detailed model of the steady laminar
near wake that follows from the requirement of mass con-
servation in the recirculation region and the assumption of
momentum conservation along the dividing streamline in the
immediate vicinity of the wake neck. The shear-layer ve-
locity profile is found to differ significantly from the similar-
ity profile for constant-pressure mixing. In Section II, the
importance of the initial shear-layer profile is described.
The experimental methods used in this investigation are
recorded in Section IIT, whereas measurements of surface
and base pressures are presented in Section I'V, and mass-flow
and total temperature profiles across the wake are given in
Section V. Finally, a rapid technique for mapping out the
qualitative features of the near wake is proposed in the
Appendix.

1. Physical Model of the Flow Field

Historically, the two most important contributions to a
model of the near wake were 1) the observation that mass
conservation requires all of the fluid originally within the
base-flow region and entrained by the shear layer to be
returned to the base region at the wake neck, and 2) a recogni-
tion of the dominant role of the shear-layer mixing rate in
determining the pressure rise required to satisfy the mass
conservation condition. The mass conservation condition
was first proposed by Chapman,?® and the role of the shear-
layer mixing process was originally expounded by Crocco
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and Lees.? (Several difficulties appearing in the Crocco-
Lees model have been recently clarified by Glick.?t) The
first successful quantitative prediction of base-flow phe-
nomena was given by Chapman for laminar flow (see Refs.
22-24) and Korst, Page, and Childs® for the ease of a turbu-
lent shiear layer.

Figure 2 defines the physical model, which follows from
the assumptions of mass conservation and momentum con-
servation along the dividing streamline. Under the influ-
ence of viscous and pressure forces, the boundary layer
separates from the body to form a viscous mixing layer of
length I. This layer entrains mass from the external in-
viseid region (subscript €) and also along the lower boundary
bordering the base-flow region. As the shear layer grows,
the velocity u, and Mach number M, along the “dividing
streamline” (¢ = 0) increase because of momentum transfer.

In order to conserve mass, all of the streamlines below
¥ = 0 must be turned back into the base region by the
compression at the neck, and all of the particles following
streamlines ¢ > 0 will pass through the neck and flow down-
stream, although at a reduced velocity. Conservation of
mass and momentum, therefore, specify the pressure rise
(p’ — p.) required to bring the dividing streamline to rest.

If the Reynolds number Re.; = (ouod/u.) is large, then
the shear layeris very thin. The readjustment regions in the
vicinity of the separation point and the wake neck are only
a few schear-layer thicknesses in extenti and are small
if Re., is very large. In this case, constant-pressure mix-
ing should represent a good approximation to the actual shear-
layer mixing process since the amount of flow entrained by
the shear layer and the dynamic pressure and velocity in the
base region are small. Chapman?? obtained a limiting solu-
tion to the constant-pressure mixing problem for 6, — 0.
The momentum equation reduces to that of Blasius, with the
boundary conditions u — u., a8y — «© andu—>0asy — — «,
and processes a similarity solution of the form (u/u.) =
Flylpeue/ mes)t2; M.]. In particular, he found the zero-
streamline velocity ratio (us/u.) to be a constant. If the
initial shear-layer momentum thickness 6, is not small, then
the velocity profile will differ significantly from Chapman’s
similar solution; the velocity us, the Mach number M, and
the pressure rise (p’ — p.) will be less than the values ob-
tained from the similarity analysis.

Specification of the initial shear-layer momentum thick-
ness 6, when combined with a knowledge of the shear-layer
mixing rate and a description of the recompression process
at the neck, is sufficient to define the complete flow field ir
the near wake. If the shear layer is thin, the mixing process
may be approximated by the laminar mixing of a uniforn
stream and a fluid at rest. A Karman momentum integra
solution to this problem is given in Ref. 27, and an equivalen’
numerical solution was obtained by Denison and Baum.?
For given values of M., the total enthalpy ratio (H,/H,) anc
v, the results show that the velocity ratio (usx/u.) and Mact
number ratio (M./M,) depend upon the single parameter

&= (s*/60)(1/Re..,)
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Fig. 2 Nomenclature for the near wake.
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1 This result is not obvious a priori but may be inferred froi
the measurements presented here. A recent study by Herzog
has shown that mass injection into the base region significant]
increases the extent of the recompression region and decreast
the strength of the wake shock.
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where Re.. = (psu.s/u,) is the Reynolds number based on
conditions along the outer edge of the shear layer and the
distance s along the dividing streamline from the point of
separation. H, is the total enthalpy of the base region.

Croceo and Lees? have shown that the laminar recom-
pression process is a function of Reynolds number, but this
dependence has been found empirically to be weak in many
cases. A limiting case would be that proposed by Chapman?#:
an inviscid compression of the dividing streamline. In the ab-
sence of viscous effects during separation, (8/D) ~ (Re.,,p) ~U/?
and the value of £(s) are independent of the freestream
Reynolds number for any specific shear-layer geometry.
The orientation of the shear layer also determines the external
Mach number M, and the turning angle of the inviscid flow
at the wake neck. If Chapman’s assumption?* of inviscid
recompression is adopted, and if it is further assumed that
the base-flow enthalpy H, is independent of the freestream
Reynolds number, then the base pressure and structure of
the near wake are also independent of Reynolds number,2®

In summary, the original result of Chapman,?* which: pre-
dicted that the base pressure and wake angle are independent
of Reynolds number, is now extended to the case of finite
initial shear-layer thickness. With certain reservations, this
result is applicable to axisymmetric bodies as well.2?

The most questionable assumption embodied in this result
is that of inviscid recompression. A recent study of a class
of similar problems by Lees and Reeves?® has shown that the
magnitude of the allowable pressure rise at the neck (and
hence the base pressure) varies with Reynolds number.
The base-pressure variation for a two-dimensional cylinder
predicted by the methods of Lees and Reeves® is in good
agreement with the data to be reported in this paper. The
assumption of inviscid recompression is greatly in error if the
extent of the recompression region is comparable to the length
of the shear layer (e.g., very low Reynolds numbers, large
external Mach numbers M., and fluid injection into the base
region®),

Reynolds number independence leads to a simple scaling
law for the initial wake “thickness” 8, (Fig. 2). Since £(I)
is constant, the ratio 6(1)/8 is also constant, and an inviscid
recompression demands that §./8(!) be a function only of
p'/p.and M,. At a fixed value of M, therefore,

Ow ~ 60 ~ (Rem, D) -1z

Figure 3 verifies this conclusion for a circular cylinder in
hypersonic flow. The pitot-pressure measurements of
McCarthy?®! and the diffusion profiles of Kingsland3? confirm
these schlieren results, although the wake ‘“‘thickness” must
be defined in a somewhat different manner for each method
of observation.

The fact that the base pressure p(M..) is independent of
Reynolds number means that, for blunt bodies at hypersonic
speeds, (py/ps,) is independent of both the freestream Mach
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Fig. 3 Initial wake thickness from schlieren observation.
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P~M Profile

Blasius Profile Separation Profile

Fig. 4 Three possible shear-layer initial profiles.

number and Reynolds number. (The quantity p,, is the
stagnation pressure behind the leading-edge shock wave.)
The cylinder surface-pressure distributions measured by
McCarthy,®* Tewfik and Geidt,® Walter and Lange,3* and
Gregorek and Kordan® show that the pressure distribution
(pa/ps) from the forward stagnation point to separation is
identical for ali of the values of M. > 4.5. Measurements
of cylinder base pressures will be given presently which con-
firm that (p./ps,) is also approximately independent of M,
for M, > 4.5.

II. Free Shear Layer

The momentum integral method presented in Ref. 27 is
only one of several alternative approaches to the constant-
pressure mixing problem. The Crocco-Lees?® mixing theory
and the numerical finite-difference scheme of Denison and
Baum? are other examples. A fundamental similarity be-
tween all of the methods is that, once an initial profile at
s = 0 and the boundary conditions (including H:) have been
specified, the solution depends only upon the independent
variable £.

Several general conclusions may be drawn from the nu-
merical results reported in Ref. 27. First, the value of u
will be considerably less than that given by £ ~ « in most
physical situations. Second, the value of uy(£) is sensitive
to the initial profile of the shear layer. And finally, the
value of uy (and consequently the base pressure, external
Mach number M, and shear-layer thickness) depends
strongly upon the details of the separation process if £ = 0(1).

Consider three possible initial profiles with the same values
of u. and 6, (Fig. 4). The “Blasius” profile may be regarded
as a hypothetical separation in which no interaction between
the inviscid flow and viscous flow has occurred. The “sep-
aration’” profile is associated with a gradual separation in an
adverse pressure gradient. The Prandtl-Meyer (P-M) pro-
file is typical of the fat velocity distribution, which would re-
sult from a sharp corner separation that includes a Prandtl-
Meyer expansion fan.® Figure 5 shows that the Blasius
profile will have a large value of uy for small £ because of the
finite shear at the axis; initially, us ~ s2 for a separation
profile, whereas uy ~ sV2 for a Blasius profile. Soon the
P-M value of us begins to grow explosively because of the
high rates of shear in the lower portions of the profile. Fi-
nally, the spreading of the high vorticity in the outer portions
of the separation profile will begin to be felt at the axis, and
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Fig. 5 Effect of initial profile on the zero streamline
velocity (schematic).
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Fig. 6 Three views of the hot-wire probe.

us will also grow rapidly for this case. The growth rates
shown in Fig. 5 explain the failure of solutions based on a
Blasius-type profile to predict a value of us as large as the
one that is experimentally observed. Lees and Reeves®
found an analogous result in investigating the interaction be-
tween an attached boundary layer and an incident shock
wave.

Strong cooling of the base region increases (M,/M,) and
consequently increases the pressure rise (p’/p.), which may
be substained at the neck. The stagnation temperature
along the zero streamline, and hence the static temperature
on the axis just downstream of the wake neck, is independent
of £ only in one case: adiabatic flow. In the limiting case
considered by Chapman,?? £ — « so that Hy must be equal
to or greater than (us«/u.)-H., which is 0.587 H, for £ - .
This fact was pointed out by Lees and Hromas.’” If, how-
ever, H, < H, and £ = 0(1), then both us and the total
enthalpy H, at the neck will be considerably less than their
asymptotic values.

For a highly cooled re-entry vehicle with M. > 1, the
body temperature is a small fraction of the freestream stag-
nation temperature. If the base region is to remain cool,
the energy entrained between separation and recompression
by that portion of the shear layer below ¥ = 0 must be con-
tinually removed by heat transfer to the base of the body.
This implies that the heat-transfer rate at the base, and hence
H;, will vary with Reynolds number so that a variation of
wake characteristics (in particular the initial enthalpy de-
fect of the wake) with Reynolds number should be expected
for a highly cooled body.

III. Experimental Considerations

The experiments were carried out in leg 1 of the Graduate
Aeronautical Laboratories, California Institute of Technology
(GALCIT) hypersonic wind tunnel. The test section is 5 in.
square, and contoured nozzle blocks produce a test section
Mach number of 6. The test rhombus of uniform flow is 3 in.
wide and 15 in. long, with a static-pressure uniformity better
than =+£1.69%, over any cross section. Because of sidewall
boundary-layer growth, the Mach number varied from 5.88 to
6.09 with freestream Reynolds number, and appropriate
corrections were made to account for this effect. All of the
data were obtained at stagnation temperatures sufficient to
avoid air liquefaction. Automatic regulators maintained a
constant stagnation temperature within +=2°F and a con-
stant supply pressure within #:0.07 psi. Temperatures of
all of the instruments were monitored continuously, and suit-
able calibrations were employed to eliminate errors caused
by temperature drift.
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Pressure Instruments

Absolute pressure measurements were made with a U-tube
micromanometer filled with Dow Corning DC 200 silicone
oil and a Statham Model PA208-TC (0-5 psia) pressure
transducer. The micromanometer was referenced to a
pressure of 0.5 u Hg, and had an over-all accuracy and a
repeatability of about =3y Hg. For the pressure transducer
operating in the range of 0-60 mm Hg, the combined hysteresis
and nonlinearity was less than #0.06 mm Hg.

Pitot probes were manufactured from 0.028-in.-diam stain-
less-steel tubing. and Pyrex. The stainless probe was flat-
tened to an over-all height of 0.0116 in., an over-all width of
0.0408 in., and a wall thickness of about 0.001 in. The lead-
ing edge was squared off normal to the probe axis. Round
glass pitot probes were drawn from 6 mm o.d. X 4 mmi.d.
Pyrex tubing. By heating the glass to the softening point
and deftly pulling it like a piece of taffy, tubes as small as
0.003 in. in o.d. could be fabricated. All of the glass probes
had a gradual taper of about 5° from the tip to a uniform
section of 0.020-0.025 in. in o.d.

Hot-Wire Instruments

The hot-wire probes were designed to have a minimum
cross-sectional area normal to the flow direction. They
consisted of a small cone-cylinder-flare body, a thin stream-
lined strut, and two sewing needles to hold the wire. Three
views of the probe are shown in Fig. 6. The strut holding
the needles was a “sandwich” of two 0.020-in.-thick blades of
hard brass shim stock joined with a thin layer of Stycast
2850GT cement. This bonding agent was chosen for its
low thermal expansion coefficient (about 15 X 107%/°C)
and high electrical resistivity (10!3 ohm-cm at tunnel operat-
ing temperatures). The needles were soft-soldered to the
brass blades, and a minute bridge of Stycast 2850GT was
placed halfway down the needles to increase their rigidity.

The hot wires were soft-soldered to the needles within
0.001 in. of the tips, and care was exercised to insure that the
hot wires were normal to the flow direction. Pt-10%, Rh
Wollaston wire of 0.0001 in. diam was used as the hot-
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wire material, and each wire was annealed and accurately
calibrated. All of the wires were obtained from a single spool,
and the mean resistivity coefficient was 1.657 X 10-3 °C-!
at 0°C. Absolute wire resistances were measured to +0.01
Q using a standard Wheatstone bridge circuit. The current
through the hot wire was determined by measuring the volt-
age drop across a fixed resistor in series with the hot wire and
was accurate to =0.05%,.

Wind-Tunnel Models

All of the models were inserted into the tunnel through
Lucite plugs mounted in a glass port. “Four circular cylinders
and four wedges were used in this investigation; their char-
acteristics are detailed in Ref. 29.

Flow-Interference Effects

Serious attention was given to the effect of probe inter-
ference on the base-flow field. The most sensitive measure
of these interference effects was found to be the base pres-
sure. The hot-wire probe affected the base pressure by less
than 19, outside the region —0.7 < y/D < —0.2. (A
value y < 0 means that the probe was inserted completely
across the wake.) For this reason, only hot-wire data for
y > 0wereused. The pitot probe presented little disturbance
to the flow field, and the pressure data were therefore read
from the pitot trace for values of y < 0, since the probe was
aligned with the flow in this region. It was not necessary
to correct the hot-wire or pressure data for these interference
effects. A detailed discussion of other possible sources of
error is given in Ref. 29.

Experimental Techniques

Base pressures and eylinder surface pressures were measured
with the silicone U-tube micromanometer. The cylinder
angle of rotation was determined by a mechanical counter

having 5000 divisions for 360° rotation. The centerline .

for the cylinder base-pressure and surface-pressure studies
was determined by symmetry; this procedure was highly
satisfactory.

Hot-wire and pitot-pressure surveys behind the 0.238-in.-
diam cylinder were accomplished by mounting the probes
on a traversing system capable of motion in the vertical and
horizontal directions. Thus, “slices” could be taken at any
streamwise station along the tunnel centerline. The vertical
wake centerline was determined by symmetry, and this pro-
cedure yielded a repeatability of about £0.001 in.

The axial position behind the eylinder was determined with
the aid of the two ‘“‘goal-post’ needles attached to the model.
The tips of these needles, which extended 0.0501 = 0.0002 in.
above the model surface and were 0.5 in. apart, were rotated
to the rear of the body and used as a “gunsight’’ to align the
probe. By using a magnifier, the axial position could be con-
sistently reset to =0.0015 in. while the tunnel was operating.

The pitot-pressure and hot wire data gave a consistent
and complementary description of the flow field. Figure 7
reports the measured pitot pressure, hot-wire heat loss, and
zero-current wire resistance measured at /D = 0.80. Equiv-
alent sets of data were obtained at several downstream
stations and at four different Reynolds numbers with similar
results.

Data Reduction Procedures

The data reduction procedures used in this investigation
were similar to those employed previously.® For small wire-
heating currents, R, is a linear function of the Joulian heating
1?R,. By plotting R, as a function of 1R, the slope [dR/
d(1’R) }io and the zero-current intercept R, could be
found. The absolute values of Riq and [dR/d(12R) ], are
believed to be accurate to £ 0.02 Q (ie., =0.069,) and
49, respectively.
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Fig. 8 Correlation of cylinder base pressures in supersonic
and hypersonic flow.

IV. Base-Pressure Measurements at
Hypersonic Speeds

Cylinder Base Pressures

The base pressure of a two-dimensional circular cylinder
at a freestream Mach number of 6 is shown in Fig. 7. It
may be seen that the aspect ratio§ required to render the
ratio (ps/ps) independent of cylinder diameter is on the
order of 20, although the errors are not large for R ~ 10.

According to the Mach number independence principle,
the ratio (ps/pw) should be independent of M, if M., > 1.
In Fig. 8, the present experiments are compared with the
results of Tewfik and Geidt,3® Walter and Lange,%* and
Gregorek and Kordan.®s It is apparent that the flow field
at the rear of the cylinder is independent of Mach number for
M. > 4. (The scatter of other data about the present meas-
urements is attributed in part to aspect ratio effects.)

The simplified model of the near wake predicts that the
base-pressure ratio (ps/pe) is also independent of the Rey-
nolds number Rep,p. Although this is not exactly true, as
indicated by Fig. 9, it is certainly a good first approximation
inasmuch as the base pressure changes by 309, over a 20-fold
range of Reynolds numbers. An increase in base pressure
with Reynolds number was also found by Kavanau,?® who
studied an axisymmetric cone-cylinder model. The small
variations of base pressure with Reynolds number seem
somewhat surprising in view of the low Reynolds numbers
Rey,p. TFor values Rep,p < 104 the shear-layer thickness
is a significant fraction of the body diameter, and many of
the assumptions of the base-flow model become questionable.

To compare the measured base pressures with the quanti-
tative results of Ref. 27, it is necessary to estimate the
momentum thickness 05 on the body ahead of the separation
point and determine the change in 6 across the separation
region. An estimate of 6z may be obtained by the method
of local similarity, using the relations derived in Ref. 40, the
cylinder surface temperature found in Ref. 41, and the sur-
face-pressure measurements given in Ref. 31.

It is found? that the parameter £(I) is proportional to I, 2,
where I is the momentum thickness integral across the bound-
ary layer. I, depends on the local pressure gradient 8, which
varies monotonically from unity at the stagnation point
to nearly 13 at 120°. From an extrapolation of the results
of Beckwith and Cohen,*2 the value of I, for 8 = 13 is 0.11.
This is a factor of 4 less than the classical Blasius value for
B8 = 0, a difference of a factor of 16 in £ If the body is
highly cooled, then I, is a weak function of the pressure-
gradient parameter and remains close to the Blasius value
of 0.4696%.

§ The aspect ratio is defined as the ratio of spanwise uniform
flow length to cylinder diameter.
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Table 1 presents the values of M ,, base pressure, and shear-
layer turning angle calculated for exponential, quadratic,
and Blasius initial shear-layer profiles, assuming the initial
momentum thickness 6, to be identical to the momentum
thickness on the body before separation and using an isen-
tropic inviscid flow from the 90° point on the body through
the recompression region. A comparison between the tabu-
lated values and the experimental data of Figs. 7 and 9 indi-
cates that the results obtained using local similarity (8 = 13)
are in closer agreement with experiment than the values cal-
culated by ignoring the pressure-gradient term. The results
obtained by using Chapman’s solution for £ — o« are in
better agreement with experiment than more realistic caleu-
lations that take the initial shear-layer thickness into account.

The failure of the theory may be attributed to three pri-
mary effects: 1) the lack of an accurate description of the
initial momentum thickness 6,; 2) the shear layer at low
Reynolds numbers is no longer thin, and the assumptions
of constant-pressure mixing and negligible base flow are
violated; and 3) the pressure rise (p’ — p.) depends upon
viscous effects in the neck region during recompression. -
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J
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Fig. 10 Surface pressure in the region of separation.
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Cylinder Surface Pressures Near Separation

Figure 10 presents the measured surface-pressure distribu-
tion on a circular cylinder as a function of the Reynolds
number Rey,p. The most striking feature is the diminishing
extent and, finally, the disappearance of the region of con-
stant surface pressure with decreasing Reynolds number.
The assumption of constant-pressure mixing implies that the
surface pressure aft of the separation region is constant and
equal to the value at the outer edge of the shear layer.
Clearly, this assumption is invalid at the lowest Reynolds
numbers shown in Fig. 10, but a large region of constant
pressure would be anticipated for Eep,p > 5 X 104

A second important result is that the separation point
moves aft with decreasing Reynolds number. Both theo-
retical and experimental evidence indicates that the separa-
tion point is located very close to the surface-pressure mini-
mum. The pressure rise required to separate the boundary
layer increases with decreasing Reynolds number, allowing
the boundary layer to penetrate more and more deeply into
the base region,

The third significant. item in Fig. 10 is the small pressure
rise at the rear of the cylinder. This region of increased
pressure extends about £15° on either side of the axis, sug-
gesting a stagnation of the reverse flow in the base region.
If the pressure plateau for Beo,p = 7.89 X 10%is taken to be
the true static pressure, and the pressure rise at the rear
stagnation point is identified with the dynamic head of the
reverse flow, then the Mach number of the reverse flow along
the axis is 0.3.

Wedge Base Pressures

As shown in Figs. 11 and 12, the base pressure of a wedge
is a strong function of Reynolds number. The measured
base pressures are normalized with respect to the stagnation
pressure behind the leading-edge shock wave, and the Rey-
nolds number Res,z is based on the velocity, density, and vis-
cosity of the inviscid flow along the wedge surface and the
wedge surface length L. A small (less than 109) correction
was made to account for hypersonic viscous interaction
effects.12. 4

Three higher-order systematic effects were possible in the
wedge base-pressure data. First, the freestream Mach
number varied from 5.88 to 6.09 with tunnel pressure level.
Solid points indicate a freestream Mach number of 6.04;
three such points were available for each model. The “tail-
ing off”” of the data with decreasing Reynolds number is
attributed to the small change in freestream Mach number.
Second, the Mach number M, is estimated to be between
8 and 9, so that the static temperature 7, was below the
condensation limit., Tests at three stagnation temperatures
showed no detectable condensation effects. Finally, the base
pressures were well below the freestream pressure, and aspect
ratio effects were possible. Small triangular fences were
attached perpendicular to the base of the 0.30-in. base
height, 22.5° wedge just outside the tunnel-wall boundary
layers. As shown in Fig. 12, the difference between the

Table 1 Theoretical predictions for an insulated cylinder

Base pressure, Turning angle,
d M,
Shear-layer (#s/pe) o8
profile p=138=0p8=138=08=13 8=0
Exponential” 0.039 0.053 10.7 6.3 2.77 2.56
Quadratic?  0.043 0.058 9.4 5.1 .

Blasius
(Numerical)?® 0.046 0.063 8.5 3.7 2.66 2.45

Chapman?*
(8 = 0) 0.035 12.3 2.84
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base pressures with and without fences was only 39%,. More
importantly, the qualitative features of the base-pressure/
Reynolds number relation were not changed by these inserts.

The strong dependence of wedge base pressure on Reynolds
number can be easily explained. The shear-layer Mach
number M. is between 8 and 10, so that the base pressure is
a sensitive function of the shear-layer angle. The incom-
pressible and compressible mixing problems are related
through the Howarth transformation (y is in the compressible
plane, and 7 is the transformed variable). Thus

Y 4
="
In the hypersonic shear layer, (p./p) > 1 and the lower por-
tion of the shear layer penetrates far into the interior of the
base region. It is apparent that two hypersonic shear layers
will interact strongly in the neck region, and the assumption
that the shear-layer thickness is small as compared with the
dimensions of the base-flow region is violated.

Physically, the high Mach number layers may be pictured
as “bouncing” off of each other as they approach the neck.
This phenomenon gives rise to a displacement of the zero
streamline away from the axis and a decrease in the angle
between the shear layer and the axis. This displacement
increases with decreasing Reynolds number.

Although the simplified model of Chapman?* predicts the
correct order of magnitude for the base pressure, the dominant

Reynolds number effect, which is not included in that model,
makes numerical comparison meaningless.

V. Detailed Hot-Wire Measurements in the
Near Wake of a Cylinder

Recovery Temperature Measurements

The hot-wire recovery temperature may be used to define
the shear-layer thickness. The wire recovery temperature
or the corresponding wire resistance as ¢ — 0 is a measure
of the local stagnation temperature of the flow.%

Tigure 13 shows the results of transverse surveys behind a
eylinder at /D = 1.00. Theratio B = (R — Rip)/RBup —
R¢) at ¢ = 0 has been used as a measure of the local stagna-
tion temperature through the shear layer. Rip is the
measured resistance at the inner edge of the lip shock emanat-
ing from the separation point. These data are uncorrected
for end loss to the supports and represent measurements
obtained from three individual hot wires. R is essentially
independent of both the end loss and the temperature-
resistivity coefficient of the wire. This statement is proved
by the coincidence of the solid and open inverted triangles.
These points were obtained with two different wires operated
at unit Reynolds numbers differing by a factor of 2.

The data indicate that the shear-layer thickness increases
with decreasing Reynolds number. A “maximum slope
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thickness” may be defined by the intersection of the tangent
to the R curve at its point of maximum slope with the values
R = 0and R = 1. Tor the five curves shown in the figure,
the maximum slope thickness is proportional to (Ree,p) Y2
The region of inviscid flow between the edge of the shear
layer and the lip shock rapidly disappears with decreasing
Reynolds number. The position of the lip shock is nearly
independent of Reynolds number, corroborating the surface-
pressure data of Fig. 10 which show the separation point to
be a weak function of Reynolds number.

A minimum value of R is associated with the zero-velocity
point in the shear-layer profile. Consider the energy balance
for a fine wire supported by two needles that are maintained
at a temperature less than the local stagnation temperature
of the flow. As the wire current approaches zero, the re-
maining heat-transfer mechanisms are convection from the
stream to the wire, thermal conduction from the fluid to the.
wire, radiation from the wire to the cold walls of the wind
tunnel, and solid body conduction from the wire to the sup-
ports. For these tests, radiation effects are unimportant so
that a minimum in the wire resistance corresponds to a mini-
mum in the convective heat transfer and, a fortiori, the
point of zero velocity in the shear layer.
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Fig. 13 Effect of Reynolds number on shear-layer
thickness.
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Figure 13 indicates that the zero-velocity point at /D =
1.0 is located at y/D = 0.16 and is independent of Reynolds
number over the range investigated. The temperature
level below the zero-velocity point rises rapidly to a constant
value, which is maintained near the axis. This behavior is
evidence for a small core of low-velocity reverse flow that
eventually is brought to rest at the rear of the eylinder. This
interpretation is subject to some question since the hot-wire
supports may disturb the reverse flow passing over the hot
wire. The magnitude of this disturbance is judged to be
small because of the careful design of the hot-wire probe.

Heat-Loss Measurements

The data presented thus far have provided an insight into
the changes in the near wake associated with changes in
Reynolds number. Figure 14 presents a hot-wire map of the
near wake of a cylinder at a Reynolds number Rey,» = 3.25
X 103, Profiles of the hot-wire heat loss [dR/d(i?R)]! are
presented for stations 0.44 < z/D < 5. Each trace is plotted
to the scale shown at the bottom of station z/D = 5.

To aid in interpreting the data, the abscissa of each profile
was placed so that the minimum value of [dR/d(:2R)]~! was
located at the (z/D) station where the traverse was obtained.
Recovery resistance profiles were also obtained at each
station. These curves showed distinct off-axis minimums
similar to those shown in Fig. 13 for /D < 2. The locations
of the minimums are shown as large circles in the (x/D)-
(y/D) plane and are connected by the line marked v = 0.
This line is extended to that point on the trace of the body

which marks the surface-pressure minimum for this Reynolds
number, i.e., the approximate location of separation.

It is useful to consider the heat-loss difference [dR/d(12R)]?
— [dR/d(#?R) }nin""' as being a measure of the local mass
flow. This statement is not precisely true, since the data
are uncorrected for end losses and were obtained with several
different wires, but it is qualitatively correct and provides a
straightforward interpretation of the several features ex-
hibited by the data.

Because of the curved bow shock wave, the inviscid flow
outside the shear layer is highly rotational. The large in-
viscid gradients are evidenced by the slope of the heat-loss
profiles for (y/D) > 0.5.¢ The location of the lip shock is
evidenced by a sharp ‘“valley” in the heat-loss data. The
local minimum at the lip shock corresponds to the outer

_edge of this weak compression wave. Pitot-pressure traces

and schlieren photographs have confirmed that this wave is
not a sharp discontinuity but has a finite width that decreases
with increasing Reynolds number. The path of the lip
shock is seen to be a straight line with a virtual origin at
the outer edge of the boundary layer at the separation point;
the lip shock meets and is swallowed up by the emerging
wake shock at (z/D) = 3.00.

The lip shock and the shear layer are merged near separa-~
tion. At (¢/D) = 1.00, an inviscid region begins to appear
between the two. The inviscid region is distinct, and its

T The outer portions of the heat-loss profiles at (w, D) = 0.44
and 0.52 were disturbed by the presence of a goal-post wire and
are shown as dotted lines. All of the other data were obtained
without this disturbance.
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extent is clearly evident in the heat-loss date (z/D) = 1.00-

and 1.25.

A compression and turning of the flow is seen {0 begin at
(/D) = 1.50. The compression “hump’ at the outer edge
of the shear layer increases in magnitude and propagates
outward as the neck region is approached. At (z/D) = 2.00,
the two shear layers have merged, whereas the compression
process at the outer edge of the viscous region is essentially
complete at (x/D) = 2.50. The steepness of the compression
front increases in the streamwise direction. Beyond (z/D) =
3.00, the compression maintains the characteristic form of a
wake shock.

A detailed examination of the profiles in the base-flow
region reveals several interesting features. From the re-
quirement of mass conservation, the zero streamline and
zero-velocity lines are required to form a wake stagnation
point at the point of confluence of the two shear layers.
From the trajectory of the w = 0 curve (which is not a stream-
line), the wake stagnation point is found to be located be-
tween (z/D) = 1.75 and (x/D) = 2.00; it is tentatively
placed at (z/D) = 1.90. Kubota® has examined the flow
in the vicinity of this point using the full Navier-Stokes
equations. He finds that both the zero streamline and zero-
velocity line must approach the axis vertically, and this fact
has been utilized in drawing the » = 0 curve.**

The heat-loss profiles exhibit a small increase below the
zero-velocity line. This behavior is attributed to the re-
verse flow in this region. The magnitude of this increase is
very uncertain because end losses and thermal conduction
comprise the bulk of the heat transfer in this region. Tra-
verses at higher Reynolds numbers, for which the end losses
of the hot wire were smaller, indicated that the reverse flow
region is clearly marked by a small increase in the hot-wire
heat loss. The location of the heat-loss minimum coincides
with the point of minimum wire temperature and is identified
with the point of zero velocity.

The heat-loss data reveal that a minimum in the wake
thickness occurs at approximately (z/D) = 2.7; the wake
stagnation point is located at (/D) = 1.9. The action of
significant viscous forces in the neck region is therefore indi-
cated, at least for this low Reynolds number. Recent calcu-
lations by Lees and Reeves? have shown that the pressure
rise at the neck requires several shear-layer thicknesses to
approach its downstream value, and the length of the ve-
compression increases with increasing M..

To summarize the results obtained from the hot-wire heat-
loss measurements as supported by recovery temperature
and surface-pressure studies, the following may be stated:
1) at low Reynolds numbers, the penetration of the
shear layer into the base-flow region is extensive and
increases with increasing M.; 2) the neck compression
region extends for several shear-layer thicknesses upstream
and downstream of the wake stagnation point; 3) a distinet
reverse flow exists in the interior of the base-flow region;
and 4) the inviseid region outside the shear layer becomes
less distinet as the Reynolds number decreases. Below
Reg,p =~ 10%, an inviscid flow between the shear layer and
the lip shock can no longer be identified, and the base-flow
region contains large pressure gradients.

Appendix: A Goal-Post Technique for Mapping
Streamlines

The 0.238-in.~diam cylinder had two 0.009-in.-diam needles
projecting 0.0501 in. from the surface and placed 0.500 in.
apart along a common surface generator. A platinum wire
0.001 in. in diameter was soft-soldered to the two needles,
forming a crossbar between the two goal posts. By rotating
the cylinder, the wire could be placed at successive positions

** More recently, Cheng% has arrived at a similar coneclusion
independently.

NEAR WAKE OF A BLUNT BODY AT HYPERSONIC SPEEDS 1009

D = 0238"

p,= 60 PSIG

To= 275°F
Reco,p = 2.20 x 10%
Reg,p = 3.27 x 10°
Moo= 6,04

ofx

000"
(ASPECT RATIO = 500)

WAKE OF GOAL-
POST WIRE

Fig.15 The goal-post technigue for mapping streamlines.

in the near-wake flow field. Just as the parent cylinder
leaves a characteristic wake in the uniform flow of the wind
tunnel, the satellite wire leaves a wake in the parent flow
field. The wake of this goal-post wire will follow a stream-
line of the parent flow; if the small wake does not spread
rapidly, the trace of the streamline will be distinct.

Figure 15 shows the temperature wake of the goal-post
wire located outside the shear layer of the parent flow field.
The three coordinates of this projection are (z/D), (y/D),
and voltage of the hot wire used to survey the hybrid flow
field. The hot wire was operated at a constant current of
1.000 ma so that the voltage was proportional to wire re-
sistance, which, in turn, was linearly related to the recovery
temperature of the wire. The maximum “bucket” in the
parent wake temperature profile is about 30° C, corresponding
to a 3%, change in the hot-wire resistance.

The wake of the goal-post wire is very distinet in the first
three diameters of the main base-flow region. Even fine
details, such as wake shocks and an overshoot in total tem-
perature at the outer edge of the satellite wake (since Pr <
1), may be recognized. This miniature wake eventually
becomes absorbed by the main wake. The process begins
for this particular goal-post position at about (z/D) = 3;
the small wake is barely discernible at (x/D) = 5.

Within certain limitations, this technique offers the possi-
bility of mapping flow streamlines with great facility. The
first requirement is that the drag of the goal-post wire be
small as compared with the momentum defect of the near
wake. For a cylinder or other blunt body, a large portion of
the initial drag appears in the inviseid flow so that the
momentum defect produced by the bow shock of the satellite
body is added to the momentum defect of the main base-
flow region. In the present experiment, this produced a
small but measurable translation of the main flow away from
the side containing the disturbance. Second, the aspect
ratio of the wire and the local Mach number of the flow
approaching the goal-post wire must be large. If these
conditions are not satisfied, the gross perturbations produced
by the supports will significantly change the profile of the
main wake. Finally, the spreading of the wake must be
small so that a single streamline is identified. Otherwise,
the existence of large gradients in the parent flow will make
interpretation of the structure of the small wake very difficult.
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