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Experimental Investigation of Far Wakes behind
Two-Dimensional Slender Bodies at M, — 6

Ricaarp G. Barr* anp Tosur KuBoTat
California Institute of Technology, Pasadena, Calif.

An experimental investigation has been conducted at M, = 6 to determine mean flow prop-
erties for far wakes behind several two-dimensional slender bodies at zero angle of attack.
The adiabatic wall configurations tested included a flat-plate model and two 20° wedge models
which differed by a factor of two in base height. The effect of wall temperature was examined
by cooling the larger wedge model to a temperature of about two tenths of the freestream
stagnation temperature. Freestream Reynolds numbers were varied from 50,000 to 200,000
per in. for each of these four configurations. Profile measurements of total temperature and
Pitot pressure were combined with centerline static pressures to determine completely the
far-wake flowfield from the wake neck downstream to the linear far wake. The effect of
transition on mean flow properties was determined. Comparison of laminar wake data for
adiabatic wall models with linear wake theory was faverable. Maximum centerline pressures
in the far wake for all configurations were generally 109, higher than the freestream pressure.
For the cold wall wedge the maximum centerline enthalpy for all cases occurred two base
heights downstream of the model base and was triple the magnitude of the freestream en-
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thalpy. The decay rate of enthalpy was “small”® when the far wake was laminar.

Nomenclature

Chapman-Rubesin factor (= pepe/on)

total base height

chord length of flat plate

Mach number

pressure

Pitot pressure

Reynolds number

temperature

velocity

axial distance from model base

zero intercept distance (extrapolated transition distance
for infinite Reynolds number)

transformed axial distance from model base

x
(= [ ot patanari

lateral distance from wake centerline
transformed lateral distance from wake centerline
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incremental axial distance (= z — z)7ry)
wedge included angle
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viseosity

dimensionless streamwise distance
density
flat plate thickness
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s = shock

t = Jocal stagnation quantity
TR = transition

w = wall

o = freestream

Introduction

HE present investigation deals with the measurement of

the mean flow behind slender two-dimensional bodies in
a hypersonic stream. The intent of the study has been to
supplement available results on hypersonic wakes (e.g.,
Refs. 1 and 2) by providing local flow data for use in clarify-
ing far wake characteristics and for verifying and/or refining
existing wake analyses. Common practice in treating the
subject of high-speed wakes is to distinguish between the near
wake (that portion of the wake upstream of and including the
wake neck) and the far wake.

In the near wake, body boundary layers separate from the
body surface to form {ree shear layers which enclose a low-
speed recirculating flow. Coalescing of the shear layers in
the vicinity of the wake’s rear stagnation point and the re-
sulting turning of the flow create the wake shock. Down-
stream of the rear stagnation point, the coalesced shear layers
form a viscous inner wake. The configuration of the near-
wake flowfield is determined by a strong interaction between
the viscous inner wake and the external inviscid flow. One
of the primary objectives of near-wake studies is to predict
accurately appropriate profile data at the wake neck for use
in far wake calculations. Several theoretical approaches for
solving the near-wake problem are presented in Refs. 3-8.
Paralleling this effort are various experimental investigations
aimed at providing detailed measurements of the near-wake
flowfields.?—12 .

In the far wake the readjustment of the wake’s local flow
properties to the freestream levels is governed by laminar/
turbulent diffusion rates and the onset of wake transition.
Eventually, far downstream, the wake’s velocity defect be-
comes sufficiently small as to permit use of linear wake
theory in analyzing wake characteristics. Because of the
strong flow gradients produced by the bow shock for blunt
bodies, an outer far wake is created which encloses the inner
wake formed by the coalescing free shear layers. This ex-
pansion-controlled outer wake has been investigated an-
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alytically by Feldman'* and Lykoudis®® and experimentally
by Behrens.’* The effect of the outer wake on the turbulent
inner wake was examined theoretically by Lees and Hromas."
Since bow shocks created by slender bodies are appreciably
weaker in strength than nose shocks generated by blunt
bodies, there exist noticeable differences in wake character-
istics between the two geometries. For example, relatively
weak flow gradients exist outside the viscous far wake for the
slender body, most of the body drag is produced by the outer
wake for the blunt body and by the inner viscous wake for
the slender body, and the inner wake of a blunt body is
surrounded initially with a relatively hot gas whereas the
sharp-nosed slender body generates a viscous wake which
grows into a relatively cool surrounding fluid whose proper-
ties are close to that of the freestream. In addition, the
turbulent inner wake for sharp-nosed bodies experiences
smaller enthalpy levels as well as decay rates significantly
greater along the wake axis than those corresponding to
blunt bodies.

The breakdown of the laminar far wake into turbulence
oceurs over a transition zone which is characterized initially
by a linear regime where two-dimensional disturbances grow
exponentially, followed by a nonlinear regime and finally
leading to fully developed turbulence. These transition
characteristics have been observed for the flat plate wake in
incompressible flow' and for the cylinder wake in hyper-
sonic flow.®® The upstream movement of the location of wake
transition with increasing Reynolds number has been in-
vestigated both in wind tunnels’®.1%.20 and ballistic ranges.?!—3*
These transition results also point out the existence of a mini-
mum Reynolds number for transition below which the far
wake remains laminar throughout its downstream extent.?

Although mean flow measurements are available for the
blunt body far wake in hypersonic flow.2.% and for slender
axisymmetric bodies,?~2? there exists a lack of similar data
for the slender two-dimensional body. Thus the present
experimental investigation of far wakes behind two-dimen-
sional slender bodies covering the flow regime from the wake
neck downstream to the linear far wake has been carried out
to provide local mean-flow data for comparison with sta-
bility theory® and laminar wake analyses.?.31=3%  Complete
tabulated data are available in Ref. 34 for use in this com-
parison. The results discussed herein, which illustrate the
relative influence of Reynolds number, laminar/turbulent
transition, model cooling, and body geometry on far wake
properties, were obtained prior to initiating an experimental
investigation of near wakes behind the present stender-wedge
bodies.’® Taken together the combined measurements pro-
vide a consistent set of data experimentally describing the

Table 1 Test sammary®

P, Re,/in. Ty

Model psig (X 109) M., °K

Flat plate 10 0.47 6.04 350
L =1.0in. 35 0.94 6.07
7 = 0.016in. 60 1.40 6.08
85 1.90 6.10

10 0.47 6.04 350
20° Wedge 35 0.94 6.07
H =0.151n. 60 1.40 6.08
85 1.90 6.10

10 0.47 6.05 348

20° Wedge 35 0.94 6.11 350

H = 0.3in. 60 1.40 6.12 351

85 1.90 6.14 351

10 0.47 6.04 77

20° Wedge 35 0.94 6.11 77

H =03in. 60 1.40 6.12 77

85 1.90 6.14 77

@1y, = 402°K
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slender body hypersonic wake from the separated body
boundary layer to the linear far wake.

Test Apparatus and Experimental Techniques

The far-wake investigation discussed herein was con-
ducted at a freestream Mach number of 6 in Leg I of the
GALCIT Hypersonic Wind Tunnel. This tunnel is a con-
tinuous flow, closed-return device with a 5 in. by 5 in. test
section and a usable axial distance for wake measurements of
approximately 10 in. A summary of the test conditions cov-
ered during this experimental study is presented in Table 1.

For the present set of wake measurements three models,
consisting of a flat-plate model and two wedge models of
20° included angle (H = 0.15 in.,, H = 0.3 in.) were used.
The dimensions and installation details for the flat-plate
model and the larger wedge model are shown in Fig. 1. The
small wedge model, H = 0.15 in., was mounted in the tunnel
by means of cylindrical end shafts fitted into the tunnel
auxiliary ports, and “O”-ring seals were used to provide
leakfree operation. The slots in the ports for the flat-plate
model (Fig. 1a) were sealed by enclosing the two halves of
the mounting ports within leakproof covers. Leak-free
mounting of the larger wedge model (Fig. 1b) was accom-
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Fig. 2a Static pressure distributionalong wake center-
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Fig. 2b Static pressure distribution along wake center-
line—adiabatic wedge model, H = 0.15.
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Fig. 2¢ Static pressure distribution along wake center-
line—wedge model, H = 0.3.

plished by soft-soldering metal bellows to cylindrical end
supports after the model was installed and aligned in the
tunnel. Although this model was designed primarily for cold
wall testing, it also was used as an adiabatic wall model, and
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a complete set of wake measurements were obtained for both
cold and adiabatic wall conditions. Alignment of all models
with the freestream direction was established by checking
the symmetry of Pitot pressure traces in the far wake. Tri-
angular fences were attached to the wedge model bases in
order to minimize interference effects from the boundary
layer on the tunnel wall. The cooling for the large wedge
model was provided by eycling liquid nitrogen between two
dewar tanks, and the wall temperature of 77°K was achieved
with spanwise uniformity.*

Pitot pressure surveys were performed using a 0.042-in.
diam probe flattened at the forward end to a 0.004-in. by
0.035-in. opening. The probe actuator of the tunnel was
geared to a Helipot potentiometer which converted probe
positions to electric signals for use in a Moseley XY recorder.
A 5-psi Statham pressure transducer was used for most
measurements, and the output was recorded after suitable
amplification on the XY recorder. Near the base of the
various models, where the pressures fell below the lower limit
of the transducer’s range of accuracy, Pitot pressures on the
centerline were measured by means of a silicon microma-
nometer.

Static pressures along the wake centerline were measured
by a silicon micromanometer using probes fabricated from
0.042-in. stainless steel tubing. The conical-tipped probe
used in the far wake was identical to that designed and cali-
brated by Behrens.®® Although this probe was used for the
majority of the static pressure measurements, its tip to orifice
length prevented taking measurements near the base of a
model, and additional probes were required to obtain data
near the base of the larger wedge model. These probes,
three in number, consisted of 2-in. lengths of 0.042-in. tubing
with one end capped off. For each probe two orifices were
located at a prescribed distance from the capped tip and the
open end was soft-soldered to a pressure lead holder. In
practice the sealed tip of the probe was placed in contact with
the base of the model on the wake centerline and the subse-
quent pressure recorded by the precision micromanometer.
Since tip to orifice lengths were different for each of the three
probes, it was then possible to obtain a distribution of static
pressure on the wake centerline.

The hot wire probes used for the current set of measure-
ments were similar to those designed by Dewey?® and modified
by Herzog.® Each probe consisted of a platinum-10%
rhodium wire approximately 0.030 in. in length, soft-soldered
to two- needle supports. Chromel-Alumel thermocouple
wires (0.001 in.) were spot-welded to within 0.005 in. of one
support tip for each of the probes. All wires were annealed
and calibrated in the manner outlined by Dewey.*® From
these calibration measurements, wire resistivity coefficients
and reference resistance for zero current were determined.
The hot wire data were obtained by means of an instrumenta-
tion system which automatically positioned the probe in the
tunnel and recorded on IBM cards the probe position, support
temperature, and wire voltage, corresponding to five prede-
termined heating currents.®

Data Reduction and Accuracy Estimates

All Pitot and static pressure measurements have heen
corrected for axial gradients in the tunnel flow, possible out
gassing and/or in-leaks in the pressure measuring systems, and
viseous interaction effects.®* The resulting pressure data as
corrected are estimated to have an uncertainty factor of less
than +=29,.

By direct measurement the hot wire probe determines re-
covery temperature and heat-transfer rate for a wire (cyl-
inder) immersed normal to a fluid stream. These measure-
ments, when corrected for end-loss effects and coupled with
established calibration results, provide local stagnation tem-
peratures for the flow in question. A description of the
manner in which the hot wire data have been reduced, cor-
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rected, and finally combined with calibration data for the
recovery temperature is presented in Ref. 34. Resulting
normalized total temperatures (T'./T,,) are estimated to be
aceurate to within *19%.

By combining local total temperature and Pitot and static
pressures with the compressible flow relations, other mean
flow properties have been calculated for the present investi-
gation. These calculations have been performed on an
IBM 7094 using Pitot pressures and total temperatures along
with centerline values of static pressure. It is estimated
that the assumption of zero lateral pressure gradient causes
the value used for the pressure at the wake’s edge to be un-
certain by at most =5%. For the small wedge model total
temperature distributions were not measured and calculations
in this case were carried out by assuming that all stagnation
temperatures remained constant and equal to the freestream
value (isoenergetic assumption).

Results and Discussion

Centerline Properties

In Fig. 2 static pressures along the wake centerline are
presented for each of the four configurations. The wedge
results illustrate the degree of recompression the flow experi-
ences in rising from the low pressures in the base region to
the downstream pressure levels. All pressure data indicate
an initial overshoot followed by a gradual decay back to free-
stream conditions. A slight undulation to this decay is
observed, especially downstream of the cold wall model.
This type of behavior also has been observed by other in-

- vestigators such as Martellucei et al.?® and Badrinarayanan.®
The explanation for this flow characteristic is as of now un-
clear but may be caused by the interaction of the viscous
wake with the external inviscid flow as suggested by slight
axial variations in streamline displacement (displacement
thickness) obtained for the present results.

For the wedge data, rough estimates have been made of
the overshoot pressure and these are labeled Inviscid Estimate
in Fig. 2. To obtain these approximations inviseid flow
along the wedge face was expanded to the measured base
pressure and then turned, through an oblique shock, in the
direction parallel to the wake’s axis. All the calculated
values for a given configuration are within 59, of the over-
shoot pressures, even though base pressures varied as much
as 259, for the range of the Reynolds number in the experi-
ment.

The inflection in the centerline pressure distribution near
station x/H ~ 2 for the adiabatic and cold wall wedges (Tig.
2¢) also has been observed by Hama?® in his experiments with
wedges in supersonic flows. For his results Hama points out
that this inflection is eaused by the expansion fan emanating
from the point of intersection of the base separation shock
with the wake shock. In the present experiment the lip
shock and wake shock, as determined from transverse Pitot
pressure surveys, appear to form a continuous shock struc-
ture.?* This was found also by Hama in his experiments at
high Mach numbers and occurs because the lip shock turns
toward the wake axis as the Mach number increases until
eventually it becomes indistinguishable from the wake shock.
It is not clear therefore that the cause for the inflection in the
static pressure distribution for the present results is due to a
shock wave interaction process. The aforementioned be-
havior of the pressure may instead be the result of wave re-
flections within the vortical region contained between the
wake shocks. Since reflected waves associated with large
entropy gradients in supersonic flows change sign at M =
(2)V/2, compression waves are reflected as expansion waves in
regions where M < (2)Y2 and as compression waves where
M > (2)V2  The centerline disturbance due to the reflected
waves may thus result in a pressure inflection point on the
wake axis.
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0.3.

The Mach number distributions along the wake centerline
are shown in Fig. 3. These results show that the Mach
numbers deviate {rom the curve corresponding to the lowest
Reynolds number at points progressively upstream as the
Reynolds number is increased. Such an upstream movement
of the “breakaway” point with increasing Reynolds number
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Fig. 4a Total temperature distribution along wake
centerline—flat plate model.
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Fig. 4b Total temperature distribution along wake
centerline—wedge model, H = 0.3.

reflects the influence of transition on the centerline flow.
This trend also has been observed in other wake investiga-
tions. Behrens' and also Sato and Kuriki® have compared
such slope increases in centerline mean flow data with turbu-
lent fluctuation measurements. Both investigators have
shown that these deviations are not necessarily indicative of
fully developed turbulent flow but only of the termination of
a linear growth region characterized by linear stability theory,
and the initiation of a region of nonlinear instabilities. The
absence of any “break-away’” phenomena for the lowest
Reynolds number case suggests that these data correspond
to completely laminar flow, even to the most aft location at
which measurements were made. The slow readjustment of
the centerline flow to the freestream levels for these laminar
diffusion data contrasts sharply with the rapid growth ex-
perienced by the flow once transition sets in at the higher
Reynolds numbers and turbulent mixing rates become
significant.

Except for the cold wall model, all centerline Mach number
data indicate that the onset of the transition region is well
downstream of the centerline sonic point. Since distur-
bances in supersonic flow cannot propagate upstream, the near
wake for the adiabatic wall wedge is not affected by transi-
tion in the far wake for the present set of measurements, even
for the highest Reynolds number under investigation. This
is not necessarily true for the near wake of the cold wall
wedge, especially at Re.x = 5.5 X 104 The proximity of the
transition location to the centerline sonic point is obvious from
the data of Fig. 3¢ and the possible effect of fluctuations on
the base region should be kept in mind when examining the
near wake results for this case.”® The trend of transition to
move closer to the base with cooling, however, is an effect
predicted by linear stability theory.®

¥rom the wedge Mach number data of Fig. 3, it is seen
that the locations for the rear stagnation point and center-
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line sonic point are positioned approximately at axial dis-
tances of 0.75 H and 1.75 H, respectively. Neck locations
(minimum wake thickness) were found to be still further
aft at values of X/H of roughly 5.3

Centerline Mach numbers as calculated also are shown in
shown in Fig. 3 for the adiabatic wall, low Reynolds number
cases. These Mach numbers were computed by combining
velocity calculations based on linear wake theory for laminar
flow,%.41 and centerline total temperatures. TFor the flat
plate and large wedge models total temperatures as measured
were used for these computations. In the case of the small
wedge model, total temperatures were assumed equal to the
freestream total temperature. In general, predicted Mach
numbers agree satisfactorily with the low Reynolds number .
data.

Corrected total temperatures along the wake centerline
for both the flat plate and the large 20° wedge models are
shown in Fig. 4. These data again show a slope increase as
the flow experiences the onset of transition. The decrease
in centerline total temperature with model cooling is clearly
illustrated by the wedge data of Fig. 4b. The absence of
data forward of z/H = 1.5 for the 20° wedge (excluding the
wall temperature measurement) was caused by the ineffective-
ness of the hot wire probe in very low density, low speed
flow. Convective heat losses from the wire were so small
that the wire temperature became dominated by probe sup-
port effects resulting in unacceptably inaccurate total fem-
peratures. For the cooled wedge (T/T. = 0.19), the tem-~
perature at the rear stagnation point was 0.34 of the free-
stream stagnation temperature for all Reynolds numbers,
which agrees favorably with other cold wall measurements
as summarized in Ref. (34). The measured wall temperature
for the adiabatic wall model (T/T:., = 0.87) is also in good
agreement with that predicted by theory for laminar flow
(r = 0.85) at M., = 6.

The distribution of static enthalpy along the wake center-
line is presented in Fig. 5 for the large wedge model, and an
appreciable difference between the adiabatic and cold wall
data is evident. Since the general behavior and decay
characteristics for the flat plate and the small wedge were
very similar to the adiabatic wall results of Fig. 5, only data
for the large wedge model have been shown. Predictions
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based on linear theory also are presented in Fig. 5 for a
Prandtl number of 0.75 and with the initial data correspond-
ing to station x/H = 10. The cold wall results indicate a
maximum centerline temperature of almost triple the free-
stream value and in addition, for the low Reynolds number
data, these relatively high temperatures persist for some dis-
tance downstream illustrating the ‘‘slow” diffusion process
characteristic of laminar flow. The sharp temperature rise
taking place in the vicinity of the base occurs primarily
within the recirculating zone of the base region. This result
and the fact that a maximum temperature (Aemax/hiew =
0.37) occurs somewhat downstream of the rear stagnation
point are consistent with the balance between thermal and
kinetic energy which exists along the wake centerline.

Wake Thickness

Figure 6 presents results of wake thickness and wake shock
position for the flat-plate model of the current investigation.
Since such data for the other three configurations were quite
similar, only results for the flat-plate model have been shown.
The midpoint of the sharp change in Pitot pressure profile
oceurring at the wake shock has been used to determine this
shock location. The wake edges shown in Fig. 6 were deter-
mined by the intersection between the tangent to the Pitot
pressure profile at the point of the maximum slope and the
horizontal line at the edge value of Pitot pressure. These
edges agree, within the accuracy of the present results, with
edge data based on the location where the total temperature
becomes equal to the freestream total temperature. Figure
6 shows that the wake thickness experiences initially a gradual
but linear growth with downstream distance until, except for
the low Reynolds number data, a sudden increase in the
growth rate takes place. The new growth rate again is
nearly constant. Since turbulent fluctuations cause increases
in wake growth rates, these data are approximate indicators
of the breakdown of laminar flow. The upstream movement
of transition with increasing Reynolds number is very notice-
able. Similar results for wake thickness have been obtained
in experiments on hypersonic wakes behind 20° wedges using
hot wire probes to measure turbulent fluctuations.2

Analysis of Transition

Wake transition distance is defined as the axial distance
downstream from the base of a body to a location where the
effects of transition produce a pronounced change in flow
characteristics. In Demetriades’ and Behrens’ measure-
ments behind 20° wedges? and also Sato and Kuriki’s data
for incompressible flow behind a flat plate,’® the onset of in-
creased turbulent fluctuations was designated as the be-
ginning of transition. A similar approach has been used by
Behrens for flow behind cylinders in hypersonic flow.’® The
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tion with axial distance—flat-plate model.
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present results for transition distance correspond to the
position in the wake where the wake thickness growth rate
shows a sudden increase. These transition locations are
plotted in Fig. 7 as a function of reciprocal of Reynolds
number, which shows that linear correlations are obtained
either with the freestream Reynolds numbers or with the
Reynolds number based on edge conditions. As explained
by Lees,? the noted linear variation of transition distance
cannot continue indefinitely as the Reynolds number is de-
creased. In fact, a minimum critical Reynolds number is
reached below which viscous dissipation prevents the existence
of wake turbulence. Thus all curves in Fig. 7 would even-
tually curve upward if measurements at lower Reynolds
number had been made, as shown by the results of Demetri-
ades and Behrens.?

The present transition data for the adiabatic wedges not
only show agreement between the two wedge models tested,
even though base heights differed by a factor of two, but these
results also compare favorably with the turbulent fluctuation
measurements for wedges of the same included angle.”? This
agreement occurs both in terms of freestream transition
Reynolds number Reoax = 3. X 10° and the zero intercept
distance (infinite Reynolds number extrapolation—Fig. 7).
In addition, transition data for flow behind sharp-nosed
cones at M, = 6 indicate that a transition Reynolds
number based on edge conditions (Recaz = 2.3 X 10%), com-
pares favorably with the present data. Such findings sub-
stantiate the use of mean flow properties for locating the
approximate location of transition in lieu of detailed measure-
ments of turbulent fluctuations.

It should be pointed out, however, that centerline prop-
erties apparently “sense” the onset of transition a short dis-
tance upstream of those locations of transition as defined
from wake thickness results. This is evident from Fig. 3
by comparing these transition locations with the initial
deviation of the centerline Mach number data from the low
Reynolds number results. These centerline deviations be-
come important when evaluating the forward extent of the
transition zone and its effect on the flow in the near wake.

Figure 7 also illustrates the effect of cooling on wake
transition. The significant upstream movement of transi-
tion for a given Reynolds number with cooling indicates the
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Fig. 8 Comparison of velocity defect data with linear
wake theory for M, = 6 and Re,z = 0.7 X 10*—adiabatic
wedge model, H = 0.15.

increased flow instabilities associated with the low tempera-
tures in the wake.

Estimates of transition distances for the low Reynolds
number cases in the present experiment have been made using
the transition data of Fig. 7. Such estimates substantiate
the earlier claim that all low Reynolds number data were
representative of laminar flow for large downstream dis-
tances. Furthermore, the absence of “breakaway” phe-~
nomena in the centerline measurements also verifies that
such data correspond to laminar flow even to the farthest
downstream station at which measurements were made.

Comparison of Present Results with Linear Wake Theory

The two-dimensional linear wake theory, as derived by
Kubota® for compressible laminar flow and arbitrary stream-
wise pressure gradient, incorporates the Oseen type approxi-
mation along with the assumption that the initial velocity
and enthalpy distributions correspond to delta functions.
A modified version of this theory has been developed by
Gold,* wherein arbitrary initial profiles are used as inputs.
Basically the theory requires, in addition to the necessity
for the boundary layer equations to remain valid, that the
velocity defect be small (1 — w/u < 1), and that both the
Prandtl number and Chapman-Rubesin factor (C' = pop./
pu) be constant. Under these assumptions and with the
additional approximation of negligible axial pressure gradient,
which would seem appropriate from the far wake results of
Fig. 2, the linear wake sclution has been formulated and
calculations heve been carried out on an IBM 7094 com-
puter.?* Several results of these calculations are presented
in Figs. 3 and 5 where centerline distributions of Mach number
and enthalpy for the low Reynolds number cases are shown
to be in favorable agreement with adiabatic wall data. Al-
though the linear wake theory assumes the velocity defect
to be small, it was found, when the effect of initial conditions
on the calculations was examined, that favorable comparison
with measured velocity data was possible even for initial
values of the centerline velocity defect as large as one quarter.
This finding is also in reasonable agreement with expected
results from Goldstein’s solution for the laminar far wake#?;

U~ ue/U = 0.187/£2(1 + 0.094/8Y2 4 . . .)

where £ is a dimensionless streamwise distance measured
from a virtual origin. Hence at the station for which (U —
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u¢)/U = 0.25 the correction to the linear theory is +129, of
the velocity defect, which becomes only 4% in terms of ue/U.
The results herein correspond roughly to the one-quarter
value of initial velocity defect and the favorable comparison
therefore suggests that detailed calculations for the nonsimilar
laminar wake do not have to be carried out as far downstream
as originally considered necessary before use of the linear
wake theory becomes justified.

Distributions across the wake also have been calculated
for all adiabatic wall configurations. Velocity results for the
small wedge model are presented in Fig. 8 in terms of the
transformed y coordinate. The predicted and measured
velocities in Fig. 8 are seen to be in favorable agreement.
Similar agreement was obtained for the other two adiabatic-
wall configurations for both velocity and enthalpy profile
distributions. '

From the linear theory it also can be shown that velocity
defect results for all models should correlate well with the
normalized axial distance;

Z/Regd
The results of such a correlation are presented in Fig. 9 and
the collapsing of the data for all three adiabatic wall models
investigated verifies the use of this normalized distance.

In general, the low Reynolds number far wake data ob-
tained during the present investigation under adiabatic wall
conditions agreed satisfactorily with linear theory. Such a
result further substantiates the laminar, steady nature of
these data..

Summary of Results

An experimental investigation has been conducted at M., =
6 to determine mean flow properties for far wakes behind
several two-dimensional slender bodies. The adiabatic wall
configurations tested included a flat-plate model and two
20° included angle wedge models which differed by a factor
of two in base height. The effect of wall temperature on
wake properties was examined by cooling the larger wedge
model with the internal flow of liquid nitrogen. Freestream
Reynolds number were varied from 50,000 to 200,000 per in.
for each of these four configurations.

The main results which have been obtained from this far
wake investigation are as follows:

1) The effect of laminar/turbulent transition on mean
flow properties was determined Wake transition distances
based on wake thickness data agreed favorably with results
from hot wire measurements of turbulent fluctuations.
Mean flow properties along the wake centerline, however,
first deviated from laminar steady conditions somewhat up-
stream of wake thickness transition locations. Transition
in the far wake moved upstream with increasing Reynolds
number and decreasing wall temperature. Base region flows
for the three adiabatic wall configurations were laminar for
all Reynolds numbers. For the cold wall wedge, the flow in
the base region was laminar at least for the two lowest
Reynolds numbers.

2) Satisfactory agreement, between experimental data
for all low Reynolds number, adiabatic wall cases, and linear
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wake theory for laminar flow confirmed that the flow in the
far wake for these cases was laminar to the farthest down-
stream stations at which measurements were obtained.
Favorable comparison between measured data and. theory
occurred even for initial values of centerline velocity defect
as large as (U — u¢)/u = 0.25.

3) Maximum centerline pressures in the far wake for all
four configurations were generally 109, higher than the free-
stream pressure.

4) For the cold wall wedge the maximum enthalpy along
the wake centerline for all Reynolds numbers ocecurred
roughly two based heights downstream of the model base
and was approximately triple the magnitude of the free-
stream enthalpy. When the far wake was laminar, the decay
rate of enthalpy was small.
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