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ABSTRACT

An experimental investigation was made of the flow field behind a
two-dimensional circular cylinder at a nominal Mach number of 5.7.

The free-stream Reynolds number based on the cylinder diameter was
varied over a range from 4300 to 66, 500 by changing both the diameter of
the cylinder and the stagnation pressure of the wind tunnel.
Pitot-pressure, static-pressure, and total-temperature measurements
were made at various distances behind the cylindrical rod in order to
determine the state properties in the wake. Base-pressure measurements
were also taken at various Reynolds numbers.

From these measurements, thetransition from laminar to turbulent
flow in the wake was determined and successfully correlated with other
data. A transition Reynolds number based on local conditions and the
length of laminar run was determined. Extensive comparison of the
experimental data with Kubota's theory for laminar flow was then made.

A satisfactory comparison was made between theory and experiment.
Because of the nature of the tests conducted, only a qualitative comparison

was made with the theory of Liees and Hromas for turbulent flow.
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I. INTRODUCTION

GENERAL DISCUSSION

Wakes present one of the oldest basic problems in the field of clas-
sical fluid mechanics. Although the low-speed regime of wakes has been
discussed in several treatises, (e.g., see References 1 to 6), it was only
until recently that research was directed toward the phenomenon of high-
speed flow. The development of intercontinental ballistic missiles and
hypersonic reentry vehicles has rekindled interest in high-speed wakes.

One of the more interesting aspects of hypersonic wakes is the
extreme length of observable phenomena. For example, it is reported by
Jacchia (Reference 7) that during the descent of the 1957 Soviet satellite,
Beta One, the burning object trailed a luminous tail approximately 100 km
long A representative comment of Jacchia's relevant to the visual
observation of Beta One's descent cites the spectacular character of the
object's reentry:

"Tail was 25-30 nautical miles long; from white it degraded

into dark red and then into a black smoke trail without seeing

the end of it."

Contemporary techniques employed in predicting observables are as
yet inadequate because the theoretical models devised for this purpose have

not received experimental confirmation. While some information about

gross quantities (i.e., wake width) has been obtained from downrange
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measurements and ballistic ranges (e.g., References 8 and 9), it is
difficult to obtain detailed state properties which would permit the basic
structure of the wake to be determined experimentally. For example, Lees
and Hromas (Reference 10) were able to confirm their theory only by
shadowgraph and schlieren measurements taken in ballistic ranges; conse-
quently, no confirmation of state properties has thus far been possible.

For the laminar flow regime, the severity of the situation is even more
critical because of the dearth of existent experimental data.

Perhaps the major obstacle in correlating theory and experiment in
hypersonic wakes resides in the difficulty of obtaining reliable and detailed
experimental data. Atmospheric reentry involves a temperature/Mach
regime which cannot be effectively simulated by known devices for extended
periods. Therefore, only limited data have been obtained, either from
short-duration experimental facilities (shock tunnels and ballistic ranges)
or from actual flight -- an expensive, unreliable technique. Unfortunately,
these data have been inadequate in proving even the most unsophisticated
theories of hot, viscous hypersonic wakes.

One tool generally overlooked in the study of hypersonic wakes is the
conventional wind tunnel. Although the wind tunnel does not simulate the
high Mach number and the high temperature attained during reentry, it
does make possible the check-out of theoretical models by permitting the
measurement of state properties throughout a hypersonic flow field. One

major advantage inherent in wind tunnel testing is the ability to vary
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Reynolds number -- an extremely important parameter in viscous and wake
phenomena -- independently of other quantities, enabling the Reynolds num-
ber effect to be determined explicitly. A systematic hypersonic wake study
program employing the hypersonic wind tunnel as the experimental tool has
been in progress at GALCIT for some time.

Figure 1, which is a schlieren photograph of a circular cylinder at
Mach number 5.7, enables the flow field to be segregated into various
classical regimes. These regimes are presented in Figure 2. Each of
these regimes can be treated analytically by suitable techniques. After
individual analyses, these regimes can be figuratively assembled in a
manner analogous to piecing together a jigsaw puzzle -- matching boundary
conditions and, if necessary, using iterative procedures. The present
investigation is focused upon the wake region shown in Figure 2.

At GALCIT the problem has been grossly divided into three regimes:
(1) neck, (2) near wake, and (3) far wake. This thesis is one of several
wherein the near wake is investigated. In the near wake regime the static
pressure has not yet reached the ambient, an effect which may contribute
to the wake structure. Previous investigations have been only concerned
with specialized measurements. For example, Demetriades (Reference 11)
has investigated transition by hot-wire anemometry; Mohlenhoff (Reference
12) and Kingsland (Reference 13) have studied mixing by means of helium
and argon diffusion; Dewey (Reference 14) is extending the work of

Demetriades and will study the neck region; Behrens (Reference 15),



Topull&n) punoiy molqg 2yl jo ydeidojoyg usaamydg 'l oansdi g

c0l X §°99 = Pay
69°6 =CW
J0£97 =

91Sd 00°68
°*NI 00€°0

S




SEPARATION POINT

BOUNDARY LAYER
SHEAR LAYER
SONIC LINE
NECK

SHOCK WAKE
INTERACTION
REGION

SUBSONIC/TRANSONIC
REGION

\ INVISGID

SUPER/HYPERSONIC
REGION

DEAD AIR AND
REVERSE FLOW
REGION

BOW SHOCK WAVE

Figure 2. The Flow Field to be Analyzed
investigating the far wake by utilizing very thin heated wires as models, is
engaged in determining flow properties in the far wake by means of hot-wire
anemometry.

Lees and Hromas {Reference 10) have indicated several important
differences between the low-speed and high-speed wake structure behind
blunt bodies, viz: the existence of a stable shear layer (see Figures 1 and
2); the very small initial momentum thickness or drag at the neck compared
to the total drag of the body; and the absence of characteristic shedding
frequencies, at least in unionized air at supersonic and hypersonic speeds.

The theoretical problem of hypersonic wakes was first treated by

Feldman {Reference 16) who devised a simple model of the wake flow.
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Feldman's basic approach has been extended by Lykoudis (Reference 17)
who, however, added no analytical innovations. More recently, Lees and
Hromas (Reference 10) have attacked the problem of turbulent diffusion in
the wake by using integral methods to solve the boundary-layer equations.
The two-dimensional laminar hypersonic wake with streamwise pressure
gradient has been solved by Kubota (Reference 18) using linearized
equations.

The purpose of the present investigation is to obtain reliable experi-
mental data of the wake flow behind a two-dimensional circular cylinder --
the simplest model that could be devised. With these data supplemented by
other experiments, transition from laminar to turbulent flow in the wake
can be defined as a function of Reynolds number. Comparison between
theory and experiment for the laminar region using Kubota's theory is then
possible. Comparison between theory and experiment in the turbulent
region will then be made to the extent possible as limited by the accuracy
of the data. Whenever possible, an attempt will be made to define "univer-
sal'' distributions of state properties based on experimental data and to

determine the variation of centerline values with Reynolds number.

TECHNICAL APPROACH

The configuration for the experimental investigation is shown in
Figure 3 where the basic model, a cylindrical rod, is mounted in the side
plates of the hypersonic wind tunnel. The number and spacing of the

vertical supports used for holding measuring probes were such that the
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wake could be investigated at any desired downstream axial station. To
obtain a systematic variation of Reynolds number, the 11 combinations of
cylinder diameter and wind tunnel stagnation pressure shown in Table I
were tested. The 0.300-inch-diameter cylinder was close to the model
which could be conveniently tested in the wind tunnel without starting
difficulties. The 0.100-inch-diameter model represented the smallest
model that could be tested with enough resolution in measurements to give
an adequate definition of state properties. The wind tunnel stagnation

pressure, as limited by the compressor plant, could be varied between

the 0.00 and 100. 00 psig limits.



Table I Test Summary

M%DEL Pog T, Req

INCH PSIG °F x1073

0,300 85.00 263 66.5
0.300 60.00 263 49.4
0.300 35.00 262 32,7
0.300 10.00 262 16.7
0.200 96,68 264 49.3
0.200 59.48 263 32.7
0.200 22.48 262 16.6
0.200 3.80 260 8.58
0.100 59,42 263 16.3
0.100 22,54 262 8.28

0.100 3.84 260 4.29

Table I indicates that an attempt was made to duplicate Reynolds
number by varying both the density and the model size. An exact duplica-
tion was not possible because of the day-to-day variations in atmospheric
pressure and the variations in free-stream Mach number caused by
variable boundary-layer thickness on the nozzle walls with stagnation
pressure. The 3-to-1 ratio in model size and the 6-to-1 ratio in absolute
stagnation pressure, promised the possibility of obtaining a sufficient
variation in Reynolds number necessary to the determination of its effect
on wake properties.

After selecting the combinations shown in Table I, a complete defini-

tion of the flow field was attempted through experiment. Three state
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properties were selected for experimental investigation: (1) pitot pressure,
(2) static pressure, and (3) total temperature.

Pitot-pressure measurements drew initial attention because these
were obtained accurately and quickly; they could also be used to define the
geometry of the flow field as well as determine one state property.

Regarding static pressure, an experimental verification was
attempted to demonstrate that the static pressure was constant with verti-
cal distance in the wake (as expected from theory). Static pressures were
then employed to determine the two-dimensionality of the flow field.
Finally, axial traverses were made along the centerline to obtain a second
state property.

Minimum effort was expended in determining total-temperature
because the model used was almost completely insulated -- a factor which
evoked only slight variations in total temperature. However, sufficient
total—temperature data were gathered to determine the dependence of this
state property on free-stream Reynolds number. In the process of investi-
gating the ''mear' wake characteristics, it was necessary to make base-
pressure measurements in order to adequately extrapolate static-pressure
data upstream.

Once the flow field was established experimentally, the data were
used to define transition from laminar to turbulent flow in order to separate
these two regimes. ''Universal' curves were defined whenever possible

and comparisons with theory were made as limited by the nature of the data.
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II. EXPERIMENTAL TECHNIQUES

GALCIT HYPERSONIC WIND TUNNEL

All tests were conducted in the GALCIT Hypersonic Wind Tunnel,
Leg 1 {(Figure 4}. The test section of this tunnel is 5 inches in width and
5-1/4 inches in height. The wind tunnel is a continuous-flow, closed-
return device with a nominal fixed Mach number of 5. 7 in the region where
the model was ultimately placed {17. 34 inches from the throat). A
complete description of the compressor and the associated instrumenta-
tion is given by Baloga and Nagamatsu {(Reference 19).

The reservoir pressure ranged from 0. 00 to 100. 00 psig, with an
accuracy of 0. 02 psig with corresponding Reynolds numbers between
33,000 and 260, 000 per inch based on free-stream conditions. The
automatically controlled reservoir temperature can be varied between 225
and 325 F. A reservoir temperature of 262 F was selected for all tests.
This temperature closely approached the minimum for good flow without
condensation effects for the nominal operating dew points (based on the
test section survey discussed in Appendix A). The maximum temperature
was limited to approximately 275 F by the saran tubing used in the
pressure-recording systems. The reservoir temperature could be
maintained constant to within #1 ¥. The nominal operating dew point

was less than -40 F; however, after approximately eight hours of steady
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Leg I, GALCIT Hypersonic Wind Tunnel

Figure 4,
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testing the dew point began to deteriorate. No data were taken at dew
points higher than -25 F.

To obtain maximum distance for the wake studies, two methods were
employed to determine the most forward location of the test section
rhombus. First, the entire test section was surveyed by a conventional
rake, and pressure contours were established by feeding data into a
conventional IBM 7090 program. (Details of this survey are discussed in
Appendix A, where contours for a low stagnation pressure are presented. )
The flow deteriorates with decreasing stagnation pressure.

The second method for determining the most forward position suit-
able for wake measurements was to change the axial location of the
cylindrical model. Five different axial locations were selected. The most
forward location was 13. 12 inches from the throat; the most aft, 24. 82
inches from the throat. Pitot-pressure surveys were made at each of
these locations at various axial distances behind the model, and duplicabil-
ity was determined. This procedure was precipitated by the unfortunate
experiences of Mohlenhoff (Reference 12), Kingsland (Reference 13) and
the author (Reference 20) each of whom tested too far upstream. In these
latter tests unusual pitot-pressure surveys were obtained, which could
not be repeated.

On the basis of these two methods, it was determined to locate the
model position as far upstream as possible —17.34 inches from the throat

(Figure 3). The downstream limitation of flow uniformity was determined
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by disturbances orginating slightly upstream of the junction of the model
with the wind tunnel's sidewalls (discussed later in this section) and not by

the test-section rhombus.

PITOT-PRESSURE MEASUREMENTS

Obtaining reliable experimentally verified total-pressure surveys at
various axial distances in the wake and the adjacent inviscid flow region
constituted one of the experimental program's major efforts. Fortunately,
total pressure is one of the quantities which can be easily and accurately
measured by experiment. This quantity not only provides one flow
parameter, but also represents an accurate measurement of wake geometry.

Perhaps the most difficult problem encountered in obtaining satis-
factory pressure surveys was the attainment of a low time constant. As
shown in Reference 21, assuming Hagen-Poiseuille flow in the tubing, the
time constant of a pressure recording system is

;K (Vol)£

4
pd

where
7 is the time constant
p is the coefficient of viscosity of the measured gas
Vol is the internal volume of the system
£ is the length of the tubing
d is the diameter of the pressure probe

p is the measured pressure



Therefore, the pressure recording system was designed so as to
minimize 7.

The small variable-reluctance pressure transducer shown in
Figure 5 was selected as the basis for a very-low-time-constant
pressure-recording system. Consequently, the volume of the transducer
with its glass measuring tip was very small; also, the length of the tubing
from pitot tip to diaphragm was minimal so that the time constant as
defined by Equation 1 was minimized. The time constant of this pressure-
recording system was about 50 milliseconds, as determined by driving
the probe through the bow shock generated by the cylindrical model.

The magnetic circuit of this transducer consists of a shell, a

magnetic coil, and an air gap—the air gap is varied by the deflection of

WATER IN/OUT
(TYPICAL)

VACUUM
REFERENCE
TUBE

TRANSDUCER WIRES

MEASURING PROBE

i— CALIBRATION PROBE

SHELL

DIAPHRAGM
0.001" TO 0.005"

MAGNETIC COILS

Figure 5. Installation of Variable-Reluctance Pressure Transducer



the diaphragm due to differential pressure. The range of the transducer
can be varied from about £0.1 to #0. 5 psig for the diaphragm thicknesses
{0. 001 to 0. 005 inch) shown in Figure 5. Obviously, the range of the
transducer decreases as the sensitivity is increased. Details of the theory
and construction of this transducer are given by Smotherman

(Reference 22).

The pressure transducer was excited by a 5-volt 20, 000-cycle
carrier signal which was modulated by the magnetic circuitry, producing
as final output a dc-signal up to 75 millivolts. Unfortunately, the final dc
output of the transducer system was very sensitive to temperature. Since
thermal environment to which the transducer was subjected varied over a
large range, it was housed in a head and water-cooled so as to provide a
uniform temperature during a vertical transverse (Figure 5). The
temperature of the transducer was monitored by cementing a standard
thermocouple on the transducer case (see Figures 5, 6 and 7).

Because of the characteristics inherent in the variable reluctance
transducers used for the total-pressure measurements, it was necessary
to use extreme care in the design and employment of the associated
electronics. All wires had to be carefully shielded and excessive lengths
avoided. An isolation transformer was used between the power source
and the equipment (Figure 7). The transducer, installed as a conventional
two-arm Wheatstone bridge (Figure 8), incorporates provisions for

balancing the circuitry.
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Figure 6. Pitot-Pressure Probe Recording System

Before the pressure signal was introduced into the autograph
recorder, it was cleared of high-frequency noise by the low-pass filter
shown in Figure 8. The filter was designed by conventional techniques
(Reference 23). In designing the electronic circuitry, a floating shield
was necessary to prevent ground loops. The entire electronic circuit
was grounded at one location only (Figures 7 and 8).

The pitot-pressure probe was moved vertically from outside the
tunnel by a rack which was activated by a motor-driven pinion (Figure 7).
The probe-positioning gearing turned the helipot potentiometer which
converted the probe position to a linear electrical signal. The electrical

signal, in turn, was fed into the autograph recorder.
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Figure 8. Electronic Circuitry of Recording Systems



The autograph recorder is a null-balancing device which plots the
data automatically. The electronic circuit for recording distances is
shown in Figure 8. A 200-ohm helipot with linearity of 0.1 percent was
used. The 200-ohm resistance of the helipot was much less than the
resistance of the autograph recorder (2000 ohms); consequently, the
linearity of the recorder was unaffected by the input signal. All distances
could be recorded to 0, 001 inch. The final data were obtained as plots
of pitot-pressure versus distance.

In the final test setup shown in Figures 6, 7, and 8, the reference
side of the transducer was connected to a vacuum reference with a large
effective capacitance, consequently, fluctuations in any component of the
vacuum reference pressure system had little effect on the reference
vacuum pressure. The measuring side of the transducer was connected to
the glass tip. The tip was about 1l -inch long and had the dimensions shown
in Figure 6. The outside diameter of the apex of the glass tip was selected
at 0. 039 inch—small enough to obtain satisfactory resolution (Figure 9)
and large enough to minimize the effects of Reynoclds number (Section III).

To calibrate the transducer, another glass tip of exactly the same
geometry as the original measuring glass tip was located a known distance,
0.149-inch, (Figure 6) below the measuring tip. This calibration tip was
connected to the system shown in Figure 7 and was calibrated by a mercury
micromanometer with which pressures could be measured to 0. 001 cm

mercury.
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The calibration procedure was to record the final voltage output of
the pressure-recording system, move the probe vertically 0. 1494inch,
and measure the pressure with the mercury micromanometer. A typical
calibration of the pressure-recording system is shown in Figure 10. All
calibrations were obtained with the pressure-recording system installed
ready for use. Pressure was varied by changing the stagnation pressure
of the wind tunnel. The calibration resistances A - G of the carrier ampli-
fier allowed for easy adjustment of the sensitivity of the autograph recorder.
It is interesting to note that the linearity of the system was limited by the
accuracy in reading (pp/pO = :1:10—4) rather than by any electronic
component.

2,01

© PRESSURE INCREASE
APRESSURE DECREASE

QUTPUT
(volts)

0.8+

0.4

0 i 1 1 ( | { ]
0 4 8 12 16 20 24 26
DIFFERENTIAL PRESSURE (cm Hg)

Figure 10. Typical Calibration of Pitot Pressure Recording System
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Axial positioning was provided by the driving mechanism shown in
Figure 6. Because of the nature of the installation, the probe was pivoted
about a point downstream of the diffuser. An error induced by the angular
motion about this pivot point would be introduced during a vertical survey
if no provisions were made. Angular errors in axial positioning were
eliminated by the locking nut shown in Figure 6. To preclude angular
errors in axial positioning, the probe was driven to the desired axial
position in the forward direction before tightening the locking nut from
outside the wind tunnel. The axial position of the probe was determined
by a counter attached to the axial driver. The counter was calibrated by
inserting machine shim stock between the measuring probe and the cylin-
drical model after temperature equilibrium was established through several

hours of wind tunnel operation.

Finally, because flow inclinations up to 15 degrees were encountered
in the flow field, the device shown in Figure 11 was designed to determine
the angle -of-attack sensitivity of the pitot probe. The long lever arm
afforded nood accuracy for small angles of attack, especially since the
calibration counter had a turn ratio of 100 to 1. The results of this
calibration are given in Figure 12, showing that the pitot probe is relatively
insensitive to angle of attack in the range of interest (£15 degrees).

Typical pitot-pressure traces are shown in’Figure 9. Isoaxiometric

visualization of the entire flow fields for the combinations given in Table I
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are shown in Figure 13. Figures 13.1a, 13.2a, 13.3a, and 13.4a
represent enlarged versions of the flow field around the neck. Figures
13.9a, 13.10a, and 13.11a are the same as Figures 13.9, 13.10 and
13.11, respectively, but they are presented in reduced scale for vertical
distance. Tunnel-empty surveys were made for each station of Figure 13

as a check on the quality of flow.

STATIC-PRESSURE MEASUREMENTS

Because of the extremely low static pressures measured, it was not
practical to use the small variable-reluctance transducers shown in
Figure 5. Attempts were made to use adaptations of these transducers
with the static-pressure probe {shown in Figure 14) inside the wind tunnel;

however, the inherent inaccuracies of the carrier-amplifier system
prevented this scheme. Therefore, a very sensitive pressure transducer
was employed. Transducer size, however, made the assembly of a
pressure probe around the transducer impractical for measurements
inside the wind tunnel. The time constant of the static-pressure
recording system was approximately two seconds. Despite extensive
precautions to prevent leakage (i. e., use of vacuum grease and glyptol
at joints), it was necessary to encase the transducer in a vacuum
vessel to obtain the required accuracies. In this manner, the pres-
sure differential across any face was made very small.

The overall schematic of the static pressure recording system is
shown in Figure 15, With the silicone manometer used, pressures could

be read to an accuracy of #1/10 micron of mercury. The valve sequence
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Model: d = 0.300 inch
Pog © 85. 00 psig
Datm = 74.69 cm Hg
To = 2630F
M = 5. 69
Req = 60.5 X 10°
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Figure 13.1. Isocaxiometric Pitot-Pressure Traces



=26 -

Model: d = 0.300 inch
pog = 85.00 psig
patm =74.69 cm Hg
to = 2630F
M =5.69

Req = 66.5 x 10°

‘)<®3

Vi
Figure 13.1a. Isoaxiometric Pitot-Pressure Traces



- 27 -

Model: d = 0.300 inch
Dog = 60. 00 psig
Patm © 74.53 cm Hg
To = 263°F
M =5.71
Reg = 49.4x 10°
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Figure 13,2, Isoaxiometric Pitot-Pressure Traces
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Figure 13.2a. Isocaxiometric Pitot-Pressure Traces
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‘Model: d = 0.300 inch
Pog = 35. 00 psig
Patm = 74.33 cm Hg
To = 2620F
M,=5.71
Req=32.7X 10°
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Figure 13,3, Isoaxiometric Pitot-Pressure Traces
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Model: d = 0.300 inch
pog = 35. 00 psig
patm = 74.33 ¢cm Hg
tg = 2620F
M =5.71
Reqg =32.7x 10°
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Figure 13.3a. Isoaxiometric Pitot-Pressure Traces
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Pog = 10. 00 psig
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Figure 13.4. Isoaxiometric Pitot-Pressure Traces
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Model: d = 0.300 inch
pog = 10. 00 psig
patm =74.36 cm Hg
to = 2620F
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Figure 13.4a. Iscaxiometric Pitot-Pressure Traces
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Model: d = 0. 200 inch
Pog * 96. 68 psig
Patm = 74.44 cm Hg
To = 2640F
M. =5.69
Req =49.3 x 10°

yid
Figure 13.5. Isocaxiometric Pitot-Pressure Traces
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Model: d = 0. 200 inch
Pog * 59. 48 psig
patm = 74. 67 cm Hg
Ty = 2630F
M, =5.71
Reg = 32.7x 10°
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Figure 13.6. Iscaxiometric Pitot-Pressure Traces
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Model: d = 0. 200 inch
Pog * 22. 48 psig
Patm = 74.57 cm Hg
Ty = 2620F
M= =5, 68
Reg = 16.6 x 10°
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Figure 13.7. Isoaxiometric Pitot-Pressure Traces
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Model: d = 0. 200 inch
Pog 3. 80 psig
Patm = 74.69 cm Hg
T = 2600F
M, =5.58
Req=8.58 x 10°

2
fow  [pXio

o ®3
yid
Figure 13.8. Isoaxiometric Pitot-Pressure Traces
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Model: d = 0. 100 inch
Dog = 99. 42 psig
Patm = 74.54 cm Hg
To = 2639F
M, =5.71
Reg = 16.3 x 103

Figure 13.9. Isocaxiometric Pitot-Pressure Traces
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Model: d = 0.100 inch
Pog 59.42 psig
Patm = 74.54 cm Hg
To = 2630F
M,=517T1
Reg=16.3 x 103

Figure 13.9a. Iscaxiometric Pitot-Pressure Traces
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Model: d = 0.100 inch
Pon = 22.54 psig
Patm = 74.56 cm Hg
Ty = 2620F
M., =5.68
Reg = 8. 28 x 10°

Figure 13. 10. Isoaxiometric Pitot-Pressure l'races
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Model: d = 0.100 inch
Pog * 22.54 psig
Datm = 74. 56 cm Hg
T- = 2620F
M, =5. 68
Regd = 8. 28 X 10%

Figure 13.10a.

Iscaxiometric Pitot-Pressure Traces



- 41 -

Model: d = 0. 100 inch

Poy = 3. 84 psig
Patm = 74. 71 cm Hyg
Tg = 260°F
M, =5.58

Reg = 4. 29 x 10°

Figure 13, 11, Iscaxisometric Pitot-Pressure Traces
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Model: d = 0.100 inch
pog =3.84 pSig
Patm = 74.71 cm Hg
To = 2600F
M., =5.58
Req=4.29 x 10

Figure 13.11la. Iscaxiometric Pitot-Pregsure Traces
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Figure 14. Static-Pressure Probe

was designed to prevent two occurrences: the loss of silicone into the wind
tunnel and the entry of atmospheric air into the pressure-recording system.
To evacuate the entire system, two l-hp vacuum pumps were operated
constantly for several weeks before recording final data. The reference
pressure on the transducer was maintained at about 4. 0 microns of
mercury; it was measured by a conventional Stokes gauge equipped with a
liquid-nitrogen cold trap. As with the pitot-pressure measurements, the
static-pressure recording system was calibrated by varying the stagnation
pressure of the wind tunnel over a wide range. The electronic circuitry
shown in Figures 7 and 8 was alsc used for the static-pressure recording

system.
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To establish the fact that the pressure was constant across the wake,
as expected from theory (discussed in Section VI of this thesis), several
vertical static-pressure surveys were made for various-sized cylinders
at different axial locations. A typical vertical static-pressure survey is
shown in Figure 16. It should be noted that the static pressure is constant
across the wake and almost constant up to the trailing shock.

To test the two-dimensionality of the flow field behind the cylindrical
rod, the apparatus shown in Figure 17 was designed. Here, a conventional
lathe bed was used to drive a static-pressure probe horizontally. Again,
distances were converted to voltages by the electronic circuitry shown
in Figures 7 and 8. Typical horizontal static-pressure traces are shown

in Figure 18. Several trace surveys were made at various axial positions

1.6
"2 \
) x 103
0.8 P/ d =0.300 IN.
x/d =15.00
P° =85.00 PSIG
g
P =74.13CM Hg
0.4 T°=263°F
- 3 0
Rad =65.0X10 down—-———~up
0 I
-5 -4 -3 -2 -1 0 1
y/d

Figure 16. Typical Vertical Static-Pressure Survey
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TUNNEL PORT

TO PRESSURE RECORDING SYSTEM \

CALIBRATION POINTER TO DISTANGE RECORDING CIRCUIT
HORIZONTAL
POSITIONER

CONVENTIONAL LATHE BED

Figure 17. Horizontal Traversing Mechanism for Static-Pressure Probe

downstream of the 0. 300 and 0.100-inch models. These surveys revealed
that a disturbance originated ahead of the intersection of the model with
the side walls of the wind tunnel. As a result of these tests, the limits of
two -dimensional flow (Figure 19) were identified. As noted, the distance
LZ—D’ was a function of model size and wind tunnel stagnation pressure
(Figure 21).

As with the pitot-pressure probe, the angle-of-attack sensitivity of
the static-pressure probe was obtained through use of the mechanism
shown in Figure 11. The results of this experiment are shown in

Figure 20. Unlike the pitot-pressure measurements, however, the flow

inclination around the static-pressure probe is very nearly zero; therefore,
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Figure 18. Typical Horizontal Static-Pressure Survey
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Figure 18. Typical Horizontal Static-Pressure Survey
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the only error in angle of attack is due to installation which is estimated
to be accurate to less than 1 degree (the order of magnitude of the flow
uniformity). The static pressure is not a minimum at zero angle of
attack (Figure 20) because the three static-pressure holes (Figure 14)
were not symmetrical about the horizontal axis of symmetry.

After establishing that the pressure was constant across the wake —
and after identifying the boundaries of the two-dimensional region behind
the model —static-pressure traces were taken along the centerline of the
wind tunnel and behind the models for the 11 conditions cited in Table I
The results of these tests are shown in Figure 21. As with the pitot
traces, the static-pressure traces were again checked by measuring the

pressure at several different stations on various days. Estimated

accuracy of the static-pressure measurements is Ap +0. 005. As with
Poo

the pitot-pressure measurements, all axial static pressure traces were

supplemented by corresponding tunnel-empty surveys.

TOTAL-TEMPERATURE MEASUREMENTS

At first, attempts were made to measure total temperature with an
unheated thermocouple. However, this naive experiment using a bare
wire was unsatisfactory because the flow Reynolds number was very low
and varied over a wide range. Also, as shown in Figure 22, the adiabatic
wire temperature (i. e., the temperature associated with infinite aspect

ratio) is higher than the temperature measured by the thermocouple; this
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ADIABATIC WIRE TEMPERATURE

TEMPERATURE

SUPPORT TEMPERATURE

-1 0 1

FRACTION OF SEMI-SPAN
Figure 22. Typical Temperature Distribution for Wire with

Unheated Supports
is attributable to the fact that the support temperature is lower than the
temperature at the center of the wire. A detailed discussion of this
problem is presented by Dewey (Reference 14) wherein the end losses for
hot wires are investigated. The correction associated with the tempera-
ture difference between the adiabatic wire temperature and the
thermocouple-measured temperature can be of the same order of
magnitude as the total-temperature differential being measured, especially

for turbulent flow.
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3 THERMOCOUPLE WIRES
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ADAPTER

CALIBRATION NEEDLE

Figure 23. Heated Thermocouple

Total temperature was ultimately measured by the heated
thermocouple shown in Figure 23, the details of which are given in
Appendix B. Although the autograph was again used to record data, it
was employed as a potentiometer rather than a null recorder.

Because each total temperature trace redquired several hours, only
the traces shown in Figure 24 were taken with the corresponding tunnel-
empty data. These traces were considered adequate for defining total -
temperature variation in the wake as a function of Reynolds number —
especially since the percentage variation of absolute temperature is small

(except in the vicinity of the neck) even for laminar flow.
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When the tunnel-empty data were reduced, they confirmed the
calibration of reservoir temperature (discussed in Appendix A) to within
3 F. This difference is well within the value of Taw/ TO = 0,95 0. 01 for
continuum flow given by Laufer and McClellan (Reference 24). Although
the absolute level of free-stream total temperature was accurate to within
3 R, the total-temperature distributions are even more satisfactory because
they represent modulated values about an absolute level. The accuracy of

the thermocouple measurements is estimated at 1 /2 R.

BASE-PRESSURE MEASUREMENTS

To extrapolate the measured static-pressure traces in the wake,
upstream, it was necessary to measure the base pressure of the model
accurately (Section IV). The apparatus shown in Figure 25 was designed
for this experiment. To obtain base-pressure measurements, the model
was placed in the region of best flow~22 inches downstream of the throat.
The best flow region was determined by the wind tunnel calibration
discussed in Appendix A. Only the 0. 300-inch diameter cylinder was used
because of the finite size of the static-pressure orifices. The 0.009-inch
diameter (Figure 25) was as small as practicality permitted, and it
corresponded to about 3 degrees for a 0.300-inch diameter.

This experiment utilized three holes to check data duplicability; this
was accomplished by blocking one or two holes. After duplicability was
established, the time constant of the total system was considerably reduced

by simultaneous use of the three holes. Pressure system volume was kept
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Figure 25. Apparatus for Measuring Base Pressure

to a minimum by filling the hollow cylinder with solder, leaving only a
minimum diameter outlet open. The pressure-recording system for this
experiment is identical to the system discussed earlier for static-
pressure measurements. The calibration counter (Figure 25) had a
100-to-1 turn ratio, permitting the angles to be measured to 0. 01 degree.
The base-pressure measurements determined by this experiment
are shown in Figure 26b. This figure also plots the author's best estimate
of the data of Tewfik and Giedt (Reference 25) whose experiments were
made at a much lower Reynolds number than the present tests. In
Figure 26b the region of reverse flow is evident, especially at high

stagnation pressure. Accuracy of the base-pressure measurements is
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estimated at Ap(€)/p(0) = 0. 02 for the lowest stagnation pressures as
determined by the symmetry of the experimental data about the rear
stagnation point. For the highest stagnation pressures, the accuracy is
estimated at Ap(6)/p(0) = £0. 01.

In addition to the base-pressure measurements, the pressure
distribution was measured over the entire surface of the cylinder with the
setup shown in Figure 25. However, in this case, a conventional unbonded-
strain-gage transducer was used because the sensitivity required was not
large. The arrangement is shown in Figure 27. With this arrangement
either atmospheric or vacuum reference could be utilized depending on the
range of pressures being measured. The manometers A and B shown in

Figure 27 refer to the outlets shown in Figure 7.

TO VALVE SEQUENCE
CYLINDER TO
OR PROBE MANOMETER (A) ATM ZERO REAR MANOMETER
? 1 CLOSED 1 OPEN 1 OPEN
2 OPEN 2 CLOSED 2 OPEN
3 CLOSED 3 CLOSED 3 OPEN
3 4 OPEN 4 CLOSED 4 CLOSED
1o 5 OPEN 5 CLOSED 5 CLOSED
ATM 6 CLOSED 6 OPEN 6 OPEN
4 5
6 TO VACUUM PUMP
W—_. & STOKES GAUGE
‘ & MANOMETER (B)
TRANSDUCER
CALIBRATING
CIRCUIT R_ = CALIBRATING RESISTOR
TRANSDUCER \'_

—°'J| X IL"l ZERO
v\l ADJUST

CABLE CIRCUIT
TO AUTOGRAPH

Figure 27. Transducer Circuitry for Base-Pressure Measurements
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Demetriades (Reference 26) integrated the pressures obtained from
this experiment and calculated a drag coefficient of 1. 27 for the cylindrical
rod as compared to a value of 1.2 to 1.3 as predicted by Ferri
(Reference 27). The pressure distributions obtained are shown in
Figure 26a. This figure also plots the values of Tewfik and Giedt
(Reference 25). The accuracy of the data of Figure 26a was determined
only by graphical reading error (p(€)/p(0) = £0. 002).

As seen in Figure 26a, the dimensionless pressure distribution
around the cylinder up to € = 90° is practically independent of Reynolds
number in the range considered. This is attributable to the fact that the
effective shape of the cylinder does not change appreciably. It is obvious
that the base pressure is a function of Reynolds number which will be

discussed in Section IV.
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III. DATA REDUCTION

PITOT PRESSURE

Reynolds number corrections to measured pitot pressures are shown
in Figure 28, which is taken from Matthews (Reference 28). For the
present tests, the outside diameter of the glass tip used for pitot measure-
ments (Figure 6) was chosen to preclude corrections when reducing the
experimental data. The outside diameter allowed sufficient resolution in
pitot pressure (Figure 9); the inside diameter was large enough to prevent
the time constant of the pressure-recording system from being noticeably

penalized. No account was taken of the effective displacement of

1.12
d
O MATTHEWS' RESULTS FOR FLAT NOSE ~_———— 5.4<M<5.7 d
A SHERMAN, NACA TN 2995, FOR 10° INTERNAL CHAMFER T.t — 1.7<M<2.0
1.08 (- V SHERMAN, NACA TN 2995, FOR 10° INTERNAL CHAMFER === 5 gcM<3 4
d

Pm 104 -\

ld = REYNOLDS NUMBER BEHIND NORMAL SHOCK
] |

] 20 40 60 80 1 02 200 400 1 03

Figure 28. Variation of Measured Impact Pressure With Reynolds Number
(Figure from Reference 28)
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Figure 29. Pressure Distribution on Static-Pressure Probes
(Figure From Reference 28)

streamlines caused by velocity gradients present in the wake. Hill, Baron,
and Schindel, (Reference 29) and Marson and Lilley (Reference 30). This
correction was estimated to be less than 10 percent of the wake width for
the worst case, i.e., in the vicinity of the neck, This subject is presented
in greater detail in a subsequent section dealing with a discussion of

accuracy.

STATIC PRESSURE
To correct the values of static pressure for boundary—layer‘
effects as measured by the probe shown in Figure 14, Matthews' data

(Reference 28) were used as shown in Figure 29. These data were



taken for static-pressure probes of the same geometry as that used for the
present tests. The calibration point for the present tests is shown in
Figure 29. Based on this point, a value of the viscous interaction
parameter, X, was calculated. A linear variation was then assumed for
the value of measured pressure to ideal pressure as a function of the
viscous interaction parameter,

p /p=1+0.235 X. (2)
m

as expected, this variation is less than that for an insulated flat plate as

discussed by Hayes and Probstein (Reference 31, p. 349).

TOTAL TEMPERATURE

The temperature as measured by the heated thermocouple
(discussed previously in Section II) is the adiabatic wire temperature
associated with infinite aspect ratio., However, the adiabatic wire
temperature must be corrected for Knudsen number to obtain the true total
temperature. This correction was accomplished with the data shown in
Figure 30 which is based on Dewey's work (Reference 14)., The ordinate
is normalized so that the asymptotic value for free-molecule flow is
equal to one and the asymptotic value for continuum flow is equal to zero.
The values for free-molecule flow and continuum flow correspond to
ratios of adiabatic wire temperature to total temperature of—7- and 0, 95,

6

respectively.
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IBM 7090 COMPUTATION

As explained previously, two iterations were necessary to reduce
the experimental data. The static pressure as measured by the probe
required a correction for the viscous interaction parameter, and the
total temperature as measured by the thermocouple required a correction
for Knudsen number. Neither the viscous interaction parameter nor the
Knudsen number were known beforehand. Also, inasmuch as the laminar
theory (Section V) is developed in terms of transformed coordinates which
involve running integrals, it was decided to reduce the experimental data

by programming them for 7090 computation.
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To provide total-temperature distributions for all the cases of
interest (Figure 24), all the available total-temperature measurements
were first reduced. Utilizing Reynolds number correspondence, the
distributions were then used as input data to the IBM program for all the
cases. This procedure was considered satisfactory for two reasons:

(1) data existed for both laminar and turbulent flow, and (2) the defect in
total temperature was less than 3 percent in terms of absolute
temperature— except for the cases upstream of the neck.

In the computations, the Mach number was then determined by
standard compressible-flow techniques (Reference 32) using the corrected
values of static pressure and pitot pressure. With the Mach number and
the assumed value of total temperature, all other pertinent quantities
could be computed. The IBM 7090 program was written so that all
quantities of interest were printed out and automatically plotted by a

cathode-ray tube.

DISCUSSION OF ACCURACY

As noted in the preceding portions of this section, the accuracy of
each measurement was carefully identified. However, because of the
many involved calculations necessary in obtaining final data, the accuracy
of the final product can only be roughly estimated. To estimate the
cumulative error, the following factors were considered.

All location and dimensional measurements were made to an

accuracy of 0. 001 inch and all distance-measuring devices were
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carefully calibrated at thermal equilibrium. A minimum of several
hours was allowed for reference-pressure stabilization, and a minimum of
several minutes was allowed for model surface and base static-pressure
stabilization. Flow uniformity was perhaps the most critical parameter
in the experimental data. This fact became evident when models were
tested at various axial locations in the wind tunnel (Section II). Closely
associated with flow uniformity is the region of two-dimensionality cited
in the static-pressure measurements discussion in Section II. The effect
of the variation of static pressure due to disturbances from the model
supports is somewhat alleviated, however, because the theory (discussed
later in Section V) is based on actual edge conditions.

The manner in which the wake edge was defined (discussed later in
Section VI) presents a potential source of final data error; however, even
at best the wake edge is an arbitrary quantity, The extrapolation of static
pressure upstream in the region of the neck (a detailed discussion is
presented in Section IV) is estimated to be within 5 percent. The use of
Reynolds number correspondence to determine total-temperature profiles
in data reduction (already cited in this section's discussion of IBM 7090
computation) is not considered a large source of error.

Although repeatability of experimental data was relatively simple
to establish quantitatively, all errors associated with probes could not be
determined. For example, the pitot-probe error associated with velocity

gradient was not determined. As discussed by Hill, Baron and Schindel



- 66 -

(Reference 29) and Marson and Lilley (Reference 30), impact measure-
ments do not reflect the pitot pressure on a streamline aligned with the
probe axis; rather, these measurements reflect pitot pressure on the
streamline displaced towards the regions of higher velocities. This
phenomenon was not considered because reliable correction data were not
available. This effect was minimized, however, by keeping the diameter
of the impact-pressure probe as small as possible (Figure 6), and it is
estimated that the maximum displacement due to this effect is 0. 007 inch.
Probe errors caused by misalignment with the flow direction were not
considered significant (Figures 12 and 20) because the error in the probe
angle of attack was less than 1. 0 degree.

Fortunately, the machine computations do not introduce additional
errors due to arithmetic. However, when the experimental data was
digitized some error was accepted because only a finite number of points
could be taken. As discussed previously, the methods of reducing
experimental data to ideal quantities are somewhat inaccurate. In all
cases however, the experimental apparatus was designed to ensure that
these corrections were small; consequently, little accuracy loss was
experienced.

Assuming that the edge of the wake was properly defined, it is
estimated that the overall accuracy of the final experimental data is from
2 to 4 percent for the distributions of normalized velocity, static

enthalpy, and total enthalpy except in the immediate region of the neck.



- 67 -

It is estimated that the computed absolute values of the centerline
quantities is accurate to within 5 percent. The major source of error is
considered to be the extrapolation of static pressure upstream which is

worse in the neck region.
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Iv. CONDITIONS NEAR BODY

The orifices of the static-pressure probe (Figure 14) were located a
fixed distance behind the apex of the probe cone; therefore, it was not pos-
sible to obtain experimental values of static pressure close to the neck.
The difficulty this presents is illustrated in Figure 31 —where data between
Stations 1 and 2 are undetermined. Consequently, it was necessary to
estimate the static pressure in the vicinity of the neck from available data.
Unfortunately, because the axial gradient in static pressure is high the
extrapolation upstream of the measured data is inaccurate unless a value of

the static pressure at the neck is available.

FLOW FIELD

BOW SHOCK

TRAILING SHOCK

Kﬂ..,
-

MEASURED STATIC PRESSURE

4
® ®
Py Py
. p_o- \
Po /
P o f— -
3 —

Figure 31. Experimental Static Pressure
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SEPARATION ON CYILINDER

The first step in estimating the static pressure at the neck was to
define the conditions at separation on the cylinder. From the base-pressure
measurements (Figure 26), a qualitative definition of the separation angle
with Reynolds number is possible; however, the 0.009-inch diameter of the
static-pressure orifices of the hollow cylinder (Figure 25) prevented the
separation angle from being defined closer than 3 degrees in angle which
corresponds to the orifice diameter for the 0.300-inch-diameter cylinder.
The problem is further aggravated by the fact that at separation the flow
turns through an angle before sliding down the shear layer.

To attack this problem, the simple schematic shown in Table II was
developed to define the quantities of interest. The base-pressure measure-
ments discussed in Section II were then exploited. From pitot-pressure
surveys immediately behind the body (Figure 32), it was demonstrated
experimentally that the separation shock is negligibly weak—i. e., there is
no total pressure loss through it locally. Therefore, the separation shock
was neglected in the simple model of Table II. The turning angle at
separation was approximated by the step model shown in Figure 33. As
shown by LeBlanc and Webb (Reference 33) in Figure 34, for laminar flow
the pressure at separation, =3 is halfway between the initial and final
pressures. This conclusion, which is supported by experimental evidence
taken from Chapman's work (Reference 34), is applicable even for finite

pressure gradients.
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Table II Conditions for Separation on Cylinder

Po
Mo
Pog Moo Reg 05 M, M My 6 p Pb,/Pe
psig x 103 degrees degrees | degrees | x 103
85.00 5.87 61.4 123.3 3.72 3.24 3.03 18.3 15.0 0.849
60.00 5.83 46.9 123.0 3.74 3.26 3.01 19.6 13.4 0.892
35.00 5.79 31.6 123.8 3.79 3.30 3.00 21.8 12.0 0.927
10.00 5.74 15.9 127.0 3.88 3.38 2,99 26.2 10.8 0.990
0.00 5.71 9.60 131.5 4.01 3.51 3.02 30.3 11.2 0.960
Tewfik 5.73 4.10 147.0 4.29 3.77 3.10 38.8 18.2 0.839

& Giedt
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BOUNDRY LAYER SEPARATION AND PLATEAU PRESSURE RISE COEFFICIENTS
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Hakkinen, Greber, Trilling and Abarbanel (Reference 35) have shown

that for the step model of Figure 33

cfl
C =¢C — (3)
p 1V B,
where
C is the pressure coefficient, Ap
P q
C1 is a constant
. . 2
q is the dynamic pressure, 5 Pu
cf is the skin friction coefficient, —

B is equal to V I\/[Z -1
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M is the Mach number.

Utilizing first-order perturbation theory (e. g. Reference 36, p. 92)

c
p B,
where

y is the specific-heat ratio
9(: is the turning angle
Since the skin-friction coefficient varies as (Reference 37)

¢~ ! (5)

f
1/ Re1ocal

is the Reynolds number based on local conditions and the

where

€local

length of laminar run, and assuming that

where
Re is the Reynolds number based on free-stream conditions and
d

the model diameter,

then \/Fl—
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where for our case (Table II)

9:9—5”—(1 (9)

The assumption of Equation 6 is reasonable based on Chapman's (Reference
38) order-cf -magnitude analysis of base-pressure coefficients.

It should be noted that the step model used above assumes zero pres-
sure gradient. With finite pressure gradient, the.constant, C, in Equations
7 and 8 merely changes value as shown by Greber (Reference 39). To
determine the constant, C, for this case, base-pressure data were corre-
lated with schlieren photographs from which the angle of shear layer was
obtained. (It should be noted that schlieren photographs in cases where the
shear layer was well defined were available only for the highest pressures.)
For the circular cylinder, the value of the constant, C, in Equations 7 and
8 was found to be equal to 2. 66 for the circular cylinder based on these
experimental data. It is interesting to note that, as pointed out by Guman,
(Reference 40) C = 1.1 for the following cases: (l) a compression corner,
laminar separation upstream of the corner but downstream of the leading
edge, (2) a step corner the height of which is on the order of several
boundary-layer thicknesses, laminar separation upstream of the corner but
downstream of the leading edge, and (3) pure laminar separation induced by -
an incident shock. For a compression corner with laminar leading-edge
separation, a value of 2.1 checks with available experimental data.

An attempt was made to predict the angle of the shear layer by

expanding the flow from 90 degrees on the cylinder to the base pressure by
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simple wave mechanics. However, it was found that this procedure
produced shear-layer angles approximately 4 degrees too high, based on
experimental data. From these calculations, it was concluded that the
expansion from parallel flow at 8 = 90 degrees to the base pressure cannot
be approximated by a simple wave.

Once the constant, C, was established in Equations 7 and 8, the data
given in Figure 26b was then utilized to give the quantities tabulated in
Table II. Final results of these calculations are shown in Figures 35, 36,
and 37. In Figure 35, two methods of non-dimensionalization are used;
the different curves represent the effect of the change of free-stream Mach
number with wind tunnel stagnation pressure. To extend the present tests
into the regime of lower Reynolds number, the data of Tewfik and Giedt
(Reference 25) are also presented. The points represent the author's best

interpretation of the data of Reference 25.

CONDITIONS AT NECK

Having obtained plots of separation angle, 84, and effective initial
Mach number, Ml’ as functions of Reynolds number (Figures 36 and 38)
from the base-pressure measurements by means of the simple model dis-
cussed in the preceding portion of this section, these data were then used to
obtain values of static pressure in the neck region. The Mach number 1\/[1 is
a fictitious quantity and can be interpreted as the Mach number that would

be obtained at OS if separation did not occur. The quantities of interest in

this analysis are shown in Table III. The shear layer was assumed to be a
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line which the flow paralleled before undergoing a turn which induced the

trailing shock. The separation angle 6., and the fictitious Mach number,

52
M,, were used as basic quantities to define the flow. They were thus
employed because their variation with Reynolds number was smooth
(Figures 36 and 38). Using Equations 7 and 8 as well as the experimental
value of the trailing shock angle, ¢, which was obtained from pitot-pressure
measurements, the quantities given in Table III can be easily calculated
through use of standard two-dimensional compressible-flow techniques.

It should be indicated that at least one redundancy is present for these

calculations (the experimental value of the pitot pressure at the neck) which

serves as a check.
6
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Figure 38. Mach Number Versus Reynolds Number
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Both the pitot- and static-pressure gradients are high in the neck
region; however, the Mach number at the edge of the wake is relatively
constant. Also, the precise axial location of the neck is unknown. There-
fore, the static pressure, p3, was obtained using the calculated value of
M3 and the experimental value of the pitot pressure at the axial stations of
interest. These data were then used to obtain the extrapolated curves shown
in Figure 21. In Table III, the effective wake growth at the neck, €, is

negative in most cases because the flow is accelerating in this region.

NECK WIDTH AND NECK DRAG
As will be discussed in Section V, the value of the momentum
thickness and wake width at the neck must be known as initial conditions for

theoretical analyses. ILees and Hromas (Reference 10) have estimated

-1/2 based on

)

these quantities and shown that they should vary as (Red

estimates of skin friction around the body and the pressure rise at the neck.
Experimental values are shown in Figure 58 based on the present tests. In
Figure 39, 11 points are shown corresponding to the combinations of

cylinder diameter and Reynolds number given in Table I. The wake width
was obtained from pitot-pressure measurements and the momentum thickness
was calculated from experimental data. The axial location of the neck was
taken at x/d = 2. 50 for the 0. 300~inch diameter cylinder and x/d = 3. 00

for the other models (Table III). Figure 39 shows that these quantities do

)—1/2.

vary as (R The scatter of Figure 39 is probably due to the effect

€d

of the velocity gradient on pitot measurements discussed in Section II.
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Marson and Lilley (Reference 30) have shown this to be on the order of
0.18 times the outside diameter of the pitot probe—approximately 0.007
inch in the case under discussion (Figure 6). Also, the exact axial

location of the neck, which varies with Reynolds number, was not known

(Table III).
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V. THEORETICAL CONSIDERATIONS AND
COMPARISON WITH EXPERIMENT

DEFINITION OF WAKE EDGE

Before the laminar wake can be treated theoretically, the edge
conditions of the wake must be known--either from inviscid flow field
calculations or from experiments (Appendix D), In the case under
discussion, several exploratory computations were made to determine the
best definition of the wake edge., It was finally concluded that the wake
edge as seen from the pitot-pressure profiles was the best definition of
this nebulous gquantity,

For its determination, the intersection of the Gaussian-type,
pitot-pressure profile with the inviscid outer wake was selected from
the experimental data, A typical pitot-pressure profile, where this
intersection is fairly well defined, is shown in Figure 9a, It was
extremely difficult to define the wake edge for the turbulent wake (Figure
9b) from this program's experimental data, Therefore, the hot-wire-
anemometry data of Demetriades (Reference 11) was used to define the
wake edge in the turbulent region, Wake widths are shown in Figure 40,
For x/d < 6, the wake is still undergoing internal adjustment processes;
therefore, no simple similarity has yet been established., This adjustment

is evident in the wake widths shown in Figure 40,
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LAMINAR WAKE
As shown in Appendix C, the governing linearized equations for the
static-enthalpy excess and velocity defect in a laminar wake with stream-

wise pressure gradient are

dM 2
(M 2w>+G _© - —a—<M 2W> (11)
e dx -2 e
oy

|

0

X1

where the transformed coordinates are defined as

X
- pe#eue % 12)
T e ru 4 (

oo 00 0
O
Y

u
_ = -2 /R, £ dy (13)
y U d poo d

O

and the subscript ( )e refers to the edge conditions. The static enthalpy

excess can also be written in terms of the total enthalpy excess, G,

h 2 y-1. 2
3 -1 o= {y- )M W+<1+—Z—Me>c (14)

where

- H
C-H—l (15)
e
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Equation 14 allows for the solution of G after the static enthalpy excess
and velocity defect.are known., It should be noted that the only assumption
of the above analysis are the usual boundary-layer approximations and that
w << 1, The Prandtl number, ¢, is assumed to be constant, but it can be
any value--not necessarily equal to one,

Since for our case the total enthalpy excess in the wake,
G<<w (16)

Equation 11 can be simplified to read

The assumption that G<< w is true only if there is little heat transfer,

For actual reentry, this assumption may not be valid, and the exact in-
tegral solution given by Kubota (Reference 18) would have to be used.
Equations 10 and 17 can be recognized as the simple heat diffusion equation;
therefore, because the boundary conditions are homogeneous, simple
closed-form solutions can be obtained if the initial conditions at the neck

are assumed to be delta functions., These solutions are

2
oy
h—h 1= 2 (18)
e VE
_2
Y
2 4%
M "w = e % (19)
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It should be noted that the static-enthalpy excess is similar regardless of
the value of the heat transfer. The constants A and B can be determined
from the initial drag in the wake (not necessarily at the neck) and the heat

transfer from the body to the fluid,

RegqfPou 6

df Pe“e 2

A = 1/2 - (p T4 Me) (20)
00 00 0

2
B Yeq

e
Q = 2P udy/ —=h,_ - A 21
0 Reg\/o ©0 MeZ =y
0

where @ is the momentum thickness and the subscript ( )O refers to the

initial conditions (usually taken at the neck),

Experimental comparison of the simplified laminar-wake theory
for the normalized distributions of velocity, static enthalpy, and total
enthalpy are shown for three stations in Figure 41, It can be seen from
Figure 41 that the assumption of a delta function as the initial condition
affects the theoretical solutions; therefore, a satisfactory experimental
check is not obtained until about 15 diameters downstream of the center of
the cylinder,

The experimental check of total enthalpy is exceptionally good at
x/d = 15 because the tail portions of the velocity and static enthalpy curves
(which do not compare favorably with experiment), tend to cancel out,

Cold (Reference 41) has shown that for initial Gaussian velocity and

enthalpy distributions of the form
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the problem of the laminar wake with streamwise pressure gradient can

be dealt with theoretically by putting an initial delta function velocity distri-
1

bution at a distance 5{0 = Ja upstream of the origin and an initial delta
- - . . . - a . .
function enthalpy distribution at a distance X, = ZB upstream of the origin,

These results are equivalent to matching the initial distributions by suitable
choice of 3'{0.,

Typical distributions of normalized static enthalpy and normalized
velocity are shown in isoaxiometric form in Figure 42, where a non-zero
value of 5(0 was used, In Figure 42 the change in shape of the normalized
quantities from a Gaussian to a parabolic distribution at transition is
evident, In Figure 43, a more practical scheme of non-dimensionalization,
which does not depend on the wake '‘edge'' is used for the abscissa. The
results of Figure 43 are encouraging, considering the many varied inputs
needed to obtain the experimental results, ''Universal' curves of normal-
ized static enthalpy and normalized velocity are indeed possible,

Values of the state properties along the wake centerline as predicted
by the theory are also very good. The constants A and B were calculated
according to Equations 20 and 21 for each case. Comparison of theory and
experiment was within 10 percent for all cases, A typical calculation of

the constants A and B is shown in Figures 44 and 45, To obtain the heat
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Figure 45, Axial Variation of Velocity Defect
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transfer, the total enthalpy distribution was integrated across the wake,
If the centerline distributions of static-enthalpy excess and velocity defect
are plotted for all the runs of Table I, the data shown in Figures 46 and 47
are obtained.

Figures 46 and 47 show that there is definitely a Reynolds number
correspondence for the laminar theory. The two runs which do not corre-
spond with the base line are fully turbulent., It should be noted that the
static-enthalpy excess and the velocity defect for the turbulent case also

-1/2

varies as (Red) when turbulence is fully established, Figures 46 and

47 can also be used as a measure of transition. At transition, the values

of velocity defect and static-enthalpy excess decrease much more rapidly

than for the laminar case because of the more efficient mixing processes,
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Appendix D shows the momentum thickness as predicted by the

simplified theory is constant if modified by the edge conditions

o)
9 e e e 0
. u M 2 (24
0 pee e

To compare this aspect of the theory with experiment, Figure 48 was
drawn where a typical laminar case is presented. The experimental point
on the extreme right is in a region of turbulent flow, As discussed in the
previous portion of this section, the wake is "'adjusting'’ until x/d = 6,
There was no similarly satisfactory correlation of momentum-thickness

data possible for the turbulent cases.
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Also, as discussed in Appendix D, the laminar wake width can be

predicted theoretically,

Pe

where

=

e S g = A+(y-1) M‘Z——peue Q\/ET (25)
o Uy d €d e P u, d edO

R u g
eq (P 2\ - 2 =
A= 2o\ /—d(Ze ¢y ¢} inM VR (26)
2 m Poouwd e 0 e

Comparison of experimental and theoretical laminar wake widths is shown

in Figure 49. Again, the experimental point on the extreme right is in a

turbulent region,

N = 100 means that, for the theory, the edge of the wake

22
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was assumed to be at the point where the wake velocity = 0,99 us N = 1000
means that the wake velocity = 0,999 u_- Comparison between theory and
experiment is surprisingly good, considering the nebulous nature of the

wake width,

TURBULENT WAKE

The turbulent wake has been adequately treated theoretically by Lees
and Hromas (Reference 10); therefore, only a few general remarks will be
made here, The theory presented in Reference 10is depicted graphically in
Figure 50, Physically, it can be thought of as the penetration of an inviscid
static-enthalpy profile by a turbulent boundary layer with initial width and

momentum thickness,
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L.ees and Hromas (Reference 10), in order to obtain a definite inter-
section of the wake static-enthalpy profile with the static inviscid-enthalpy
profile, assume that the static enthalpy distribution in the wake is parabolic.
Integral methods are then used to solve the turbulent boundary-layer
equations; thus, any definition of the distributions--except those originally
assumed--are not products of theory., However, some assumption had to
be made concerning the turbulent diffusivity at the centerline of the wake.
They assumed that Townsend's (Reference 4) '"'universal' Reynolds number
for incompressible flow behind circular cylinders is also valid for the
hypersonic case, In particular, for the two-dimensional case, they

asserted a constant value across the turbulent wake for
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where

Au = u -u

e & Ve

T

~

GT is the equivalent turbulent diffusivity

Y . is the Howarth-Dorodnitsyn variable for the wake edge[-p—pdy
fo) 0

The total temperature in the wake was assumed to be constant in the
theoretical treatment.

Comparison of the Lees and Hromas turbulent theory with the present
experiments was not rewarding because experimental data were not
obtained far enough downstream. The wake grew very slowly and little
change in state properties was obtained. However, theoretical calculations
were made for this case utilizing a program written at the Space Technology
Laboratories by Hromas, Inputs to this program involve the inviscid static-
enthalpy profile and initial conditions.

To obtain the static-enthalpy profile, the shock shape as obtained
from schlieren photographs was approximated by the equations shown in
Figure 51. As suggested by Lykoudis (Reference 17), the body was then
omitted and the flow expanded from the pressure at the bow shock to the
ambient pressure in the free stream, The results of this calculation are
shown in Figure 51, It should be noted that the slope of the inviscid static-
enthalpy profile is very steep near the axis, Also of interest is the fact
that, for x/d >9, the static-enthalpy profile obtained in this manner checked

satisfactorily with experiment and with inviscid-flow calculations.,
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The results of the Hromas program are shown in Figure 52 which
plots the static-enthalpy ratio and wake width. Figure 52 shows that the
swallowing process does not become effective until about 300 diameters
downstream of the body because of the nature of the inviscid static-
enthalpy profile. This result was predicted by Lees and Hromas (Reference

10) based on an approximate form of their final results.
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VI. TRANSITION

"UNIVERSAL' TURBULENT REYNOLDS NUMBER

As discussed in the previous section, Lees and Hromas
(Reference 10) assumed the Townsend value of 'universal'' turbulent
Reynolds number of 12.5 for the centerline conditions in the turbulent
wake. To investigate this assumption experimentally, consider the

momentum equation

1
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means would be very inaccurate, because this quantity involves two
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differentiations of experimentaldata. Therefore, the methodfirstproposed
by Kingsland (Reference 13)to reduce diffusion measurements was used.

Assuming

=l-ay +--- (32)
We
then
aZ
W
—2=-2aw¢_+——- (33)
9y

In =
Ve
> = -a (34)
y
giving
aZW ZWq_
— = - = (35)
2 2 D
y ‘& N
where the diffusivity number is defined by
2
D= ——— (36)
N W
In &
lim y—o W
g

The experimental plots of the diffusivity parameter V in =
versus vertical distance are remarkably good (Figure 53). From these
data, it was then possible to obtain the slope of the diffusivity parameter

versus distance to calculate the diffusivity number discussed above. The

diffusivity parameter was plotted in terms of transformed coordinates, but,
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as expected, the results for the turbulent case became worse and those
for the laminar case better. (The transformed diffusivity number was
also used to give another indication of transition. )

To obtain experimental values of the Townsend Reynolds number via
Equation 31, it is necessary to differentiate two experimental quantities
which subtract from each other as well as the diffusivity number
discussed above. Therefore, the determination of this quantity is crude
at best. Other means of obtaining quantitive values of '""universal”
Townsend turbulent Reynolds number would be more desirable, e.g,,
diffusion measurements. In any case, the tentative value, ReT = 10 %5,
was obtained. This value agrees very well with that used by Lees and
Hromas in their theoretical treatment (ReT = 12. 5), The results also
compare favorably with those of Kingsland (Reference 13) where he

estimated the Value,ReT = 12,

EXPERIMENTAL DETERMINATION OF TRANSITION

As indicated in the foregoing discussion, a qualitative definition of
transition could be obtained from plots of centerline state properties.
Another definition is possible by calculating the Townsend Reynolds
number discussed in this section,

Perhaps the best definition, however, is obtained from plots of
transformed diffusivity number versus axial distances (Figure 54). It

should be noted in Figure 54 that the value of transformed diffusivity
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number in the turbulent region is much higher than for the laminar case.
(In Figure 54a, Demetriades, Reference 11, found transition for these
conditions near the neck, but no data point was claimed here. )

Using all available inputs, the results for these tests are superimposed
on those of Demetriades (Reference 11) in Figure 55. For the 11 runs shown
in Table I, seven transition points could be obtained—two cases being fully
laminar and two cases fully turbulent. The comparison with Demetriades'
data is surprisingly good. Since the edge properties could be determined
with the present measurements, it was possible to define a transition
Reynolds number based on local conditione and distance from an effective
origin, Its value was calculated as 85, 000,

Some question may arise as to the mechanism of transition, because
some difficulty has been experienced in obtaining laminar flow by other
investigators. In anticipated rebuttal, it should be pointed out that
Demetriades' data (shown in Figure 55) is a combination of several
different-sized cylinders at several different axial locations in the wind
tunnel. In addition, the regimes were confirmed by Kingsland's data
(Reference 13) wherein diffusion measurements were employed to
investigate a fully turbulent and a fully laminar wake. Demetriades
(Reference 26) has also successfully correlated the data of Slattery and
Clay (Reference 42) on the present plot.

Conclusive proof of the self-induced nature of the transition in the

wake would be presented by the experimental investigation of the
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character of the boundary layer onthe wind tunnel's side walls. This was
not done for the nozzle used in the testing reported here; however,
since the present program was initiated, a new nozzle has been installed
in Leg 1 of the GALCIT hypersonic wind tunnel; also, the boundary layer
on the wind tunnel's side walls has been surveyed for pog = 35 psig.

The results of this survey show that transition of the boundary
layer on the side walls does not take place until 25 inches downstream
of the throat (Figure 3). In this respect, the previous nozzle should be
better than the new nozzle, because it was considerably shorter. In
the present tests, for the wind tunnel stagnation pressure of 35 psig,

transition took place 23. 1 inches downstream of the nozzle throat.
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VII CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

An experimental investigation has been made of the flow behind a
circular cylinder at a nominal free-stream Mach number of 5.7. The
Reynolds number was varied by changing both the diameter of the cylinder
and the stagnation pressure of the wind tunnel -- the former over a three-
fold range and the latter over a six-fold range. Enough measurements
were made to completely define the flow field as far downstream as 90
diameters for the smallest cylinder and 30 diameters for the largest
cylinder.

From these measurements, transition from laminar to turbulent
flow was defined in the wake and successfully correlated with other data.
A ''universal' Reynolds number for transition based on edge conditions and
the laminar length of the run was determined as 85, 000.

Correlation of the experimental data with Kubota's theory (Reference
18) for laminar flow was then made. The theoretical prediction of center-
line values of static enthalpy and local velocity based on this theory were
in excellent agreement with the experimental results. Distributions of
static enthalpy, and local velocity in the wake agree with the theory if
provision is made for an "effective' origin based on the wake width at the
neck. The theoretical predictions of wake width and momentum thickness

are also in close agreement with the theory.
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Because of the nature of the tests conducted, it was not possible to
correlate the experimental data with the turbulent theory of Lees and Hromas
(Reference 10) since only very small differences in state properties were
available in the turbulent flow regime. However, a qualitative experimental
value of the Townsend Reynolds number for turbulent flow on which the
theory of Lees and Hromas is based was obtained. Its value was determined
as ReT = 10+ 5. In order to study the turbulent regime in more detail, it
is necessary to either heat or cool the body. This project has already been
started at GALCIT.

It is suggested that the theory be extended to account for real-gas and
relaxation effects. Experimental verification could then be accomplished in
facilities such as the hotshot and shock tunnel for the two-dimensional case.
The laminar theory should then be extended to three-dimensions so that the
wake properties behind an arbitrary body of revolution can be predicted with

confidence for actual reentry conditions.
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APPENDIX A

FLOW CALIBRATION AND VISUALIZATION

The calibration of the Tate-Emery gauge used to control the
reservoir pressure was checked against a mercury manometer and found
to be within the accuracy of automatic control (+£0.02 psig). Atmospheric
pressure was measured by a conventional precision mercury barometer to
an accuracy of £0.01 cm mercury. The calibration of the reservoir temper-
ature was checked using the iron-constantan thermocouple shown in Figure
56, employing conventional apparatus.

The thermocouple was located just upstream of the throat at the
centerline of the wind tunnel. It was found that the dial setting was high
because the thermocouple used for automatic temperature control was
located about 12 inches upstream of the throat, consequently, losses
through a section of the wind tunnel walls were present before expansion
through the nozzle. This fact accounts for the odd nominal temperature of
262 F selected for the tests and the slight variation with pressure. The
dial setting for reservoir temperature was maintained constant throughout
the tests, and it was calibrated for the full range of reservoir pressures
available (Table I).

In the calibration of wind tunnel reservoir temperature, the recovery

factor of the iron-constantan thermocouple was assumed equal to one
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Figure 56. System for Calibrating Wind Tunnel Reservoir Temperature

because the hot junction was located in a subsonic region of high pressure.
The time constant of the temperature measuring system was very short
because of the relatively high-pressure air engulfing the thermocouple.
The accuracy of the temperature calibration was well within the capability
of the automatic control system (1.0 F}. The results of these measure-
ments agree with those conducted by Wood (Reference 43) and Dewey
(Reference 14) as well as with the wind tunnel empty measurements made
by the author in conjunction with the wake surveys using a chromel-alumel
heated thermocouple (Section II).

To calibrate the wind tunnel, a conventional rake shown in Figure 57

was used. The rake was connected to a bank of silicone manometers which



Figure 57. Rake Installation
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were read manually. These data were then fed into an IBM 7090 program
to obtain pressure contours, a few typical contours are shown in Figure 58.
From these contours, it was evident that the flow was very uniform in the
region immediately downstream of the cylindrical' model (19 to 24 inches
from the throat). It should be noted that the flow deteriorates with decreas -
ing wind tunnel stagnation pressure so that the contours of Figure 58
represent close to the worst conditions.

A schlieren photograph of the flow around the model is shown in
Figure 1. To obtain this schlieren, the model was embedded in the glass
ports of the wind tunnel in which were drilled 1/4-inch holes approximately
1/4-inch deep for support. These holes were very carefully and slowly
drilled into the ports in order to avoid stresses in the glass. This
procedure, which allowed for easy model installation and minimum leakage
at the model supports, was possible because the dynamic pressure on the
model was very low; consequently, high forces due to air loads were not
present. It might be mentioned that the schlieren shown in Figure 1 was
taken with the knife edge horizontal. Photographs were also taken with the
knife edge vertical; however, the density gradients in the axial direction
were too low for satisfactory visible display.

Some effort was expended in trying to take spark pictures in a time
interval short enough to see the microscopic wake structure. At a nominal
velocity of 2740 ft/sec (which results from isentropic expansion to Mach

5.7 with the wind tunnel stagnation temperature of 262 F) the flow advances

about 0.033 inch during 1.0 microsecond.
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One microsecond, then, appears to be the largest order of magnitude
of the time interval which must be achieved for visible microscopic wake
investigation. In this time interval, it is very difficult to get light intensi-
ties high enough for schlieren photographs. An opren air spark gap
developed by Gorecki (Reference 44) was tried. This source provided
time intervals of several microseconds with enough intensity to give
photographs using sensitive film. However, due to the flow motion and the
resultant smearing, no additional phenomena were visible over the longer-

exposure-time schlierens. The project was therefore abandoned.
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APPENDIX B

HEATED THERMOCOUPLE

The heated thermocouple used for total-temperature measurements
is shpwn in Figure 23. The supports were heated to the same value as the
measured wire temperature by the design shown in Figure 59. In Figure
59, it will be noted that three thermocouples were used, one for measuring
the total temperature of the airstream, and one for measuring the support
temperature at each end of the wire. The output from the thermocouple at
the alumel support was fed into the servo along with the output from the
thermocouple at the center of the wire.

The servo compared these two outputs and heated the alumel support,
making the difference in outputs equal to zero. The temperature of the
chromel support was then adjusted by comparing the output of its thermo-
couple with that of the alumel support with a sensitive galvanometer. The
chromel-heated or the alumel-heated (or both) thermocouples were
adjusted by varying the resistances shown in Figure 59; therefore, at
equilibrium, both the servo and the galvanometer were nulled.

‘The servomechanism used was developed by Wood (Reference 43) for
a heated shielded thermocouple. The system consists of a dc null detector,

a CAT (current adjusting type) control unit, and a power manipulator.



ELECTRIC HEATER CIRCUIT
——————— — CHROMEL

Figure 59. Schematic of Heated Thermocouple Probe
These elements are all commercially available. The dc null detector
measures the difference in output between two thermocouples. Its signal
is fed into the CAT control unit which, in turn, adjusts the power manipu-
lator. The CAT incorporates provisions for obtaining stability and
minimum response to demand changes.

The calibration needle shown in Figure 23 was used to determine
axial distances accurately. First, the distance between its tip and the
thermocouple junction was measured with an optical comparator. Then
the tip was allowed to barely touch the model during tunnel operation after
thermal equilibrium had been established. After axial distance was fixed

and the axial counter set, the calibration needle was then removed.
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The chromel-alumel cold junction was coated with wax to eliminate
spurious voltages induced by the melting ice. A chromel-alumel thermo-
couple was selected for this experiment for the following reasons: neither
metal is corrosive, the combination gives out a reasonably large output
compared to other metals, and both metals are readily available. As
indicated in Figure 23, the heated thermocouple allows for the use of
5-mil wire rather than the very thin wire necessary with conventional
means. For this reason, the chances of breaking the wire due to wind

tunnel starting loads are minimized.
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APPENDIX C

TRANSPORT PROPERTIES

Because of the very low static temperatures in the test section, the

conventional Sutherland formula for coefficient of viscosity was suspected

-- especially since no experimental data for coefficient of viscosity for

dry real air exists below 180 F.

Therefore, the coefficient of viscosity

was computed using the Lennard-Jones potential as outlined by

Hirschfelder, Bird, Curtiss, and Spotz (Reference 45). The results of

these computations are shown in Figure 60 and Table IV. Along with the

1.4
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0.6

0.4
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Figure 60. Coefficient of Viscosity for Air Versus Temperature
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values based on the Sutherland formula and the Lennard-Jones potential,
a curve based on Keyes' equation * (Reference 46) is also shown in Figure
60. Reynolds numbers based on the coefficients of viscosity given in
Figure 61 were used for all computations.

In 2 manner similar to that discussed above for viscosity, the
thermal conductivity of air was calculated for low static temperatures,
based on the Eucken assumption of fast energy transfer as presented by
Hirschfelder, Bird, Curtiss, and Spotz (Reference 44). The results of
these computations are shown in Figure 62. To compute the Prandtl
number, the experimental values of specific heat for dry real air
presented in Figure 63 were taken from Reference 48. The Prandtl

number based on these properties is shown in Figure 64.

*[t should be noted that Keyes' equation as given by Graves, Quiel, and
Nagamatsu (Reference 47) and Matthews (Reference 28) contains errors.
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Table IV

Coefficient of Viscosity for Air

(m/p) = (T/T,)

Choose:

T

T

Hr

1/2 g (T)

Based on Lennard-Jones Potential

Y(2,2; 7,)

f

I

g (ry) Y(2,2,7)

273. 16°K (= 491. 69 °R)

1716 x 10~ 7 poise (g/sec-cm)

T=(kT/€)

k, €

= force constants

for air €/k = 97.0°K

Viscosity Functions

Comparison With Experiment

H exptl. Hcalc,
T Y(2, 2) g T Y(2, 2) g T(°K) _7 )
(107" poise)

0. 30 2.785 1. 0014 2.7 1.069 100 713 702
0.35 2.628 2.8 1.058 120 846 840
0.40 2.492 2.9 1. 048 140 975 972
0.45 2.368 3.0 1.039 1.0034 160 1101 1099
0.50 2.257 1. 0002 3.1 1. 030 180 1221 1221
0.55 2.156 3.2 1.022 200 1336 1337
0. 60 2.065 3.3 1.014 220 1448 1447
0.65 1.982 3.4 1. 007 240 1556 1554
0.70 1. 908 3.5 0.9999 260 1659 1657
0.75 1.841 1. 0000 3.6 0.9932 280 1756 1756
0.80 1.780 3.7 0.9870 293. 16 1819 1819
0.85 1.725 3.8] 0.9811 300 1851 1851
0.90 1. 675 3.9 0.9755 400 2294 2290
0.95 1. 629 4,01 0.9700 ] 1.0049 500 2680 2678
1.00 1.587 | 1.0000 4.1 0.9649 800 3613 3680
1.05 1. 549 4.2 0.9600 1000 4165 4257
1. 10 1.514 4.3] 0.9553 1200 4631 4761
1.15 1.482 4.41 0.9507 1500 5262 5494
1.20 1.452 4,5 0.9464 5000 12080
1.25 1.424 | 1.0001 4.6| 0.9422 10000 18870
1.30 1. 399 4.71 0.9382

1.35 1. 375 4,8 0.9343

1.40 1.353 4.9 0.9305

1.45 1.333 5 0.9269 | 1.0058

1.50 1.314 1. 0004 6 0.8963

1.55 1. 296 7 0.8727

1. 60 1.279 8 0.8538

1. 65 1. 264 9 0.8379

1.70 1. 248 10 0.8242 ] 1.0075

1.75 1.234 20 0.7432

1. 80 1.221 30 0.7005

1.85 1. 209 40 0.6718

1.90 1 197 50 0.6504 | 1.0079

1.95 1. 186 60 0.6335

2.00 1 175 1.0014 70 0.6194

2.1 1.156 80 0. 6076

2.2 1. 138 90 0.5973

2.3 1.122 100 0.5882 | 1.0080

2.4 1.107 200 0.5320

2.5 1.093 1,0025 300 0.5016

2.6 1.081 400 0.4811 1. 0080




131

goanjerodwo], MO JB ITy I0J AJTSODSIA JO JUSIDIIFR0D) IOJ POS[) SONTBA

(¥o) J¥NLVYIdWIL

‘19 2andrg

ore 00¢ 091 ocl 08 oy
T 1 T T 1
o8 8yl -0l X €609°6 (- NI - D35 (W) €1
264 syl g-01 X LESL | |- 14 (- 23s W) 1
vLL Zov- 1 £-01 X 0¥85°€ (035 14/9015) z- 14 D35 () 91
9L 6Le°! 6-01 X 688¥°Z z- N103s (@) €1
8EL 95€°1 9-01 X 86¥L" L z- W 215 (3) O
oes cee” £-01 X 86¥L"L z-W2D21s () ©
20, 80€°1 -0l X 91£1 3S10d11N3D |
89 £82°1 701 X911 (- WD - D35 (W) © ¥O 3510d n n/n
99 652°1 7
8v9 oAl ya
09 60Z°1 40 @INIvA .
: . MO39 G3LVDIANI

ety et AS AW SNOISNIWIQ JHL ONIAVH oL | duvInevi e
$65 £S5 I¥3ANOD Ol /
%S el ¥
855 €oL" | Y
ovs 90" s/
228 80" L \\
¥0§ 0z0° 1 )
osy | elgero | 088 %l
zev | S106°0 \\
vty 9048°0 4 do
96€ 16£8°0 1\1 1 \.\\
8/g | 040870 ONI¥IVA e
09¢ eviLt0 y 4
we L0vL°0 /"
¥zg $90£°0 4
%€ | 9190
gaz | 65€9°0 | 9zwe: 8ol
s e | e | b *(¥011a3 *q *4 “INISSOY) | *TOA ‘NOISINGO¥d
vz | eszso | eoiz | 9vge 137 GNV SOIWYNAQOY¥3V @33dS HOIH S3143S NOLIONIR 3HL
oz | srero | vzoz: 06 WOU¥4 ‘Z10dS ANV “SSILIND ‘QuI8 ‘¥3QTIIHOSUIH AQ STINLXIW
o ervro | seol- 72 SNO3ISYO ANV S3SVO 4O SIIL¥IAO¥d LYOdSNVAL IHL *a NOILD3S
o8l ggov'o | 262170 »e L£E *d “(1=9) "D ONISN TYLINILOd SINOF -QUVNNIT NO QISVE e « e
. | ] ¥ ¥V A¥Q 4O ALISODSIA 40 IN3IDIHHI0D ‘1/68°Z 318VL -

o n/n 1/ ° SISVO 4O $31L¥3d0O¥d TYWIIHL 4O T19V1 VOVN-SIN WO

s378v1 WVIIN3LOd ONIIVY ===
VOVN-SEN SINO-Q¥VNN31

L*o

2°0

€0 “n/n

G0

9°0



- 132 -

= ix

o= ame = = FAIRING THERMAL
e DATA FROM NBS-NACA TABLES OF THERMAL PROPERTIES fo?z';'ill”gnv'w
OF GASES - TABLE 2.42, THERMAL CONDUCTIVITY OF
DRY AIR TEmp "
o
—— « === BASED ON EUCKEN ASSUMPTION OF FAST ENERGY TRANSFER R
USING EQ. (10-2), P. 405, SECTION D: THE TRANSPORT
PROPERTIES OF GASES AND GASEOUS MIXTURES BY 144 0.3092
HIRSCHFELDER, BIRD, CURTISS, AND SPOTZ, FROM THE . 162 0.3450
PRINCETION SERIES HIGH SPEED AERODYNAMICS AND JET 180 0.3831
PROPULSION, VOL. | (ROSSINI, F. D. EDITOR). 198 0.4203
216 0.4576
0.44- 234 0.4948
COEFFICIENT FOR THERMAL CONDUCTIVITY OF DRY REAL AIR 252 0.5318
BASED ON EUCKEN ASSUMPTION 270 0.5687
288 0.6052
306 0.6418
ve —H [ e ise I (T) 324 0.6780
m P T g !’C) 342 0.7138
0.40} 360 0.7494
M = COEFFIECIENT OF VISCOSITY 378 0.7846
= MOLECULAR WEIGHT (28.967) e PRI
CP = SPECIFIC HEAT AT CONSTANT PRESSURE 432 0.8885
R = GAS CONSTANT FOR AIR 450 0.9225
“C = REDUCED TEMPERATURE, KT 468 0.9561
0.3%}- T = TEMPERATURE, °K € Py 99004
k, € = FORCE CONSTANTS o on
FOR AIR (€/k) = 97.0°K 240 1 087
J (T) = VISCOSITY CORRECTION FACTOR 558 119
J(L) = THERMAL CONDUCTIVITY CORRECTION 576 1.151
FACTOR 594 1.182
612 1.213
0.32 Er 630 1.244
T X 648 1.275
666 1.305
0.30 1.0014 | 1.0022 684 1.335
0.50 1.0002 | 1.0003 /, 702 1,365
° 0.75 1.0000 | 1.0000 v 720 1.39%4
1.00 1.0000 | 1.0001 y 738 1.423
0.28} 1.25 1.0001 1.0002 / 756 1.452
1.5 1.0004 | 1.0006 ./ 774 1.481
2.0 1.0014 | 1.0021
2.5 1.0025 | 1,0038
3.0 1.0034 | 1.0052 y!
4.0 1.0049 | 1.0076
5.0 1.0058 | 1.0090
0.24+ 10.0 1.0075 | 1.0116
50.0 1.0079 | 1.0124 /
100.0 1.0080 | 1.0125 /
400.0 1.0080 | 1.0125 /
/
0.20} /
.
/
/ TO CONVERT
’ TABULATED |10 m[\)"g%{)”sgfg"vsm'o”s MULTIPLY BY
/ VALUE OF
0.161 .
- -5
/ cal em™! sec™! oK1 3.770 x 10
’ k/kq k Bty ft~1 he~1 og"} 1.395 x ‘0:3
/ watts cm=1 oK1 2.414 x 10
[
0.12 | o i f 1 |
0 40 80 120 160 200

TEMPERATURE (R)

Figure 62. Thermal Conductivity of Dry Real Air
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SOURCE:

TABLES OF THERMAL PROPERTIES OF GASES,
U.S. DEPARTMENT OF COMMERCE,
NATIONAL BUREAU OF STANDARDS,
CIRCULAR 564, NOVEMBER, 1955

CONVERSION TABLE
10 cCONVERT | TO HAVING THE DIMENSIONS MULTIPLY BY
TABULATED INDICATED BELOW
VALUE OF
C/R <, CAL MOLE™! o1 (or °¢™ 1.98719
cAL G-l °k-lor °cly 0.,0686042
JOULES G-T ok~1 (OR°C™) 0.287041
BTU (LB MOI]E)']°R" (oRPFTy | 1,98588
8TU LB™1°R™) (OR OF-1) 0.0685590
TAKEN AS 7/2
Co/R S, FORT <90°R
0.1 ATM
0,01 ATM
3,48 J 4 |
40 80 120 160 200

°R

S~ 0,01 ATM

I

| il I I

180

Figure 63.
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APPENDIX D
LAMINAR-WAKE THEORY

Using Kubota's approach {Reference 18), it is assumed that the flow
in the viscous wake can be described by the boundary-layer type equations:

alpu) . a(pv)

= 0 1
? x d v (1)
ou du due ] du
T :
T ax eV oy peue dx ¥ 9y "ay (@)
P _ (3)
oy
H ) 1 -
pu L BH 2 (U)o (10 o) )
9 x o0y oy Uay ay o dy
where the total enthalpy,
1 2
H = h+=u, (5)
2
and assuming a perfect gas,
y-1
p = —5—Ph . (6)

The boundary conditions of symmetry and free-stream flow at infinity

apply, viz:
ou (x,0) = 0 ; u(x, ) = u (x)
oy e
(7)
oH (x,0) = O ; Hx, *ow) = He
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The following transformation is used

X (x) = f ele’e dx (3)
Poo Poooo d
O
}7
u
- e pdy
Ty = = [re, [ LA (9
u d A P, d

Gou, cou (g - uo) e y 2. 10)
8% o8g  °© M dx 2 (
e oy
2 (y-1) M :
-9g |, - og lag 1-o0 v e ] du
L Al 7 5> —\P (11)
3% 3y 3y o 1+”£ M © 87 \ 8y
e
where, from continuity
. o= —= (12)
u
e
and, by definition
H
&< H (13)
e

It is assumed that the Prandtl number is constant (not necessarily = 1),

and, analogous to the Chapman-Rubesin relation for linear

temperature-viscosity relationship,

= 4
PR = Pk (14)
In order to linearize Equations 10 and 11 first, let

a = 1-w

G = g-1
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and assume the velocity defect, w << 1. Substituting into Equations 10 and

11 and retaining lowest-order terms, we obtain

2
9 ( h ) 1 9 <h )
— [ — -1 = ——— (— -1} (17)
-2
9x he OBY he
dM 2
2 0 2
2mMwrc—=2 = 2 (M ‘w) (18)
ox e - - e
dx oy
where
h - 2 y-1 2
1= (Y- 1M w+(l+ - Me>C} (19)
e
with the boundary conditions
G = o] X = ®
| at _ (20)
W = 0 y = +eo
dy
? at y = o (21)
G
R
oy J
wi(-y) = w(+y)
(22)
G(-y) = G(+y)
It
G <<w (23)

Equations 17 and 18 reduce to the diffusion equation

2
oW _ o W (24)

98  4pt
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with homogeneous boundary conditions and symmetry

EZOO
W = o }at
N = %+ e
2-V—vr—oat = 0 =)
an (O
W (-1) = W(+m)

Using Laplace transform techniques, the general solution of Equations

24 and 25 is
e L Uy YU T SR
W o= 5 fWO(n)\/_e dny
n p
(26)
n
rx [ owm e P gy
e Vo
where
W:x{w}: fo We_pfd{: (27)

and W (n) represents the initial conditions. If W, (n) is a delta function

of strength Q, Equation 26 reduces to

R e "VP (28)

ey

or

=
oo

=
s
Sy
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Thus, the solutions of Equations(17) and (18) for G <<w and initial

delta functions at the origin of x are

-2
M Zw = A exp (—X—) (30)

-2
Eh__ = B exp <- ey > (31)
. /X 4x

where A and B are determined from the initial condition (usually taken at

the neck)
R
e pu @
AT % vrd< - d 2) (32)
Poou e 0
aRed 3

B = [Q + (Peue 9)0] (33)

ZW(pwu d) he

00
0

where 8 is the momentum thickness

o0
OZZJ p3—<l~au—dy (34)
pee e

O

and Q is the heat transfer to the body.

From Equation 32



- 139 -

To determine the wake semi-width, Ye’ one notes that

y p u
T [Re = oo vet
d pee

y-1

2

M ZG'
e Ye

Y -

p

peue V)
a, [Re
% o d /o

where ;re is the wake semi-width in the transformed plane.

Assuming that at the wake edge

then

e N
2

It is interesting to note that

(

Ve

d

), -

(37)

(38)

(39)



