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ABSTRACT

An experiméntal investigation of the response of a hypersonic
turbulent boundary layer to a step change in surface roug'hngss has
been performed. The boundary layer on a flat nozzle wall of a Mach
6 wind tunnel was subjected to abrupt changes in surface roughness
and its adjustment to the new surface conditions was examined. Both
mean and fluctuating flow properties were acquired for smooth-to-
rough and rough-to-smooth surface configurations,

The boundary layer was found to 'respond" gradually and to
attain new equilibrium profiles, for both the mean and the fluctuating
properties, some 10 to 256 downstream of the step change. Mean
flow self-similarity was the first to establish itself, followed by the
mass flux fluctuations, followed in turn by the total temperé.ture
fluctuations,

Use of a modified Van Driest transform«;a.tion resulted in good
correlation of smooth and rough wall data in'the form of the incom-
pressible law of the wall. This is true even in the nénequilibrium
vicinity of the step for small roughness heights.

The present data are found to correlate well with previously
published roughness effect data from low and high speed flows when
the roughnesses are characterized by an equivalent sand grain rough-
ness height.

Existing correlations based on low speed data were found to
be unsuccessful in predicting the effect of this roughness on the skin

friction and velocity profile. The indiscriminate use of low speed
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roughness effects correlations to predict the effects of roughness
on supersonic and hypersonic flows must therefore be regarded as
a procedure subject to gross errors.

Significant pressure and temperature history effects were
observed throughout the boundary layer. The existence of these
effects was found to create a nozzle wall boundary layer whose
properties were far different than those in a boundary layer on a flat
plate in the freestream, raising questions about the validity of simu-
lating the flat plate boundary layer with the nozzle wall boundary

layer.
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INTRODUCTION

The effect of surface roughness on the characteristics of flow
over a surface has long been of interest, especially to those people
who are involved in the design of vehicles which operate in or on the
water or within the atmosphere. It is well known that the presence of
surface roughness can significantly alter the drag and heat transfer
characteristics of a surface and can even cause considerable modi-
fication of the flow-field about a body, compared to the smooth wall
case. Quantitative knowledge of these roughness effects, and insight
into the physical phenomena which give rise to these effects is essen-
tial for the realistic design of new vehicles, regardless of their speed
range or medium of operation. Without such knowledge, vehicle per-
formance cannot be adequately predicted and considerable overdesign
is mandatory to insure tilat the vehicle will satisfy the design criteria.
Ship hulls, aircraft, reentry vehicles, and the space shuttle are but
a few areas in which the design is influenced heavily by the knowledge
or lack of knowledge of roughness effects.

One of the earliest extensive studies of roughness effects was
that of Nikuradse,(l) in which the effects of Reynolds number and
~ relative roughness heights were investigated. This work was
carried out using dense sand grain roughness in pipe flow., He dis-
covered that for Reynolds number based on roughness height below a
certain critical value, the roughness had no discernible effect on the
flow, i.e., the surface was '""hydraulically smooth.'"' For roughness
Reynolds numbers above this critical value and below a. second critical

value, the effect of the wall roughness on the boundary layer properties
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was dependent on flow Reynolds number and roughness density, k/d
(k is the roughness height, and d is some characteristic length of
the flow, such as the pipe diameter for Nikuradse's work). These
flows were termed 'transitional." Flows with roughness Reynolds
numbers above the second critical value were found to depend only
on the roughness density and were termed ''fully rough."

(2)

Moore, in 1951, investigated a zcto pressure gradient
boundary layer over a roughness consisting of square bars placed
normal to the flow with a ratio of pitch to height of 4. Moore found
that a similarity defect law correlated his boundary layer profiles,
and the law was identical with the smooth-wall law, provided the origin
for measuring y and & (the boundary layer thickness) was located
some distance below the crest of the roughness elements,

Hama,(3) in 1954, conducted an extensive investigation which

showed that the Clauser(4) form of the logarithmic velocity distribution

for rough wall flows

y .
T = ghil=-)+C-— (1)

where

o]
_'
1l
-
©

w Fw

K and C = univercal conetants

Tw = wall shear stress

P = fluid density at the wall

—ﬁ——u = a roughness function which is zero for smooth
T

walls and which depends on the roughness Reynolds

number
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and the Clauser(4) form of the roughness function for fully rough

flows
ku
Au _ 1 T 2
IT: = gn(——)+D ( )

are both universal for a given roughness geometry in pipe, channel,
and zero pressure gradient boundary layer flow. The constant D is
found to depend upon the free stream pressure gradient.

More recently, the work of Betterman,(s) Morris,(é) Liu
et al. ,(7) and Perry et al.(8) have included the effects on the constant
D of the element density. Perry and Joubert(g) have investigated the
effect of an adverse pressure gradient on the roughness function. All

(1,3)

or a trans-
(10)

of these works were for either a sand grain roughness

verse square bar type of roughness,(z’ 4-9)

(11) (12)

while Streeter and Chu,
(

Sams, Ambrose, and Corrsin and Kistler, 13) have investigated
different fypes of roughnesses.

Antonia and Ltﬁcton,(l‘%) Liu et al. ,(15) and Logan and Jones(lé)
are among those who have studied the turbulent properties of incom-
pressible fluid flow over rough surfaces. They have found that the
velocity fluctuation magnitudes in the outer part of the rough wall
boundary layer are siénificantly higher than those on the smooth wall.
The fluctuation profiles were also found to assume a self preserving
shape.

Using the information obtained in these investigations,

(17)

Van Driest has constructed a mathematical model of incompres-
sible fluid flow over a rough wall which has met with considerable

success when used to compute the mean properties of such a flow.
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(18)

Dvorak utilizes the correlation of Betterman, (5) extends it to other
roughness densities, and incorporates the universal rough surface law
of the wall into a procedure for computing incompressible rough wall
turbulent boundary layer profiles.

Considerably less progress has been made in deiermining the
effects of surface roughness on compressible turbulent boundary
layers. One of the first investigations was that of Goddard*?) who
studied the effects of sand grain roughness at Mach numbers of 2 to

(20)

4.5, Wade at about the same time determined the effects of '"screw

thread'' roughness at Mach number 2,5. Fenter, (21) (22)

(23) (24) (25)

Young, Shutts

and Fenter, Mann, Reda, and Monta et al, (26) have also
investigated this phenomenon at Mach numbers varying from 2 to 5.
With the added phenomenon of compressibility, it is no
longer possible to directly correlate the boundary layer profiles
in the law-of-the-wall form as was done for incompressible flow. |
Even compressible smooth wall turbulent boundary layers, at dif-
ferent Mach numbers or wall-to-stagnation temperature ratios,
cannot be directly correlated by the law of the wall., Several trans-
form mcthods(27-37) have been proposed, based on either theoretical
analysis or experimental data. These methods are designed to
transform compressible velocity profile data into an '"equivalent'

incompressible form which can then be correlated by the incompress-

ible law of the wall,

(38) (39)

Spalding and Chi, (34) Hopkins ct al.,
(

Miles and Kim,
and Hopkins and Inouye 40) have compared several of the theories

with available data and conclude that while some of them work
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quite well for a wide variety of data, many of them perform ade-
quately only for data which were acquired under certain conditions
such as limited Mach number range, limited wall temperature
range, etc. Since only the immediate wall region of the compress -
ible turbulent boundary layer is affected by the presence of wall
roughness, it seems likely that the smooth wall transform methods

will work for the rough wall case as well, and Fenter, (21) (22)

(25)

Young,
and Reda have verified this.

Dvorak(4l) and Chen(42) have developed computational
procedures based on a combination of empirical laws and theo-
retical equations which purport to predict the compressible rough
wa'l} boundary layer development in a pressure gradient., The
agreement with the limited amount of data is quite good, but Dvorak
specifically deplores the availability of suitable test data,

The earliest comprehensive investigation of the fluctuating
properties of the compressible turbulent boundary layer was per-
formed by Kistler(43). He found that in the Mach number range
of 1.7 to 4,7, the mass flow and total temperature fluctuation
intensities increased throughout the boundary layer with increasing
Mach number. The velocity fluctuation profile was observed to be
generally similar in shape to low speed fluctuation profiles. Sub-

(44)

sequent to Kistler's work, Owen and Horstman and Laderman

and Demetriades, (45, 46) have investigated smooth wall turbulent
boundary layer flows at Mach numbers of 7, 8, and 9 with adiabatic

(46)

and cold walls. Laderman and Demetriades conclude that the

fluctuation intensity is strongly dependent on the wall temperature
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to stagnation temperature ratio.

An investigation of the response of a hypersonic turbulent
boundary layer to a step change in roughness was seen as serving
several purposes; it would provide information on the distanc'e re-
quiréd to achieve equilibrium rough wall flow in hypersonic flow--
essential for future roughness work; it would yield information on
the equilibrium rough wall boundary layer flow downstream of the
transition region, creating additional test data for the existing com-
putational procedure; and it would serve as a preliminary step for
possible later investigations of a turbulence production dominated
region of flow, designed to gain further understanding of the mecha-
nisms involved in turbulence. In addition, comparison of the data

(14)

with the existing low speed results of Antonia and Luxton “would
reveal the Mach number dependence of the boundary layer response

to sudden perturbations.
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DESCRIPTION OF THE EXPERIMENT

Facility

This work was performed in Leg II of the Graduate Aeronauti-
cal Laboratories, California Institute of Technology (GALCI"I‘) hyper-
sonic wind tunnel. The tunnel is a closed circuit, c;)ntinuously
operating facility utilizing heated air as the test gas. A schematic
of the tunnel circuit is shown in Fig. 1. Compression is accomplished
by five stages of sliding vane, rotary compressors and either one or
two stages of reciprocating compressors, depending on the required
compression ratio. A silica gel dryer is used to remove moisture
from the air., and a 5p nominal size pleated-paper filter removes the
large particles from the airstream prior to its entering the electric
heater and test section., More detailed descriptions of the wind tunnel

(47) and Baloga and Nagamatsu.(48)

are given by Kubota

Leg Il has a two dimensional, flexible nozzle which may be
contoured to produce Mach numbers in the range of 6 to 9. The side
walls of the tunnel diverge to compensate for boundary layer growth
in the flow direction. For this work, a half nozzle configuration as
shown in Figure 2 was contoured to produce a nominal free stream
Mach number of 6. 0. 'This resulted in a total test section height of
approximately 2. 8 inches, with an inviscid core approximately .0. 8
inches in hcight by 5.0 inches in width,

The nominal tunnel operating conditions for this work were
chosen to give the highest possible Reynolds number consistent with

good quality flow and safety conditions, These conditions were

Py = 228 psia and T| = 770°R which resulted in a free stream Reynolds
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number of Re = 4x10° /in. Operating conditions varied slightly from
run to run, but for a given run the conditions were constant within

+ 0, 5% for the temperature, and + 0, 2% for the pressure,

Experimental Apparatus

The bottom flexible nozzle wall of the tunnel was removed and
replaced by an assembly consisting of a permanent 0. 625 inch thick
steel plate (base plate) upon which removable surface plates 0. 35 inch
thick were mounted. The base plate itself was 48, 8 inches long and
the removable surface element length Wa; 46, 3 inches, The plate
assembly is illustrated in Figures 3 and 4. The plate assembly
was leveled using a surveyor's transit and a straight edge and was
estimated to have been flat énd level within * 0,010 inch over the
48 inch length, The surface plates were tapered to match the side-
wall divergence. Sealing was accomplished by means of inflatable
tubing, both against the side wall, where nitrogén at 150 psi was
used to inflate the tube and achieve a seal, and between the surface
plates where the tubing was injected with uncured Ecc‘ofoam FP.

The curing foam created significant pressures on the inside of the
tubing, forming an effective, permanent seal between the plates.

Four sets of surface plates were fabricated, one of which
was left smooth to serv‘e as a reference condition, while the others
were machined to different surface roughness,

Each set of surface plates was ground to the proper thickness
and then hand finished while instailed in the base plate to minimize

the steps in the surface, both at the junction with the throat block
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and between the plates themselves. All joints on the smooth surface
set had steps of less than 0,0001 inch,

The surface roughness chosen for this study was a transverse
square bar type as illustrated in Figure 5. This conf‘iggr'atibn was
chosen because it has been extensively studied in low speed flow
(Moore, (2) Antonia and Luxton, (14) Perry, Schofield and Joubert, (8)

(

Betterman 5)) and it may be readily characterized by a height and a

wavelength., The wavelength to height ratio used was 4, and the
grooves were recessed into the surface, leaving the top of the rough-
ness elements level with the smooth wall upstream of the roughness.

Roughness heights of 0.0125, 0.0250 and 0.050 inch were used,
(5)

>

which, using the data of Betterman correspond to incompressible

sand grain roughness heights of 0.04, 0.09, and 0. 18 inch yielding

k u
i i + s T
nondimensional roughness values kS (= —

w

) of approximately 19,
40, and 85.

To reduce the heat loss from the flat plate to the room, a
continuous flow of low speed (< 40 ft/sec) heated air was maintained
in a channel formed by the base plate and the tunnel side walls, The
bottom of this open channel was closed and flexible ducting connected
it to a blower and electric resistance heater. A sketch of this sys-
tem is shown in Figure 6. The heater current was controlled by
means of a Powerstat auto-transformer, so that any desired heater
output temperature from ambient to about 300°F could be set, with
an accuracy of = 2°F,

Further reductions in heat loss were accomplished by placing

a two inch laycr of fiberglass insulation on the outeide of each
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sidewall to reduce the plate conduction losses to these structures,
and by inserting a micarta section of nozzle wall just downstream
of the test section to reduce heat conduction to the unheated down-

stream section of the nozzle wall,

Instrumentation

The mean flow properties of the boundary layer were com-
puted from data acquired during Pitot pressure and total tempera-
ture surveys., A limited amount of static pressure data was
obtained,. the main conc—ern being the verificatioﬁ of the standard
assumption of constant static pressure across the boundary layer,
Direct measurements of wall temperature and pressure were
made via instrumentation in the tunnel wall, while the wall shear
stress was determined using a skin friction balance which could
be installed at either of two axial locations. A constant current
hot wire anemometer was used to obtain fluctuation data from
which the turbulent properties of the boundary layer could be deduced.

The Pitot and static pressure probes used We;-e of conven-
tional design. The Pitot probe was fabricated from 0. 065 inch O.D.
stainless steel tubing with the tip flattened and filed to about 0.010
inch by 0.08 inch with an opening height of 0.004 inch. The probe
tip wae pitched down at an angle of 10° to insure that it contacted
the flat plate before any other portion of the probe touched. Fernan-

2(49) and Peterson and George(so) have shown that the flattened

de
tip Pitot probe is insensitive to angle-of-attack variations of £ 10°

for subsonic and supersonic flow,



-11-

The static pressure probe was fabricated from 0,032 inch
O. D. stainless tubing. The tip was sealed and sharpened to a cone
with an 8°-10° semi-vertex angle, Four holes of 0.007 inch diame-
ter were drilled 90° apart some 12 probe diameters behind the
shoulder of the probe in the region of full pressure recovery,

Pitot pressures were measured using a Statham pressure
trangducer (PA-208TC-10-350, 0-10 psia), Static pressures were
measured using a Datametric electronic barometer, type 1014A.
Pitot pressure readings are estimated to be accurate to within 1%,

The total temperature probe shown in Figure 7 was based
on the design of Behrens(sl) and consisted of a micarta body and
wedge shaped micarta supports 0.5 inch apart. A butt welded
0.005 inch Chromel-Alumel thermocouple was suspended between
the supports with 0,001 inch Chromel and Alumel wires spot
welded to the appropriate wires and leading from the support tips
back to the probe body. A 0,001 inch spot welded Chromel Alumel
thermocouple was epoxied to one support to monitor the support
temperature. The 0,005 inch thermocouple proved to be very
sturdy, capable of withstanding considerable handling without
breaking, and the 0.001 inch lead wires (which were protected by
epoxy and thus not subject to breakage) minimized heat loss from
the supports.

Two traverse mechanisms were used in this experiment.
One traverse was window mounted and permitted cross stream as

well as vertical and axial movement, while the other was a top .

mounted unit which utilized a more rigid support system for the
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axial moving sfing (0.50 inch O.D., 0.375 inch I.D. SS tube) and
permitted only axial and vertical movement. Both mechanisms were
located at the aft end of the test section (~ 52 inches from the throat),
and when the probe was extended forward this cantilever support
system resulted in increased vibration problems and decreased
position accuracy. Estimates of the probe position (with respect to
the flat plate) accuracy under tunnel operating conditions vary from
+ 0,002 inch at thc aft end of the test section to + 0, 005 inch at the
maximum probe extension of 28 inches.

The smooth surface plate sections were instrumented with
static pressure taps and thermocouples. The taps consisted of a
0.067 inch diameter hole drilled from the back surface of the surface
plate to within 0. 025 inch of the front surface with a 0,014 diameter
inch hole through the surface. A short piece of 0.063 inch O.D. by
0.045 inch I.D. stainless steel tubing was epoxied into the back of
the plate, and 0,060 inch I.D. Saran tubing was uscd to conncct to
a silicone o0il manometer bank. The ports were all léeak checked
under tunnel operating conditions and the outgassing of the connecting
tubes was fo'und. to be negligible. These static pressure rea‘.dingvs
are estimated to be accurate to within + 1 mm silicone oil (U. UUL3 ps1)
or £ 1% or less of the minimum wail pressure sensed. 7The therimo-
couples were installed as shown in Figure 8. A 1/8 inch diameter
hole was drilled from the back side of the plate to within 0. 05 inch
of the plate surface and two 0,012 inch diameter holes were then
drilled through to the surface. Copper constantan thermocouple wire

was stripped and one wire threaded through each hole to the surface
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where they were soldered to the surface and then finished flush with
the surface. The resulting junction thus incorporated the outer 0. 05
inch of the plate surface and effectively measured the surface temper-
ature of the plate. The outputs of all of the surface the;'mocbuples
were monitored on a self balancing strip chart recorder, and the
accuracy of the thermocouples based on calibration wasz* 1°F.

Location of the wall pressure taps and thermocouples are
given in Table I.-

Provisions were made for mounting a skin friction balance at
two axial locations, 27.9 and 47.9 inches from the throat. The surface
elements of the balance could be interchanged in the same manner as
the rest of the flat plate surface sections. Roughness elements for
the balance were machined to match the vari.ous plate roughnesses
with no interruption or discontinuity. The roughness heights were
such that an integral number of roughness wavelengths would be present
on the balance elemenf (1, 2, and 4X for k = 0,050, 0.025, and 0.125
inch, respectively).

The balance itself was a floating element, null return instru-
ment based on the design of Coles.(sz) A section view of the balance
is shown in Figure 9, and a photograph of the balance assembly is
shown in Figure 10. Basically, the balance consisted of a fixed balance
table four inches in diameter containing a slot 0.20 inch by 1.5 inches
with the small dimension parallel to the flow; from this table the rec-
tangular element, which was 0. 002 inch smaller in each dimension
- than the slot, was supported within the slot by two pairs of stiffened

flexures. The two pairs of flexures were joined by a balance beam
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which was fixed, through a micrometer, to the balance table. The
balance was constructed so that when the element was centered in the
slot, the step between the element surface and the surface of the sur-
rounding table was less than 0,0001 inch for the smooth surface and
0.0002 inch for the rough surface. The results of O'Donnell and

(53)

Westkamper indicate that the error in the measured skin friction
due to this misalignment would be less than 0. 5% for the smooth wall
and less than 1% for the rough wall. Twa small dashpnts filled with
1000 centistoke silicone oil were incorporated into the inner flexure
system to reduce vibrations of the element.

Locations of the floating element and the balance beam were
monitored with Schaevitz Linear Variable Differential Transducers(54)
(LVDT's). The LVDT basically consists of an annular primary coil
flanked by two annular secondary coils with a magnetic core positioned
on the coil centerline free of contact with the coil itself. The primary
coil is excited by an ac power source, and the differential voltage in-
duced in the secondary coils is directly proportional to the displace-
ment of the core. Sincc;a the core does not contact the coil physically,
no friction is involved, and this property uniquely suits the IL,VDT to
this type of application.

Installation of the instrument in the flat plate was accomplished
By means of 16 leveling screws located near the outer edge of the bal-
ance table which were alternately tapped into the table and into the base
plate. Discontinuity in surface level between the balance table surface

and the surrounding plate surface was held to less than 0.0001 inch for

the smooth flat plate and less than 0. 0002 inch for the rough plates.
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The balance was operated as follows:
1) With no air flow, the element was positioned in the center of

the table slot by means of the micrometer attached to the balance beam.
The positions of both the element and the beam were determined via

the LVDT!s.

2) Flow was established over the floating element, causing

deflection of the inner flexure unit and movement of the element in

the flow direction.

3) The element was returned to the center of the gap, as deter-
mined by the element mounted LVDT, usihg the micrometer, and the
movement of the balance beam measured via the LVDT attached to it.

| 4) The distance the balance beam traveled was determined
and multiplied by the balance spring constant to find the skin friction
on t;,he element.

Power supply and signal conditioning for the LVDT's was
accomplished through use of a Schaevitz CAS-200 module for the
floatiﬁg element LVDT (ML-10 unit), and a CAS-025 module for the
beam LVDT (010-MHP unit). Both CAS units supply 3-5 V rms power
to the LVDT's, and perform the necessary signal conditioning to the
LVDT output to produce a dc output directly proportional to the dis-
placement of the core of the LVDT. The CAS-025 unit, however,
supplies the péwer to the LVDT at 7.5 KHz, while the CAS-200 unit
operates at 20 KHz, resulting in increased sensitivity, but also in-
cr;ea.sing the noise.‘

The element mounted LVDT and CAS-200 combination pro-
duced-a dc output signal of approximately 0.12 V for an elément

movement of 0,001 inch, while the balance beam mounted LVDT
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and CAS-025 combination resulted in an output of approximately
0.10 V for a beam movement of 0.001 inch. Movements on the order
of lxlO-6 inches could easily be measured with this instrumentation.,

As a result of this extremely sensitive instrumeptatidn, any
conditions which might cause erroneous readings, such as particles
or oil in the gap between the element and the table, contact of a core
with its coil, contact of the dashpot dampers with their case, stray
magnetism, or balance chamber pressure leaks, could readily be
spotted,

Typical traces of voltage output from the floating element
coil versus the voltage output of the balance-beam mounted LVDT
are shown in Figure 11. The location of the gap center was deter-
mined by fitting a straight line through the data within the gap region,
excluding that close to the gap edges, and determining the gap edges
as the points of intersection of this straight line with the straight
line fairings of the data with the element pinned against the gap edges.
.The gap center was then picked as being midway between the two
edges. This technique is illustrated in Figure 1l. Determination
of the gap center in this way eliminates the possibility of obtaining
an incorrect balance load due to a single bad data point, and makes
it very easy to spot balance malfunctions, Also, when the balance
is subject to vibration, as it was during actual use, causing continual
element vibration which could not be damped out (see Figure 11 for
a lypical data trace), this technique enables one to achieve

a much higher degree of accuracy than could be obtained by

taking data only at the gap center.
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In order to analyze the balance and obtain an analytic expres-
sion for the calibration constant, several assumptions were made:

1) Since the outer flexures are fixed through the micrometer
to the balance table, for purposes of analysis the balance is equiva-
lent to the floating element supported above a fixed base by two
-stiffened flexures (see!Figure 9). .

2) The two flexures carry equal amounts of horizontal and
vertical load.

© 3) - A stiffened flexure is equivalent to a rigid strut with a
flexure at each end.

4)° The unstiffened portions of the flexure undergo small .
deflections and hence can be analyzed using beam theory.

5) The floating element is idealized as a point at the end of
each flexure subjecting the flexure to a vertical force W/2 (W is the
effective weight of the element) and a horizontal force F/2 (F is the
skin friction force). - |

‘.. 6) All flexure ends are assumed to be ideally clamped;

Using these assumptions, one may obtain for the spring

constant
w

cosP+ 5z sin P
B[-(HEBLH B¢ ]
cosf - %sin B

where the qu;nfities B, L. and § are as defined in Figure 9, aﬁd vy
is the total horizontal distance traveled by the element.

'fhe problem that arose in using the exf)ression for the
spring constantnwas that W, the effective weight of the eleméﬁt, was

not known. It was some combination of the true element weight, the
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stiffener weight, and the flexure weight, and had to be determined
from the calibration.
The method of calibration used to determine k and W was

suggested by Coles (52)

and consisted of loading the balance by use
of the element weight. The balance was inclined at a small angle
to the horizontal, and the displacement of the balance beam necessary
to return the element to the gap center recorded. Since the angle
was kept small, less than .03 radians, the vertical force on the
flexure due to the element weight, W, remained constant, and the
balance was effectively subjected to a horizontal force which was
a known function of W. Use of two different angles, in theory, would
be adequate to determine the two unknowns, W and k. However,-
to improve the calibration accuracy, several angles were used,
and additional weights of 10 and 20 grams were added to the element
to produce forces in the range of those expected under actual use.
These data were then fit to Equation (3) above, using a non-linear
least-squares procedure to determine W, k, ‘and kc’ the scale
factor for the balance beam mounted LVDT,

Since the kalance was to be uoed at clevated temperatures
in the tunnel it was calibrated in an oven at a temperature of 165°F,
The elevated temperature was found to result in an increase in the
spring constant, k, of about 7% and the coil scale factor, kc, of
about 6% above their values at 80°F.

Values of the spring constant and coil séale factor delermined
in this manner with the smooth surface floating element attached

were
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k =0.1976 1b/in.
k_ = 9.687x10" in/millivolt
Using these values to calculate the calibration loads from the
observed coil outputs resulted in a maximum error of . 6% of the
““actual applied load for nine loads ranging from 0.001 1b, to 0.003 lb.
The balance was actually calibrated only with the smooth sur-
face floating element. To determine the spring constant for any
other element, the difference in weight between it and the smooth
surface element was determined and Equation (3), above, was used
‘with W and B modified to account for the weight difference.
The hot wire anemometer system used in this experiment"-
was a Shapiro-Edwards constant current set with a half power fre-
" quency of 320 KHz, (55) - The current was supplied by a low noise
(0. 005% outp'ut change for 10% line fluctuation) power source, -The
" anemometer amplifier has a maximum gain of 52, 000, a 'floor to
ceiling" ratio (ratio by which the compensation amplifier raises the
wire half-pow'er‘ response frequency) of 420, and incorporates a
cbmpens#tioﬁ network which permits time constant settings of 50
pusec to 7. 2 millisec, . The mean hot wire voltage and current were
monitored with an external circuit constructed by Gran(ss) (but
more thoroughly shielded) utilizing a digital multimeter. The mean
square wire fluctuations were measured v'vith é. built-in thermo-
: couple circuit of the hot wire set. The signal of this circuit was
péSs’ed through an amplifier to achieve a 100 to 1 gain and monitored
with a digital multimeter. Spectral measurements for the smooth

pléée case were made with an oscilloscope with a plug-in spectrum
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analyzer unit. The amplified hot wire signal was input to the spec-
trum analyzer and the analyzer output was filtered to remove the
high frequency noise, and recorded on an X-Y plotter. The analyzer
was operated in a manual sweep mode to maximize the response,

For the rough wall data, the GALCIT Solo System was used
to record the amplifier output. This is a portable system consisting
of a Hewlett Packard 2100 computer, a disc ﬁnit, a tape unit, a
Preston Model GMADI1-15B converter /multiplexer and associated
equipment. With this unit the amplified hot wire signal was digitized
at the rate of 450 KHz, and some 60,000 samples for each datum
point and overheat ratio were stored on tape.

Severe problems were encountered in trying to use hot wires
in Leg II. Initial attempts resulted in failure of the wire within 45
minutes to 1 hour after exposure of the wire to the air stream.
The cause of the wire breakage was traced to particle impingement,
and a b micron nominal rating, pleated, resin-impregnated-cellulose
element filter was placed in the tunnel circuit upstream of the
electric heater, as indicated in Figure 1. This filter is specified
as removing > 95% of all particles greater than 5 microns in size
and 100% of all microns greater than 13 microns.

Once the filter was installed, 0.0001 inch diameter platinum-
10% rhodium hot wires with a length to diameter ratio of 180 to 200
were found to survive for several hours, although the wire would
slowly stretch. This stretching was due to continued impingement
of particles too small to cause wire breakage. Use of a filter with

an order of magnitude smaller rating would have greatly reduced
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this problem, but the cbst and time required for such a modification
were judged excessive. . The manner in which this stretching was
taken irl1to account is discussed in the section on data reduction,

The hot wire probe design is shown in Figure 12. This
design evolved from discus sions with George Tenant, fhe "resident
hot wire expert'' of the Jet Propulsion Laboratory, and considera-
tion of probe design criteria examined by Sandborn, (56) The probe
body was made of brass, with the wedge strut formed from com-
mercial 1/4 inch square brass tubing. -The base plate was made of
steel for rigidity, and all barts were silver soldered together. The
hot wire sﬁpports were t#pered jewelers' brooches made of high
carbon steel and were separated from the prébe body by a thin
layer of Saurisen #29 ceramic cement, The same cement was used
to bond the supports to th'e probe. Copper leads were fed through
the probe body from the integral connector and joined to the sup-
ports by spot Welding or ‘silver soldering. Some probes also had
0.001 inch dian‘n.etér» Chroﬁiel and Alumel wires spot welded to one
support within 0, 005 inch of the tip to measure the support tem-
perature., These wireé were spot welded to larger leads near the
aft end of the base piate and the larger leads were also fed through
the probe body to the integral connector,

- The probes were desigﬁed for use with 0,0001 inch diameter
wire, yielding a length to diameter ratio of 180 to 200, depending
on the probe and how slack the wire was when attached., This wire
'was chosen because it appeared to be the smallest wire which-:

would survive the tunnel environment for a reasonable period of
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time (more than six hours). The wire used was 0.0001 inch
platinum-lO% rhodium wire etched in concentrated nitric acid,
and was spot welded to the supports with a certain amount of
slack present to avoid any strain-gaging problerhs. CAll fhe spot
welding was done by the author using a 60 power toolmaker's
microscope and a conical, slightly rounded point (=~ 0.005 inch
diameter) copper electrode with a conventional spot welder. A jig
wag used to position the wire and electrode with thé necessary pre-
cisiun.

All probes were fabricated using wire from the same spool
and thus the wire properties should be very uniform. Several probes
were calibrated to determine the temperature coefficient of resistivity,
a. These probes were heated to tempervatures of up to' 300°F in
an oven and the adiabatic wire resistance measured. The current
used was 0.5 millamp--too low to cause any‘ wire heating. No
non-linear variation of resistance with temperature was found in this

temperature range within the measurement accuracy.

Experimental Procedure

The nozzle contour was set with the smooth surface to pro-
vide uniform Mach 6 flow in the test section, and this contour was
not altered when different surfaces were used. A nominal contour
was calculated using a method of characteristics computer program
and correcting for the boundary layer displacement thickness.

This contour was then adjusted (while the tunnel was running at
operating conditions) to minimize freestream Mach number varia-

tions in the test section. The centerline axial Mach distribution
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achieved in this manner is shown in Figure 13,

Cross stream surveys were made using a Pitot probe to check
the two-dimensionality of the flow., Several typical pressure traces
are shown in Figure 14. It is seen that there were some small waves
present in the flow, but it is believed that these were due to the tunnel
throat design and they could not be eliminated. These surveys verify
the two dimensionality of the flow in the tunnel, and show that within
the test rhombus illustrated in Figure 13 and for a distance extending
one inch on either side of the test section centerline, the free stream
Mach number was 5,99 = 3% . This Mach number distribution varied
slightly from surface condition to surface condition; but for the worst
case it was M = 6,02 =+ 1% in the above mentioned test section.

The surface plate lengths (Figure 3) were such that the leading
edge of the third plate from the throat was located at x = 25, 4 -
several boundary thicknesses downstream of the intersection of the
test rhombus with the wéll. All step changes in surface roughness
occurred at this io'cation. For the smooth surface to rough surface
configurations, the surface of the two aft surface plates consisted of
the roughness illustrated in Figure 5 with one of three roughness

heights (k =0,0125, 0,025 and 0.050-inch). Preliminary results of
the smooth-to-rough wall investigation revealed that an axial distance
of some 8 inches (106 or 206*) was sufficient for the disturbed bound-
ary layer to reach a new mean flow equilibrium state over the rough
wall, Based on this information, the rough-to-smooth wall step
change model was configured with a smooth plate immediately down-

stream of thc throat, followed by rough surface (k = 0.050 inch)
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second plate, with the use of two smooth surface plates downstream
of x = 25. 4 inches 'completing the surface plate set.  The length of
the rough wall section was 11.5 inches - considerably more than the
length found necessary for the attainment of new mean flow equilib-
rium profiles in the absence of an axial pressure gradient, The
choice of k = 0. 050 inch for the roughness height was predicated on
the fact that preliminary calculations indicated it would be in the
fully rough regime, while the other roughness heights would fall into
the transitionally rough region. The rough-to-smooth configuration
is illustrated in Figure 4.

The low speed channel below the flat plate was instrumented
with two thermocouples on the lower side of the base plates on the
plate centerline, two on the lower side of the base plate adjacent to
a side wall, and two in the low speed flow, two inches below the base
plate. These thermocouples were arranged in two sets, one set at
the same axial location as smooth surface thermocouple 9, and the
other at the same axial location as thermocouple 12.-

With the tunnel at operating conditions the low speed heater
temperature was adjusted so that the temperatures indicated by
the two thermocouples on the low speed side of the base plate were
the same as those indicated by their respective surface thermo-
couples. The thermocouple readings were monitored over a period
of several hours and were found to remain constant, If the low
speed flow temperature were increased, a temperature gradient
from the low speed flow toward the high speed surface would occur,

and the plate temperature would rise toward a new state condition,
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but the temperature gradient would remain, Similar results would
occur for a low speed temperature decrease, but with the tempera-
ture gradient reversed.

The thermocouples near the side walls indicated temi)eratures
within 2°F of those on the tunnel centerline, indicating negligible heat
loss to the side walls, There was a somewhat more severe axial
temperature gradient near the aft of the test section - some 1°F /in,
between thermocouples 14 and 15. This gradient was due to the
presence of the support structure for the aft end of the flat plate
and could not be eliminated. The influence of this slight gradient
on the plate temperature is considered to have been negligible as
evidenced by the very long section of constant plate temperature -
shown in Figure 15.

A simple calculation based on the tunnel stagnation tempera-
ture indicates that a recovery temperature of 695° R would be expepted.
As shown in Figure 15, the flat plate temperature was 618°R, con-
siderabl‘y‘ below the anticipated value. The reasonfor this discrepancy
is not fully undefstood, but it is believed to be due to a combination
of heat loss from the uninsulated upper nozzle wall, and the influence
of throat cooling far upstream. This will be discussed further in
the Results and Discussion section, below. The heater setting deter-
mined for the smooth wall case was retained for all the surface
configurations,

Prior to the acquisition of any data the flat plate was brought
up to within 2-3°F of its equilibrium temperature over its entire

length. * This was usually a.ccom'plis'hed by heating the flat wall with
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the low specd flow (at an elevated tern’pera.ture)'for a period of two
hours prior to tunnél startup. As the tunnel operating temperature
increased after startup, the low speed flow temperature was de-
creased until the proper equiiibrium setting was reached. The tem-
perature distribution on the plate surface would normally level out
and reach equilibrium conditions some 45 minutes to 1 hour after
tunnel startup,

Pitot pressure and total temperature data were acquired using
the instrumentation described above., The pressure transducer out-
put was recorded on an X-Y plotter along with the position poten-
tiometer output. The total temperature probe thermocouples were
connected to a 32°F ice bath junction, and their outputs also recorded
as a function of position., In all cases, the data were taken with the
probe moving from the freestream toward the wall at a rate slow
enough to prevent instrument lag., Plate contact for the Pitot probe
was established by noting where the pressure ceased to dccrease,
while plate contact for the total temperature probe was defermined_
by electrical contact of a pc?rtion of the probe and the plate,

The hot wire data were also taken while traversing from the
freestream toward the plate, Surveys taken before the actual hot
wire data were acquired were used to determine the approximate
time constant of the wire as a function of applied current and wire
position. The data reduction procedure could readily correct for
inaccuracies in the time constant, so in the actual data acquisition
an approximate time constant was determined for each location

within the boundary layer at which data were to be taken, and this
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value was used for each overheat current,

During data-acquisition, a minimum of five overheat ratios
or currents were used at each location within the boundary layer.
Although three overheats theoretically would be enough for data
reduction, the accuracy is increased by utilizing more, and five
was chosen as a good compromise between accuracy and the time
required to acquire the additional data, The currents ranged from
2 ma to either 12 ma or 10 ma depending upon the location within
the boundary layer., Near the outer edge of the boundary layer,
the heat transfer from the wire was greater, so higher settings
were used, but as the wire approached the wall, the heat transfer
decreased, and the wire temperature for a given current increased,
so the maximum current was decreased. Operating expéri.ence
revealed that overheat ratios of greater than 1.5 seriously weakened
thé wire and resulted in much shorter survival times, throughout
most of the layer. Extremely close to the wall (within 0. 050 inch),
however, the réduced air loading and decreased particle impinge-
ment made possible the use of somewhat higher éurrents.

When balance data were to be taken, the balance was assem-
bled in the plate and great care was taken to insure proper sealing
of all joipts. The element was traversed across the gap several
times to insure that no particles or oil were present, and then the
low speed channel flow was used to heat the plate until the balance
reached the equilibrium temperature (as indicated by the thermo-
couples nearest it on the plate surface and a thermocouple mounted

on the outside of the balance housing), Once the balance was up to
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te;:nperature, a pre-run zero was taken by traversing the element
across the gap and recording the coil outputs., All this was done
with the tunnel at atmospheric pressure. During this time, how-
ever, the compressor plant had been brought up the pressuré in
tunnel bypass operation. Once the zero reading was taken, the tunnel
was evacuated and flow established. As soon as the nominal oper-
ating conditions and the plate equilibrium temperature were reached
(normally about 15 minutes), two data traces were obtained by again
traversing the element across the gap. ‘After this was accomplished,
the compressor plant was returned to bypass operation, the tunnel
returned to atmospheric pressure, and a post-run zero taken, The
data traces were taken as soon as possible after the tunnel start
due to the presence of considerable oil vapor in the air flow which
manifested itself as an oil film that gradually worked its way from
the throat area aft, This film would be removed before each data
run, but within 35 to 40 minutes of tunnel startup it would again
reach the vicinity of the balance, If the oil did reach the balance
element, it would cause the element to remain pinned to the side

of the slot, and the only possible procedure was to shut the tunnel
down and carefully clean the balance to remove the oil.

Pre- and post-run zeroes were taken with the tunnel at
atmospheric conditions because tunnel leaks (outside of the test
section) made it very difficult to maintain a uniform vacuum in the
test section with the compressor plant in bypass operation, Any
change in the pressure level would cause air to bleed into or out of

the balance chamber through the gap around the element, causing
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an erroneous reading., In addition, the extreme rigidity of the base
plate insured that it, and thus the balance level, would not shift due
to the existence of a pressure differential across the plate. There-
fore, no error should be introduced by using atmospheric zeroes
rather than evacuated zeroes.

The operation of the compressor plant causes considerable
vibration of the entire wind tunnel structure and the balance was
thus subjected to a rather severe vibration environment. The use
of dashpots on the element reduced the element vibrations to the
point where meaningful data could be obtained, but did not completely
eliminate it. A typical data trace taken with 1000 centistoke sili-
‘cone oil in the dashpots is shown in Figure 11, The change from
the 50 centistoke oil originally used to the 1000 centistoke oil
resulted in a very small decrease in the vibration amplitude, so
it was concluded that the amplitude could not be decreased signifi-

- cantly by incregsing the fluid viscosity further.

Except when balance data were actually being taken, the
balance insert locations in the plates were filled with dummy bal-
ances which were solid plate; the same size as the actual balance
and machined to match the surface roughness pattern.

Wall temperature and pressure were monitored periodically
throughout the test. Surfaces other than the smooth contained no
pressure taps, but did contain thermocouples located at the same
axial locations as the smooth surface, positioned some 0.050 inch

"below the surface,
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DAI‘A REDUCTION

Pressure Data

The free stream Mac;h number was computed from the free
stream total pressure to stagnation pressure ratio assuming'an isen-
tropic expansion from the throat to the final flow conditions. The
static pressure corresponding to this Mach number and stagnation
pressure was then computed (using isentropic, perfect gas relations)
and assumed to be constant across the boundary layer (a static pres-
sure traverse established the validity of this approximation), The
local measured Pitot pressure, corrected for Reynolds number effects

(57)

using the results of Ramaswamy, was used in conjunction with this

static pressure to compute the local Mach number from the Rayleigh

Pitot formula.(ss)

Total Temperature Data

The local total temperature was determined using the theory of

Behrens\>!) Basically, the wire recovery factor was computed from

equation (A.6.5) and the flow total'temperature was then computed from

T, =nT

A
where
TA = measured total temperature corrected
for end loss effects
The wire end loss and radiation loss effects were computed
and found to be negligible for flow conditions throughout the boundary

layer. Due to the probe construction, it was not possible to acquire

data within 0. 030 inch of the wall, so a linear variation of total
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temperature between the last measured data point and the wall
temperature was assumed. Adiabatic, perfect gas relations were

used to compute the local static temperature.

Hot Wire Data

Quantitative information on the flucfuating flow properties
was obtained from the hot wire measurements utilizing the tech-

(60) (43)

niques developed by Kovasznay, (59) Morkovin, Kistler,

(55)

Laufe'r,(él') and Gran. The reduction of both mean and fluctu-

ating flow hot wire data, including the end loss correction, is

(55) For completeneés, the

given in a condensed form by Gran.
theory is preserited as Appendix A.

The hot wire support temperature was measured for both
- smooth and rough wall conditions at several locations within the

boundary layer, and the data were found to be represented within

2 or 3% b'y;

Sirice the data reduction was found to be quite insensitive to small
changes in this ratio, }a‘:c'on'stant value of 0.94 was used to reduce
_ all the data. The manufacturer's specifications for wire diameter, d,

and resistance per inch, r_, were used. The thermal coefficient of

resistivity was determined for several probes and was found to be
0.00094/°R which is very close to that found by Dewey(éz) for similar

wire. Since all the probes were constructed with wire from the same

spool, it was assumed that all probes had the same coefficient,
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Significant problems were encountered during the test due to
particle impingement on the hot wire. The filter located in the wind
tunnel circuit, as stated above, had a nominal 5 micron rating
and an absolute 13 micron rating while the wire size was 2.5
microns, so there still existed particles in the free stream which
were considerably larger than the hot wire diameter. Although
direct hits by large particles seldom occurred (wire breakage
would immediately result), the wires would continually stretch
while data wetre heing obtained, In order to reduce the dala, it
was necessary to compensate for the resultant change in the re-
sistance of the wire in still air (reference resisfance); This was
accomplished by determining, for each location within the boundary
layer, the reference resistance which would yield a calculated
total temperature equal to the measured total temperature. This
resistance was then used to reduce the data at that location.

Oncc the fluctuating hul wire voltages had been corrected
for wire thermal lag and the sensitivity coefficients had been
computed, the mass flow and total temperature fluctnations were
éeparated by using the mode diagram techniques of Kovasznay(.sg)

. AQ
and Morkovm.'( h0)
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RESULTS AND DISCUSSION

Profile Data

Mean flow Pitot pressure and total temperature data were
obtained throughout the boundarf layer at least every two inches
axially t'hroug'hout the test section, Near the stép change in roughness,
profile data were obtained at one inch axial spacings. The results of
these surx"reys are presented in Figures 16, 17, 18 and 19. The
Mach number profiles presented in Figure 19 are representative of
those for all the configurations. These profile data were extrapolated
to wall conditions (M =0, u=0, T = Tt = Tw) at y = 0 in order- to
determine the displacement thickness (6*), momentum thickness ()

and nondimensional enthalpy flux (H).

Smooth Wall

Comparison of the smooth wall velocity profiles as presented
in Figure 20 reveals that the smooth plate boundary layer is very
nearly self presérving downstream of x = 25.4. A small amount of

adjustment in the shape is seen to occur between x = 25.4 and

x = 29. 4, followed by very nearly identical profiles downstream to

35.4. However, the velocity profile suddenly becomes more

X
'full" near the wall at x = 37.4. Although no data downstream of

x = 37.4are presented on the overlay plot, the profile d;ata reAmain
self-similar downstream to x = 47.4. The velocity profiles for all
the step change configurations exhibit similar behavior in the vvicinity
of x = 37. 4. Co;nparab}e perturbations are present in the density

data. The profile integral data (to be discussed later) in Figures

24,25,26 and 27 also exhibit sudden shifts in level in the vicinity
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of x =37.4.,

An exarnination of the typical freestream Pitot pressure
distribution (Fig. 13 ) offers some insight into the cause of these
anomalies. Small pressure peaks are seen to be centefed in the
freestream (y = 1.1 inches) near x = 33 and x = 48, Thié spacing
is compatible with the existence of a weak pressure wave which is
reflected off the upper nozzle wall such that it interse?:ts the lower
wall boundary layer near x = 33, reaches the wall ﬂear x = 40 and
reflects back into the freestream near x = 47. Static pressure from
widely dispersed smooth plate boundary layer surveys indicate that
such a pressure wave does exist, although it is weak--maximum
pressure variation across the boundary layer was observed to be
some 7% at axial location 33. 4. - |

Since all the data were reduced assuming %% = 0, a question
arises as to whether the observed effects of the~pre‘ssure wave are
real or due to the method of data reduction. Reduction of the smooth
plate profile data at x = 33. 4 and 39. 4 utilizing the measured static
pressure distributions produced velocity and density profiles which
were very similar between the two locations, The effect of the wave
was observed to be a slightly fuller velocity profile close to the wall
at x = 33,4 as compared to x = 39. 4. The effect of this wave on the
profile integral data will be discussed in a later section. Thus, even
though the pressure variation across the boundary layer was small,
the assumption %5: 0 is the major cause of the non self-similar
boundary layer profiles. The presence of the ﬁressure wave does

affect the profiles, but only slightly. Use of the measured static
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pressure data was precluded by the limited amount obtainéd (some
four axial locations, all on the smooth plate), so the constant pressure
assumptiori was utilized to produce the data reported here.

Comparison of the profile data for the various conﬁgﬁrations
was predicated on the fact that although strictly similar profiles
could not be attained for an extended axial distance due to the pressure
wave, the effect of this wave on the profile should be independent of

configuration,

Roughness Effepts

The step change conﬁguraition profile data are also pl;esented
in Figures 16, 17, 18 and 19 with representative profiles featured
in more det.ail in Figures 21, 22 and 23. A cux;sory examinationi
of the profile data reveals that the step change in roughnessidoes,
as expected, introduce significant changes into the various p;ofiles
and results in new equilibrium or self-similar profiles somé distance
downstream.

The development of the disturbed boundary layer may readily
be_ﬂobseryed from overlays of profile data at progressively greater
;iist;nce downstream of the throat (Fig. 21, 22 and 23 ), The
smooth-to-rough wall development as seen in these figures is repre-
sentative of all th_e smooth-to-;'-rough configurations. An incfease or
decr.ease in roughness size simply causes a corresponding increase
or decrease in the _magnitude of the observed effects, The influence

of the step change in roughness is seen to spread rapidly across the

entire layer, causing progressively larger changes as the layer
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contignue‘s downstream, until a new equilibrium profile is assumed.
Analysis of the smooth-to-rough configuration profiles reveals
that, for all quantities presented, the attainment of a new equilibrium
‘profile is accomplished in approximately the same axial disté.nce,
regardless of the roughness height. The new profiles are definitely
established 33 inches downstream of the throat, corresponding to
some 10 boundary layer thicknesses (§) or 20 displacement thick-
nesses (6*) downstream of the step change.
The boundary layer appears to take a slightly greater distance
to adjust to the rough-to-smooth step change, but even in this case
the néw equilibrium profile is definitely established 37 inches down- 2
stream of the throat, some 146 or 266* downstream of the step |
change. Thus, although the boundary layer adjusts to the rough-to-
smooth stép change somewhat more slowly than to the smooth-to-rough
step change, the difference in distance involved is only_sofne 30% in
terms of 6x:' or 40% in terms of §. |

(63)

Jacobs performed his low speed work in fully developed
channel flow on a two-dimensional roughness comprised of transverse
i‘ectangular bars. He found that the rough-to-smooth surface change
resulted in a new equilibrium state within 17 channel half heights,
while the rough-to-smooth change took some 25 channel half heights,

an increase of 50%. Antonia and Luxton,(14’ 64)

working with the
same type of roughness as used here in a low-speed boundary layer,
found that less than 20 boundary layer thicknesses were required

for the flow over the smooth-to-rough step to adapt to the change,

while after 16 boundary layer thicknesses the profiles were '"far from

~
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self preserving' for the flow over the rough-to-smooth step.
The present data, when 6* is regarded as the thickness of the com-
pressiblé boundary layer, are consistent with the results of both
investigations,

Comparison of the profile data for the smooth wall case and

the rough-to-smooth step change case (as presented in Figure 23)
reveals that although the flow over the step change does attain new

- equilibrium profiles, they are not the same as the profiles for the
smooth wall.. The velocity, density and Mach number profiles for

. the rough-to-smooth configuration are found to be considerably less
full throughout the boundary layer than the corresponding smooth N
plate configuration profiles., Much smaller differences are noticeable
_in the total temperature data. Thus the presence of the rough wall |
.seems to give rise to some non-reversible changes in the boundary
layer flow.

Rotta(és.) and Bertram and Neal,(éé) “have suggested that non-
equilibrium or upstream history effects may account for the differ-
ences observed in nozzle wall and flat plate boundary layers.

Feller,(67) Voisinet, et 31.5«68) Sturek(bg) and Bushnell ,
et al, (70) have invé'stigated the effects of upstream conditions on the
boundary layer. Their findings indicate that the properties of the
nozzle-wall boundary layers are indeed very sensitive to changes
in the upstream wall temperature and freestream pressure gradients.
The effect of the upstream favorable pressure gradient was found by
Bushnell , et al. to result in increased fullness of the velocity profile

while not significantly affecting the total temperature profile. They
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quote the dat!a of Feller and Jones in the Langley Mach 6 high Reynolds
number tunnel as revealing a tendency to relax from the character-
istic tunnel wall quadratic total temperature-velocity variation to the
usual flat plé.te linear relationship some 60 boundary layer thick-
nesses .downétream of the nozzle exit. If the data of Feller and Jones
coulci be applied to this work, this relaxation tendency would become
evident some three feet downstream of the end of the test section.
If the subjection of the boundary layer to the rough wall section

followed by the readjustment to smooth wall conditions produced a
large enough perturbation to destroy or significantly decrease these
upstream pressure and temperature effects, “the anticipated result
‘would be a somewhat less full velocity profile and a more nearly
Crocco temperature-velocity variation. The observed velocity
profile difference supports such a hypothesis, as do the temperature-
velocity relationships presented in Figure 28. Further indications
that the upstream wall temperature etfects were destroyed by the

rough wall sections are discussed in Appendix B.

Protile Integral Data

The following boundary layer parameters were computed from

the profile data at. each traverse:

* 6 u
8" = J'(l-—ETl-#—)dy
i e €
6 = J‘ —P—u-—>dy
e
H = 5/9
. 1
g = 2 J“—R—(l-T/Tt)dy

6



. -39-
These data are tabulated in Table II and presented .graphically in .
Figures 24, 25, 26 and 27, Trapezoidal integration of the appropriate
quantities utilizing 'the data presented in Figures 16, 17 and 18 was
used to determine these quantities. The profile data were e#trapo-
lated to the wall conditions (M =0, u=0, T = Tt = TW) aty = 0 for
-these calculations, " The effect of replacing the measured v'e‘iocitf

yu : -
profile. for y+== —\)4—'r< 50 (where the data would be most susceptible

to probe inte'rferevr‘:‘ce effects) with data computed from Coles(sz)
‘tabulation of the incompressible law of the wall was found to be
negligible.-

. ‘As discussed earlier, the flow in the test section where these
. measurements were obtained was characterized by a freestream -
Mach number of ‘6. 02 + 1% where the variations in-the Mach number
"were found to be .caused by the presence of a weak pressure wave,
The effect of this wave on the profile data was discussed earlier
- with respect to the consequences' of utilizing the assumption % =0
.-for the boundary layer reduction.. The effect of this assumption on
the integral data is illustrated in Figures 24, 25, 26 and 27 where -
the summary parameters resulting from the use of the measured’
. static.pressure'pr’oﬁle'.at.two axial locations on the smooth wall are
plotted.

The dp = 0 assumption is observed to be the major -reason

dy
for the anomalous behavior of the momentum thickness near x = 35.
This assvumptio‘n, however:; has little effect on the displacen:.ler.lt‘
thickness and enthalpy flux, implying that their sudden shift in

level in the vicihity of x = 33 = 37 is due to the presence. of the
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weak pressu;‘e wave in the test section.
The momentum integral equation for a two dirnensional,

zero pressure gradient flow such as this may be written

@ _ _Tw Ei
dx - 2 - 2
pe ue

The .skin friction was directly measured (through use of the skin fric-
tion balance) for three configurations (smooth plate and smooth-to-
roug}h' wall with k = 0.025 and 0. 050 inch) at x = 27. 9 and 47. 9.( These
data are included in Table III. The data at x = 47.9 weré 'use<li in the
a.bové equation to determine the anticipaited streamwise variation of

8 for the various configurations. Lines with the‘appropriate slopeé
are faired through fhe dafa downstream of x = 37 (\;vhere the presence
of the pressure wave hés little effect on the d:;ta)' in f‘igure 25. 'fhe
actual étréamwise var‘iat.ibn of 8 is seen to be in ngod égreement with
the calculated value fof all configurations.‘

Examination of the data in Figures 24-27 \‘rvith the effect of the
wave on the data in the vicinity of x - 33—3.7 in mind' reveals no sudden
cﬁénges due to the existence of a stép change in roughhess. The |
parametefs are observed to adjust gradua;lly to the éhénge and to
appfoach‘ new equilibrium behavior in the vicinity of ¥ = 317, jus‘t as
the mean flow profilés do. - | |

Transformation and Correlation

As mentioned in the introduction, there exist a multitude of
transformation techniques for casting compressible velocity profile
data into an equivalent incompressible form, but several recent

(32)

papers including Lewis, et al, ,(71) Keener and Hopkins, and Kemp

and Owen(72) have found that the Van Driest 1(29) method accomplishes
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this task as well as any of the others, and perhaps better than most.
This occurs in spite of the fact that it was one of the earliest devel-
oped, is based on a less firm '"'theoretical' foundation, and is simpler
to use than most.

Briefly, the Van Driest I transformation starts with the

assumption of a Crocco temperature distribution through the boundary
layer, i.e.

T, - T
_t w _ u
T, -T u
t w e
e

and uses the Prandtl mixing length theory to determine the Reynolds

stress in the flow, The result is a transformation of the compressible

. . . . . o .
velocity, u, into an ''incompressible'’ velocity u via the equation

a 21 2A.2(u/ue).-B 1 B
-u—- = I sin > 5T +Ksin W (4)
Te ST (BTH4AT)E T (BTH4AT)2
where
y-1 2
a2 .z Me
w e
- 1+2L 2
B - 2 e

TW/”Te

Van Driest deduced that this velocity would be correlated

by

. k3 yu

| wo o g Yy
u T Kpm\) + I

- . "T w

where

Py
n

0.4 - Karman's constant

<
]

kinematic viscosity at the wall temperature
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constant dependent only on the boundary conditions
(i. e. freestream pressure gradient and wall

conditions)

The similarity of this equation and the law of the wall immediately

suggests the use of the law of the wall to correlate the transformed

velocities., The form of the law of the wall to be used in this work

(73)

is

where

D =

As stated abuve, the Van Driest transtormation is based on the

assumption of a Crocco temperature profile.

Au

. -
FouyT T CHE wiy/o) - (5)

u
T

5.0 - universal constant
wake strength parameter dependent on the free-

stream pressure gradient

2 sinZ (%% ) - "wake function'" suggested by Coles(
Clauser's(74) rough wall velocity defect
ku
1, T
W&/ﬂ 5 + D
w

a constant dependent only on the wall conditions

most often used to estimate temperature distributions in boundary

layers are

73)

The temperature profile
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which leads to

T
T
w
where
A =
B =
and
(b)

' which leads to

where-

A = .

B =

T
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Crocco
% T
. 2.
= 1+A u/ue - B(u/ue) : -~ (6)

“Walz (75) or quadratic

: T, -T -

-T t T
Y oufu e ()P
-T : e :
w t

»—1.'

tTw_
LT %

Lr
t,

w
(=(u/u'é)2 for ‘Tr =T )

T | 2
T, . = 1+A(u/ue-)-—_ B(u-/ue) (D)

(1+ %t

2
> Me )Te/TW- 1

rl’z‘—l- M2T /T
e e wW

Comparison of these formulae with the experimental data for two

sample cases is made in Figure 28 where it is evident that while

the trend of the temperature-velocity relation is represented by both

. profiles,

neither is a good approximation.

.Also shown is a least

squares quadratic curve fit to the data for each case,
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Since the Crocco distribution is such a poor fit to the data,
doubt is cast on the validity of the transformation for the velocity
data. It is readily verified, however, that the Van Driest transfor-
mation may be altered to utilize the coefficients of the curve fit to
the actual data in place of the A and B in equation {4). Both the Crocco
and empirical temperature distributions were used in an attempt to
correlate the data. The transformation of the velocity data via the
"modified'" Van Driest relationship resulted in a better correlation
(in the sense that the deduced skin friction was closer to the measured
value) for the smooth plate data at x = 47. This procedure yielded a
skin friction within 1% of the measured vaiue while the use of the
standard Van Driest transformation resulted in a skin friction value
some 8% lower. - The modified - form of the transformation has been
used exclusively in the results discussed below,

Examination of equation (5), above, reveals that, for the
general case of a rough wall, there exist four parametelis to bel déter‘-
& and é}i A value for § may

' T
be determined by examination of each velocity profile before it is

mined by application to the data, u_, 7

2

ITJ
correlated, but it was felt that this is a very imprecise method, so it
was determined as one of the correlation parameters. These four

parameters are not independent, however, as may be seen by evalu-

ating the law of the wall at the edge of the boundary layer:

Ye 1 T Au 27

= = — +C-—+ =—
K o
u, \)W u, K
Here ug » Vo C and K are known, so there exist only three independent

parameters. In the case of the smooth wall, % = 0 was assumed to
T
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apply as for the incompressible case, leaving only two parameters to
be determined from the correlation,
Following the application of the modified Van Driest transfor-
mation, a non-linear least square parameter estimation 'cofnputer
5, and % which

T
best fit the data. In all the correlation parameter fits, only data

routine was used to determine the values of u_, ,

fr,
which satisfied the criteria

A%

+ (y*tyg)
v
W

=z —— ‘uT) > 50 (yo = effective origin, see below)

and

u /ue <. 0.98
were utilized. The rationale for these criteria is that for y_+_ < 50,
the influence qf the viscous sublayer is present and equation (5) is
known to be inapplicable in this region, while for:u/ue > 0.98, the
law of the wall is not expected to hold since these data are essentially
in the freestream. .

The cpml'aosivte‘law_,of the wall was fit to all of the data satis-
fying the above criteria for each velocity profile rather than trying
to cast the data in velocity defect form and fit the logarithmic section
first to determine%g,‘followed by a fit to all the data vrithﬁ—'ufixed to
determine u and -1?.1. It was felt that such a procedure woullrd be quite
imprecise because of the very short logarithmic section present in
thgse_ data.

As indicated above, for the smooth plate data, the required

two parameter fit was found to be a very stable procedure. In the

casc of a step change in roughness, however, the situation was
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considerably more complicated. There is some evidence (Antonia
and Luxton(14)) that the law of the wall does not correlate incompres-
sible velocity profile data immediately downstream of a step change
in surface roughness. The applicability of the correlation to the data
reported here will be determined from the correlation results.
Assuming that the correlation is applicable for all the step change
data, several factors made its use more difficult than in the smooth

wall case. First, unlike the smooth plate case, Lu was not known.

) T
Second, % , although anticipated constant for the fully developed
T

profile case, will certainly change in some manner from its value
for the pre-step surface condition to its equilibrium value for the
post-step surface condition. In addition, Perry et al,(g) and Antonia
and Luxton(14) have found that the flow over a rough wall may be
correlated with the smooth wall form of the law of the wall only if
an effective origin (which falls somewhere between the crest and the
valley of the roughness) is used. The exact location is that origin
displacement which results in the logarithmic portion of the velocity
data acquiring a slope of 1/K. The precise determination of this
effective origin has been found to be very elusive, but for this type
of roughness it is thought to be in the range of 0.5 to 0. 66 of the
roughness height below the roughness crest.

A systematic variation of Yo (the effective origin distance
below the crest) was performed for the fully developed rough plate
flows, using ten equally spaced increments to go from the crest to
the valley. Yo & 0. 5k was found to most consistently produce the

best fit (in the least squares sense) to the data in the fully developed
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region- of ﬂ~ow. Visvuayl'inspection of the resulté of using this Yo verified
the existence of a 1/K slope. In the transition region downstream of
the étep, the proper value of Yo was found to be very elusive, For
the smooth to rough change, Yo = 0 for a disténce of two. inchés down-
stream of the step usually resulted in the best fits. This was then
followed by.a distance of 10 to 12 & in which Yo changed from 0 to 0, 5k.
The rough to smbdth case yielded a less well behaved Yo yd changed
very quickly subéequent to the surface change, but seemed to oscillate
before acquiring the downstream value of 0 some 146 downstream of
the Vstep. The effect of changes in Yo on the correlation results was
found to be quite small. A change frdrn Yo = 0.5k to Yo = 0. 25k per
duced a 1% or smaller change in the computed T w .
| -Even v?ith 'the value of Yo estabiished, howevevri, the corfelation
of the step change\réloéity data retainéd a fair amount of difficulty.:
Oﬁé of the paraméters had to be fixed before the parameter fit became
a stable procedure. Aithough it has been argued that the wake: strength
pa.ramet.er is iﬁtﬂiepéndent of wall conditions, the fre.es'tream pressure
distrihution varied enough from one configuration to the o.ther to cause
changes, for Lewis, et al.(71) have shown T to be very sensitive to
- changes in pressure gradients, The existence of skin friction d;ta
for some of the configurations provided a means whereby this diffi-
culty could be overcome.

The measured skin friction (Table II) was used to correlate
the velocity obtained adjacent to the aft balance location. This yielded
values of w andﬁ—:,(and thus &) for that location. In addition, it was

assumed that for the flow upstream of the step change _‘Al_g = 0 for the
T
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smooth to rough configurations. This then yielded a second value of
7. Values of m(x) for 24 < x < 48 were then estimated, using these
values as reference points and following the general trend of the
smooth wall m(x). No balance da.ta were available for the k = 0. 0125
smooth-to-rough wall, so T(x) for k = 0.025 in. was used. A similar
procedure was utilized for the rough-to-smooth step change data,
assuming that the value of Au/u,T determined at the aft balance station
for the k = 0.050 in. rough wall would apply upstream of the rough-to-
smooth wall step. Examination of the sensitivity of the correlation to
the assumed value of 7 indicated that the effect of a change in T was re-
flected by an inversely proportional change in the computed skin friction.

Figure 29 presents the results of two correlations, both at
x = 47. 4 inches from the throat. The correlation of the smooth wall
data was computed, as'ind-icated earlier, assuming Au/u,r = 0 while
the rough wall correlation was based on the measured skin frictiqn at
that location. A comparison of Coles' wake function with the actual
data is made in Figure 30. In both figures the fit of the data is seen

to be excellent.

Correlation Results

The various parameters resulting from the curvefits are
presented in Table III, with graphical presentation made in Figures
31, 32 and 33, A cursory examination. of these figures reveals the
existence of sudden shifts in the parameter values at axial locations
of 33 to 39 inches from the throat. This is the same region in which
changes occurred in the profile shapes and the integral properties,.

indicating that these anomalies are also due to the préviously
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discussed pressure wave and data reduction techniques.
The wake strength parameter 7 (Fig. 31) is observed to vary

between 1.1 and 1. 6 for all configurations. This is significantly

larger than the value of 0. 61 advanced by Coles(73v) as being the repre-
sentative value for the incompressible, smooth, flat plate equilibrium
boundary layer. Once again, the effect of the %5 =0 assurﬁption in
data reduction was investigatea and found to be the cause of the large
change in level between x = 3‘3 and x = 39 (Fig. 31). As stated above,
only the wake strength parameters for the smooth wall case and those
at x = 25. 4 and 47. 4 for the step change éonﬁgurétions were cormputed

from the curvefit. All others were estimated from these values, as

discussed in the Transformation and Correlation section.

The existence of such a large 7™ parameter is in contrast to the

~results of Keener and Hopkins(32)at Mach 7 (r=0.4) and those of Lewis,

1(76)

et al.(71) at Mach 4 (m = 0. 6). The data of Reda, et a at Maéh 2.9

yields w ='1.2, while those of Owen, et al.(44) at Mach 7yieldT = 0. 8.
(45)

Laderman and ngetriades at Mach 9 reportw =1.4. Inall

"cases the Van Driest transformatioﬂ was used to cast the velocity
data into an ''incompressible' form for use in the correlation. Only
Keener and Hopkins have investigated the effect on the transformation
of using a fit of the actual data in place of the usual Crocco distribu-
tion. They conclﬁded,’ as did the author above, that the :use of the
measured temperature velocity “relationshi'p resulted i1n better corre-
lation results and a somewhat higher value for 7, compared to the
results achieved utilizing the Crocco distribution.

Laderman and Demetriades tentatively contribute their large

value of 7 to the presence of a strong pressure gradient across the
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boundary layer (pW =1.5 pe) in their test. The results of the present
work reveal that the. presence of a similar, though much smaller gra-
dient (pwz 1.05 P atx= 39, Fig. 31) results in essentially no change in 7.

All of the above mentioned work, with the exception of Lewis,
et al. was performed on wind tunnel nozzle walls at various rates of
cooling. The occurrence of larger 7 values seems to scale, to some
extent, with the wall temperature ratio, but this does not explain the
~entire variation from test to test. The data of Lewis, et al, were
acquired at adiabatic conditions in the tunnel freestream and the value
of ™ was among the lowest reported. ~ This raises the question of
upstream history effects once more. As discussed earlier, the
existence of the large favorable pressure gradients creates velocity
boundary layers on the nozzle wall which are somewhat fuller than
those formed on flat plates in the freestream. As a result, the
""incompressible!' \;elocity profiles would be expfacted to differ,
possibly yielding different wake parameters.

The correlation skin friction results are presented in Figure
32, along with the measured skin friction. As mentioned previously
the measured skin friction at x = 47,9 for the two smooth-to-rough
wall configurations was used to deter;nine T in the correlation, so .
any disagreement of the computed and measured values would be
indicative of problems in the correlation procedure. The skin friction
measurements at x = 27.9 for the step change configuration and at
x = 47.9 for the smooth plate, however, were not used as inputs to
the correlation. The excellent agreement of the computed skin friction

with the measured values for the smooth plate and k = 0. 025 inch
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step-change configurations is conclusive evidence that the correlation
procedure is valid and that it may be used in a non-equilibrium region
with great success. Disagreement of the computed skin friction with
that measured at x = 27.9 for the k = 0. 050 inch smoothf-to-r'ough
step configuration and the behavior of the computed skin friction in
the vicinity of the step indicate that the perturbation of the flow due
to the large roughness height is too large for the correlation to be
successful. The rough-to-smooth results, on the other hand, indicate
a very smooth a‘nd relatively rapid transition to the downstream values.
Although no measured values are available for comparison, these
trends indicate that the correlation is applicable for this conﬁgux"ation,
even though the roughness height is the same as that in the smooth-to-
rc;ugh step where the correlation was found to be invalid. | '

The roughness induced velocity shift data in Figure 33 (where

Su is from equation (5), above) tend to support these conclusions,

alt;ough the scatter in the k = 0.0125 inch smooth-to-rough config-
uration would, by itself, give rise to doubts about the appliéability

of the correlation in this case. In the light of its suitability for the

k = 0.025 inch configuration, however, this scatter is attributed to

~ the use of the same (x) distribution for k = 0.0125 inch as was deter-
mined for the k = 0.025 inch configuration. The significant increase
in the value of -el—u immediately downstream of the step for the

k = 0.050 inch sm;oth-to-rough case corresponds to either a signifi-
car;t decrease in Tw (as seen in Fig. 32) or a significant increase in

the velocity across the boundary layer. Neither of these effects

would be expected and neither is observed for the other configurations,
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thus substantiating doubts about the correlation's validity in the step
region for this roughhess. The rough-to-smooth velocity defect, how-
ever, is observed to adjust gradually to the smooth wall conditions,
pausing at a somewhat low value in the vicinity of x = 37— 41 before
attaining its smooth wall value of 0.

The examination of the curvefit results to this point has
thus yielded the following results: |

1. The assumed form of the law-of-the-wall correlates
the equilibrium smooth data very well, | judging by the accuracy
with which the skin friction was computed.

2. The correlation is applicable in the non-equilibrium
flow region immediately downstream of a step change in roughness,
provided the change is not too large (what constitutes "lafge"
cannot be deduced on the basis of these results).

3. The boundary layer adjusts graduaily to the step change,
assuming the properties appropriate to the new wall condition only
a considerable distance downstream (the same loca.tion as that at
which new equilibrium profiles are observed). This is in coh-

(14)

trast to the finding of Ar;tonia and Luxton (for a smooth-to-

- rough step change) that adjustment to the rough wall condition is
made within three or four bhoundary layer thicknesses following

an initial overshoot to a level above that finally attained. Antonia
and Luxtoh's(64) results for a i‘ough-to- smooth change are consistent

with those found here, i.e. T w changes gradually to the value appro-

priate for the smooth wall.
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Quantitative Roughness Effects

One convenient method of describing anjr given roughneés is to
determine its ''equivalent sand grain' roughness, which is defined as
the height of Nikuradse's sand grain roughness which would be required
to produce the same velocity defect. The subject roughness, however,
must be ""fully rough,' i.e. it must have a large enough roughness
Reynolds number that the law of the wall may Ee expressed in the
form

+ 1

e | 2n
I

P/ny/kf 7 sin® (%)'+D (8)

Dvorak(41) presents tentative criteria for the upper limit of the tran-
sitionally smooth regime which indicate that the critical roughness
Reynolds number for this particular roughness is k+(= E(\—:-J;I) =30. -

- Thus the k = 0. 050 inch roughness (k+ = 33.8 from meas:;.vrements)
would be considered ''fully rough, " while the k = 0. 0125 inch and

k = 0,025 inch roughness heights (k+ = 7.1 and 14. 9, respectively)
would fall into the transitionally rough regime.

For the fully i‘ough regime, the results of Nikuradse for in-

compressible pipe flow (where there is no '""wake' function) may

be represented by(l’ 77)
+ 1
u = E—Q/H'Y/ks + 8.5
1 + 1 +
= -K—.@Il'y' —ﬁ'gﬂks‘i’B.s (9)

where ks is the sand grain roughness height. 'I'he smooth wall results
of Nikuradse are correlated by

u+ = %Q/n y+ + 5.5
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Equation (9) may be rewritten as

u+ = —l-'Pmy+ + 5.5 - Lu
K u.
where .
Bu o lgt a0 | (10)
u - K S
T
which yields
. k(3 + 24
k = e Yy : (11)

8

As before, the effect of compressibility is to require the use of Ve in
place of .
The application of equation (11) to the velocity defect of the

k= 0.050 inch roughness from Figure 33 (éE: 6.5)yields k:: 44,7 or,
T
since k+= 33.8, ks/k= 1.3. Returning for a moment to the low speed

correlation results of Dvorak and Betterman (and extended by .Simpsonag)

(79)

and Dirling to other geometries with good results), the effect of

the square bar roughness with £/k = A (wavelength-to-height ratio)
< 4.7 is found to be
Ly

u
T

ok’ + 17.35 (0. 705 tn A-1) : (12)

+ R

which yields, for k = 33.8, A = 4

Lu

u
T

= 8.4

The validity of this equation is limited to the fully rough regime
+ : . . \
(kS 2170); however, ksI =45 is close enough to this regime that no large

errors are introduced (—‘A;E varies little from the fully rough relation--
T
see Fig. 34). This is significantly higher than the observed value

(Fig. 33) of 6. 5--some 30% higher. The use of equation (11) with
Au

= 8. 4 yields ks /k = 2. 8--more than double the actual value of 1.3
-
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calculated above. These results illustrate quite graphically the in-’
ability of the low speed correlation results of Dvorak, Betterman,
Simpson and Dirling to correlate the present hypersonic data.
For transitional roughness, Dvorak suggests the use of an

equation of the form

Au :
—_ + 2 .+ 3.+
u, = CO+C1?/nk +CZM k +C3F/n k

to predict the velocity defect. The constants are to be evaluated by
requiring thaté‘—"- and its first derivative match those of equation (12)
at the beginningTof the fully rough regime and to vanish at the hydraul-
ically smooth limit of K = 5. There are a number of problems with
this procedure, among which are the fact that equation (12) has just
been shown to be inappropriate for this roughness, and the nebulous
criteria for determining when the surface becomes fully rough. Even
if these difficulties are resolved, however, a new set of constants

must be computed for each new roughness configuration or change in

roughness effectiveness, a far from desirable situation.

The current data are presented, along with previously published

data, in Figures 34 and 35. Use of the equivalent sand grain rough-
ness Reynolds number in the abscissa effects the collapse of data for
several roughness configurations and Mach numbers ranging from

0 tu 6 into a single, well defined curve in both cases. The sand grain

roughncse, unless otherwise noted, was computed for each set of data

ku
by choosing a value of TI in the fully rough regime and utilizing
w
the associated value of -I-Al—l'l in equation (11) above. This value of

T
ks was then used to plot all data points for that configuration.
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When presented in this manner, a single curve is sufficient to
describe the data in Figure 34. For k: > 70 the appropriate equation

Lu _ %P/n ks+ - 3.0. An equation of the form suggested by Dvorak

u
T :
may be used to describe the trend of the data in the transitionally
rough regime. Such an equation is presented in Figure 34. The
velocity defect and its first derivative were specified to vanish at

k: = 3.5 and to match the fully rough values at k: = 70.

The data in Figuré 35 are adequately represented by the equation

= = 0.39@nk} -2.3)+1.0

Thus, once the effective sand grain roughness is known, the effect of
surface roughness on the skin friction and velocity defect may readily
be determined. The only problem that remains is the determination
of the equivalent roughness, which is basically what is accomplished
by the correlations of Dirling andvthe others mentioned previously.
However, these correlations were found to be inapplicable for these
flow conditions. A brief discussion of the flow over the type of
roughness is in order.

The data of Liu, et al.(7) were obtained on transverse square
bar roughness with a wavelength of 4 in low speed water flow, and
their results indicate an equivalent roughness of ks =2— 2.5k, fairly
cluse to the value of kS = 2. 7for the work of Betterman. The results
of Betterman yield the following equivalent roughness for varying ) ;

A = 4,1~ 4.2 ks/k a 2.7

]
ot
.
ot

N = 3.3 k /k
s

I
e
w
N

A = 2.6 ks/k
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Thus, for A in the vicinity of 4, the effectiveness is extremely sensi-
tive to small changes. The visualization work of Liu, et al. revealed
that in the vicinity of A\ = 4, the character of the flow in the cavity be-
tween the roughness elements changes radically. For A considerably
less than 4, the flow completely bridges the cavity (the ''d"' type flow
of Perry, et al. (8)), creating an '"open'' cavity, while for X much
larger than 4, the flow reattaches to the cavity floor, creating two
distinct separation regions within the cavity (a '"closed'' cavity). The
transition from one type of cavity to the other occurs for A somewhere
in the range of 2 to 8. This explains the sudden shift in slope of the
correlation results of Dirling as presented in Figure 36 (from Mills

(80)). As X\ increases from 2, the vortex structure

and Courtney
within the cavity is stretched and pressure communication between
the upstream and downstream faces is decreased, resulting in in-
creased éressure drag. The maximum drag is reached very near the
value of A at which reattachment occurs, for then the pressure drag
on the faces has Areached the maximum and any increase in spacing
simply produces less force per unit length, and, therefore, less drag
per unit length. The slope change occurs at a value of A slightly
above 4, corre spondiﬁg to the change between open and closed cavity
flow.

Charwat, et al.(gl) have investigated higher speed flow over
two dimensional transverse notches and conclude that for supersonic
flow over large cavities, closed cavity flow exists for A > 12 and open

cavity flow exists for A< 10. The observationof a crossover point near

A =4 for subsonic flowis also made, supporting the conclusions of Liu, etal,
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Thus, the type of cavity flow near A = 4 is dependent upon flow
speed as well as spacing, With this fact in mind, a close examination
of the results of Betterman(s) yields interesting results. Although
the data for A = 4 at velocities of 10, 20, and 30 m/s are cofrelated

with a single curve, the actual data indicate a definite decrease in

% ith increasing velocity, even in this speed range. An increase
-
in velocity from 10 to 30 m/s results in a decrease in -ﬁll- of 0.7. In

.
light of these results all of the correlation work on equivalent sand

grain roughness heights must be viewed as extremely velocity sensi-
tive and applicable only to very low speed flows.

In conclusion, the data acquired in this work for equilibrium
rough wall flow show good agreement with previously published data,
when correlated with respect to Reynolds number based on the equiv-
alent sand grain roughness height, The equivalent roughness, how-
ever, is found to be significantly altered from that for identical
rouglmess. in low speed tlow. These data support the claim
advanced by Mills and Courtney,(SO) and others that once the
equivalent sand grain roughness is determined, the ellect of a
given roughtiess on the skin friction and velocity may readily be
detcrmined (i. e. Fig. 34 and 35)., The determination of equivalent
sand grain roughness, however, is not a trivial matter, as demon-
strated by the results of this work. In particular, the extrapolation
of any low speed correlation for equivalent sand grain roughness,

(79)

such as that of Dirling, to higher speed flows must be viewed as

highly susceptible to very large errors.



-59-
Fluctuation Data

Although the acquisition of reliable hot wire data in any
hypersonic flow is difficult, the presence of large particles in the
tunnel flow causes it to become a very formidable task., .In th'is
work the presence of particles ranging in size uf) to some five wire
diameters added to the problems due to the high air loading of the
wire, the high temperature environment, high frequency response
requirements, and exposure of the wire to start up and shut down
shocks to result in relatively short survival times for most probes.
As a consequence, it was not possible to calibrate the wires prior
to use because the time required for calibration would have been a.
large portion of the average wire lifetime. In addition, the particle
impingement problem would have dictated frequent recalibrations
due to the constantly changing wire length and re sistance.

Preliminary analysis of the data during the acquisition phase
of this work indicated that the data were of reasonable magnitude
and possesscd the anticipated profile shape. Later cdmplete reduction
and extensive analysis revealed that some of the data were obviously
in error, but it was not possible to repeat the measurements. As a

. result, fluctuation data for some of the wall configurations at some
axial locations were discarded and are not included in this discussion.,

The fluctuation magnitudes, as discussed herein, contain
rather large error bands--probably + 10-20% on a point by point basis.
However, when considered in conjunction with data at other points
throughout the boundary layer, very definite trends which do not

depend on the magnitude accuracy are observed. In addition, the
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consistency of the observed magnitudes lends considerable credit
to their validity.

Observations of the raw hot wire signal revealed properties
typical of hot wire signals in high Mach number flows,i;e., high fre-
quency components for all overheat ratios, and a one-sided signal near

(43)

the outside edge of the boundary layer and again near the edge

of the viscons snhlayer edge which was some 0.010 tu 0.015 inches

from the wall.(45’ iz, 82)

The sense of the signal one-sidedness at
the viscous sublayer edge was dependent upon the overheat ratio and
opposite that at the boundary layer-freestream interface, as observed

by Laderman and Demetriades.(45)

Within the sublayer, the signal
was very similar to that in the freestream, considerably below its
magnitude within the outer boundary layer. During this acquisition
these very different signatures served as a handy visual means of
identifying which section of the boundary layer vlvas being surveyed
at any given distance from the wall.

(72) point out that it is unlikely that large

Kemp and Owen
fluctuations ever reach the wall in their case (Me = 20 - 47) due to
the extreme thickness of the sublayer. The mere existence of the
viscous sublayer (which is present for all turbulent smooth wall
boundary layers) would significantly digsipate the fluctuatious present
in the outer boundary layer flow, and the effect of increasing Mach
number would be to make the sublayer thicker, thereby making the
dissipation more effective., Thus the observation of Kemp and Owen

is simply the result of a universal 'property made more visible in

high Mach number flows.
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Typical power spectra for the smooth wall configuration at
several overheat currents are presented in Figure 37. The signal
is observed to remain significant up to very high frequencies which

(43,82, 83) The power is _obsei'ved to

is typical of hypersonic flows.,
become more concentrated at the lower frequencies as the overheat
éurrent is increased, indicating that the mass flux (m) fluctuations
(to which the wires are most sensitive at high overhea‘?s) tend to be of
somewhat lower frequency and larger size than the total temperature
fluctuations. The total temperature fluctuations are seen to be much

more uniformly distributed over the frequency range.

Fluctuation data are presented as mass flux fluctuations

(,/ rﬂ3z/rhz ) , total temperature fluctuations (,/ T,C'Z/th), and the
associated correlation coefficient, R e =m'T '/( [ m'2 / T2 )

for all wall configurations in Figures 38, 39, and 40. No smooth

wall data were obtained at x = 24.4, and where data for a particular
configuration have been omitted, the data were found to be in error,
Some fluctuation data obtained at x = 51. 4 inches downstream of the
throat are presented in these figures, No mean flow data at this
location have been presented because heat transfer and pressure

~ gradient effects were present. However, the fluctuation data at this
location have not yet been significantly influenced by these new flow
conditions.

| Here, as for the mean flow data, the profiles at various axial
locations were compared to determine where the profiles ceased to

show discernible change. The boundary layer downstream of this
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location was then defined as an equilibrium or self preserving layer.
In the case of the mean flow data, the number of axial locations and
the high resolution of the data yielded fairly definitive results. For the
fluctuation data, however, data were obtained at far fewer axial sta-
tions and the data scatter was much greater. As a result, the axial
location at which the profiles become self similaris far more difficult
to locate. Data considerably downstream of the test section would bhe
required to verify that equilibrium profiles actually are established.

Smooth Wall

The smooth wall configuration serves as a reference for deter-
| mining the roughness induced effects, and as such, will be discussed
first. Examination of the mass flux (m) and total temperature (Tt)
fluctuation profiles reveals that both profiles become '"fuller' as the
axial distance increases from 27. 4 to 39. 4 inches from the throat and
then remain essentially constant downstream to' x = 45.4, Thus, al-
though the mean flow profiles, as discussed above, indicate that mean
flow equilibrium on the smooth wall is achieved near the upstream end
of the test rhombus, the fluctuation properties do not achieve a self
similar or equilibrium state until some distance downstream, between
x = 33 and x=39, some 14 to20 inches (18to25§) downstream of the
test section boundary. It appearsthatthe fluctuationlevels characteris-
tic of the smooth wall are suppressedinthe favorable pressure gradient
flow created by the nozzle and gradually relax to an equilibrium profile
vnce free of the large gradient. The data of Rose(sz)ir'ldicate that the fluc-
tuation magnitude in a compressible flowis significantly affected by pres-

sure gradients,witha favorable gradient causing a decrease in magnitude.
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Comparison of the smooth wall data with that obtained by

Kistler,(43) Laderman and Demetriades(84) (85) is

and Owen et al.
made in Figure 41 (replotted from Owen, et al.). The present data
are observed to agree quite well with the M = 1. 72 results of Kistler,
iﬁ opposition to his findings that all the quantities increase with Mach
number in the Mach number range of 1.7 to 4. 7. Although Owen,

et al, attribute the differences between Kistler's results and their own
to heat transfer effects, the present data do not substantiate such a
claim, for in spite of the present adiabatic nozzle wall, the data do

not agree with the trends established by Kistler's results.

Smooth-to-Rough Transition

Examination of the smooth-to-rough wall configuration data
(Figs. 38, 39, and 40) reveals that self-similar shapes (within the
accuracy of the data) are attained for the rh fluctuation profiles up-
stream of x = 39 inches for all roughness sizes. Equilibrium profiles
for the Tt fluctuations .are attained somewhat later, between x = 39, 4
and x = 45, 4, as‘veriﬁed by the available x = 51. 4 da‘ta. Following
the smooth-to-rough wall step change, then, a definite pattern is
noted--the mean flow data are the first to attain new equilibrium pro-
files, followed by the mass flux fluctuation data, followed in turn by
the total temperature fluctuation data. This progréssion is a conse-
quence of the manneér in which the roughness interacts with the boundary‘
layer to prodﬁce the mass flux and tétal tei’nperature fluctuations. The
roughness actually induces velocity fluctuations which interact with
the mean flow to result in mass flux fluctuations which in turn interact

with the mean flow and velocity fluctuations to create total temperature
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fluctuations. ’i‘hus, before the fluctuations can reachequilibrium levels,
the mean flow must be in equilibrium, ‘and since a finite amount of
time is required form fluctuations to respond to a change in mean
flow conditions, there will be a time (and distance) lag prior to the
establishment of m equilibrium profiles. In the same manner, the
T, fluLctuations are dependent upon the interaction of the mean flow
and m fluctuations, and so will reach equilibrium even later intime
and further downstream.

Roughness ettects (the increase 1n fluctuation levels with re-
spect to those over a smooth wall) are readily apparent at x = 27, 4,
remain about constant in the inner half of the profile but increase in
the outer section at x = 33. 4, and then decrease somewhat at x = 45. 4,
The actual rough wall fluctuation magnitudes, on the other hand,
develop to a self similar shape prior to x = 39, 4. The apparent
decrease in the effect of roughness (smaller amount of increase due
to the roughness), then, is due not to a decrease in the rough wall
fluctuation levels, but to an increase in the smooth wé.ll levels. As
discussed previously, the presence of the rough wall significantly
alters the upstream history effects of the mean flow, and this, in
conjunction with its increased turbulence production, leads to an
earlier attainment of equilibrium. Of particular interest in the stream-
wise development downstream of the step is the fact that the m fluc-
tuation level at the wall appears to first decrease upo;i transition to
a rough wall, and then increase along with the rest of the boundary

layer. The total temperature data indicate no such decrease,
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Careful examination of the data reveals further insights into

the manner in which the various roughness heights. affect the turbu-
lent flow structure. Turning first to the m fluctuations, consider
Figure 38 in which these data are presented for all conf_igura£ions.

The general features of the profiles downstream of x = 27. 4 are all
similar, but those at x = 39. 4 illustrate the trends as well as any

and will be used for purposes of illustration. The largest effect is
seen to be caused by the k = 0.0125 inch rough wall configuration
which also exhibits a conspicuous maximum some y/6* = 0.8 away
from the wall as opposed to the more ambiguous maximum exhibited
by the other configurations located at distances of y/6* = 0.5 for the
smooth wall and k = 0. 050 inch rough wall and y/6>§< = 0. 8 for the -

~k = 0.025 inch rough wall. The shape of the k = 0.0125 inch rough
wall mprofile is significantly different from that of the other config-
urations throughout the inner half of the boundary layer. It not only
has a more definite maximum, in general, as noted above, but it

also decreases in magnitude very rapidly as the wall is approached--
so rapidly, in fact, that near the wall it actually falls below the smooth
wall profile. The magnitude also decreases rapidly as the freestream

~ flow is approached,

The k = 0. 025 inch rough wall profile data also exhibit a peak
magnitude well out in the boundary layer, as indicated above. This
maximum, however, is usually less pronounced than that for the
k = 0.0125 inch data, with the magnitude decreasing less rapidly as
the wall is approached, achieving a value somewhat higher than the

smooth wall configuration profile adjacent to the wall, Consideration
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of the profile between the maximum magnitude and the freestream
reveals that the magﬁitude drops off less rapidly than the k = 0. 0125
inch profile as the freestream is approached and is larger than that

of the small roughness from y/6*= 1.2 to the freestream at y/6*= 2.0,

Consider now the k = 0. 050 inch rough wall data; it is observed
that its maximum occurs much nearer the wall, in the vicinity of
y/6* = 0.5, the magnitude being very comparable to that of the
k = 0. 025 inch data. In fact, the behavior of the profile between this
maximum magnitude point and the wall 1s virtually identical to that
of the k = 0.025 inch profile. Going toward the freestream flow, the
magnitude first drops below that of the smaller roughness configura-
tions, and then assumes virtually the same value as the k = 0. 0125
inch data from y/6>:< = 1.2 to the freestream.

Thus, although the data for actual fluctuation magnitudes may
be subject to considerable error, the effect of foughness size is
definitely discernible. The effect of a small roughness ( léim 7> is
an increase in the m fluctuation levels throughout thé boundary layer
except in the immediate vicinity of the wall, where a slight decrease
may occur. A very definite maximum magnitude peak is established
well displaced toward the freestream compared to the smooth wall
pecak, with the roughness effect decreasing significantly as the free-
stream is approached, but not disappearing. An increase in the
roughness height causes an increase in the fluctuation level relative
" to the magnitude peak throughout the boundary layer, with no change
in peak location. As the roughness size continues to increase, the

location of the magnitude peak approéches that of the smooth wall
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magnitude peak and the fluctuation level between this peak and the
freestream decreases somewhat but remains above the smooth wall
level. In all cases the rough wall freestream fluctuation levels are
about double the smooth wall freestream levels. The in_creaéed levels
throughout the flow are due to the high level of velocity fluctuation
production on the rough walls.

Turning now to the total temperature fluctuation data presented
in Figure 39, it is apparent that significant roughness effects are
present at x = 27. 4 and increase in the outer portion of the boundary
layer prior to x = 33. 4, then decrease somewhat throughout the
boundary layer between x = 33.4 and x = 39. 4. Subsequent to x = 39, 4,
little change occurs. No definite roughness size effects are discern-
ible in the data. In contrast to the m fluctuation data, the peak magni-
tude occurs at the same location for all the rough walls as for the
smooth wall,

The mass flux-total temperature correlation function is pre-
sented in Figure 40. A rather consistent profile is séen to exist at
all stations for all the surface conditions, The correlation function
starts off with a small negative value near the wall, rapidly becomes
positive, then decreases to a minimum near y/6* = 1.0 before in-
creasing again and approaching a freestream value of about 0. 5-0. 7.
The smooth wall deviates from this pattern near the freestream
to assume a negative value near -0.5 which is close to the value of
-0. 7 found by Owen, et al.(85) at M = 7 for a non-adiabatic boundary

layer, The profile shape is also similar, although these correlation
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functions are significantly smaller throughout the body of the boundary
layer,

The k = 0. 050 inch rough wall data generally are very similar
to the smooth wall data, except near the boundary layer. edgé, while
the smaller roughnesses maintain somewhat different profiles, just

as for the m fluctuation profiles.

Rough-to-Smooth Transition

Only the rough-to-smooth step change fluctuation data pre-
sented in Figures 38-40 remain to be analyzed. Both the mand T,
fluctuation profiles at x = 24. 4 are observed to be generally similar
to those for the k = 0.050 inch smooth-to-rough configuration at
x = 39 (fully developed or self similar rough wall flow). The profiles
are, however, concentrated much closer to the wall, probably the
result of the strong favorable pressure gradient in the nozzle. As
indicated earlier, such a gradient tends to suppress fluctuation mag-
nitudes somewhat. The correlation functions for the two configurations
are very similar,

By x =27, some 36 downstream of the step change in roughness,
the character of both fluctuation profiles has changed considerably,
decreasing in magnitude at the wall and increasing in magnitude toward
the freestream. This growing in the freestream direction accom-
panied by development of magnitude peaks near y/6* = 0.5 is a reflec-
tion of the adjustment to a zero pressure gradient freestream, while
the change in wall level is a reaction to the shift from the rough to the

smooth wall. The correlation function is also seen to respond to the
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absence of the favorable pressure gradient by expanding in the free-
stream direction.

The profiles continue to adjust to the changes in both the
freestream and wall conditions downstream of x = 27.4. A gradual
increase in level on the freestream side of the profiles is observed,
accompanied by a shift of the maximum amplitude peak in the same
direction. Both profiles appear to be close to equilibrium at x = 39. 4,
but continue to change in the vicinity of the freestream between
x = 39.4 and x = 45. 4, A self similar profile for the m fluctuations
appears to be established at x = 45,4, but the Tt profile shows evidence
of continued evolvement on the freestream side. Throughout this
adjustment to new surface conditions, the correlation coefficient .
remains essentially unchanged downstream of x = 27, 4.

The large magnitude of the m fluctuations (larger than the
k = 0.050 inch smooth-to-rough configuration) is due to the location
of the rough plate in thé nozzle. The same roughness height was
used for both configurations, but the rough-to-smooth arrangement
placcd the upstream end of the plate in a much thinner boundary layer
(6* ~ 0.2 inch versus 6* ~ 0. 4 inch for the smooth-to-rough step

change). The effective roughness height was thus much greater, well
within the fully rough regime,as opposed to the downstream location
where it was at the very lower limit of that regime. The turbulence
production caused by the roughness would therefore be considerably
larger for the rough-to-smooth model. In addition, the presence of
this large roughness in the strong pressure gradient section of the

nozzle would significantly perturb the mean flow and exert a larger
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effect on the upstream boundary history than would a similar plate
in the zero pressure. gradient test section.

The rough-to-smooth configuration fluctuation data are also
presented in Figure 41. It is obvious that the history ef»fects' are very
important and no meaningful comparison of nozzle wall data may be
attempted in the absence of more detailed knowledge of these effects.

In summary, the fluctuating flow properties were found to
respond to changes in the wall roughness somewhat more slowly than
did the mean flow properties. This p’hen'omenon is due to the mecha-
nism by which the fluctuating properties are actually influenced by
the surface condition. Definite roughness size effects are present in
the m fluctuation data for flow over a rough wall, but none were
observed for the Tt fluctuation data, Comparison of the rough-to-
smooth step change data with the smooth wall data revealed upstream

history effects, just as mean flow data did earlier.
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CONCLUSIONS

An experimental investigation of the response of the hypersonic
turbulent boundary layer to a step change in surface roughnebss has
been performed in Leg II of the GALCIT Hypersonic Wind Tunnel.
The subject boundary layer developed on the flat nozzle wall adjacent
to Mach 6 freestream flow. Both mean and fluctuating flow data were
acquired for several smooth-to-rouch surface step changes and a
single rough-to-smooth surface step cha‘nge'. Use of a transverse
square bar type of roughness facilitated direct comparisons with low
speed data., Analysis of the data from this program has yielded the
following conclusions:

1. The establishment of new equilibrium mean and fluctuating
flow profiles downstream of a step change in surface roughness is
accomplished in nearly the same distance (in terms of boundary layer
thicknesses) as in the incompressible case. The step change smooth-
to-rough configuration boundary layer attains new meéan flow self
similar profiles some 106 or 206>=< downstream of the step, while the
fluctuation profiles reach this state some 14-166 or 28-32 6* down-

stream of the step. These distances are independent of roughness

ku
s T

v
w

The step roughness change rough-to-smooth configuration produced

height for roughnesses in the transitionally rough regime ( <70).
a somewhat slower adjustment of the boundary layer, some 146 or

* *
26 & for mean flow equilibrium and some 20-25% or 40-50 § for

fluctuation equilibrium,
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2. The hypersonic smooth and rough wall equilibrium profile
velocity data, subsequent to a modified Van Driest transformation.
to ""equivalent incompr-essible" form, are well correlated by the
incompressible composite law of the wall. The use of aAvi.rtLia.l origin
for the effective surface is necessary to achieve good results for the
flow over the surface roughness configurations, just as for incom-
pressible flows. The modified form of the Van Driest transformation
used incorporated a least squares quadratic curve fit to the measured
temperature data in place of the standard Crocco temperature profile,

3. The above correlation is also found to be applicable in the
highly non-equilibrium flow region immediately downstream of the
step change in roughness, provided the roughriess is not too large.
A roughness height of 0. 050 inch (k:: 45) for the smooth-to-rough step
surface change was found to be too large in this sense; but thc same
height used in the rough-to-smooth step change configuration was not.

4, The cffects of surface roughness on equilibrium or self-
preserving boundary layers were found to exhibit excellent agreement
with previously published data, when correlated versus equivalent
sand grain roughness. When viewed in this manner, with the equiva-
lent sand grain roughness a unique parameter for a given type of
roughness in a given tfreestream velocity, the effect of a change in
roughness height on the skin friction and nondimensional velocity
(u/uT) profiles is found to be a universal function.

5. Existing procedures (based on incompressible data) for
calculating the equivalent sand grain roughness of a given roughness

configuration were found to be inapplicable in the present case, due
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to velocity induced changes in the flow over the roughness. In light
of this finding, the extrapolation of any low speed roughness corre-
lation to higher velocities must be viewed very critically with the
knowledge that any results of such a procedure are very suseeptible
to gross errors, A concentrated effort to detefmine the effects of
compressibility and velocity on such correlations is definitely needed.

6. The investigation of the rough-to-smooth step change
conﬁguratioﬁ revealed the existence of very significant pressure and
temperature history effects throughout the boundary layer. The
existence of these effects affords an explanation of apparent incon-
sistency of data obtained on wind tunnel nozzle walls with that obtained
on flat plates supported in the tunnel freestream. The presence of
the rough surface on the nozzle wall within the expansion region was
sufficient to alter the history effects, but was not able to eliminate
them. The unknown nature and extent of such history effects casts
serious doubts on the validity of simulating boundary layers on free-
stream surfaces by use of nozzle wall boundary layer.s. Considerably
more research is needed in this area to delineate the extent of these

history effects and investigate the possibility of destroying them.
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Appendix A
Derivation of the Finite Length Hot Wire

Response Function and Sensitivity Coefficients

The material contained in this appendix is based on a derivation
of Wilhelm Behrens, formerly at Caltech, now at TRW Systems Group,
Redondo Beach, California. Gran(ss) has included an abridged version
in his thesis, and Ramaswamy,(57) Tkawa, (86)Behrens,(87) and
Dewey(bz) have all included a portion of the theory in their theses,
inadvertently incorporating errors. The.complete work by Rehrens
evidently will not be published, so it is presented here, although the

author's contribution consists solely of verification of the equations

and results.

A.1 Simplifying Assumptions

In this formulation, the following assumptions are made:
1) Although all the hot wire properties vary with temperature,
the thermal conductivity, heat capacity, and density are considered

constant. For example, for a platinum-10% Rhodium wire, the thermal

conductivity
k= 0.301 [1+1.07x10 ¥ (T-T )] (2att )
w : r OK.em
where T = 273°K (Rof. 87).

The variation of heat capacity and density with temperature is even

smaller.

2) The hot wire resistance varies linearly with temperature;

R = Rr[1+ar(Tw-Tr)]

w
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(60)

According to Morkovin, a quadratic term should be included.
However, calibrations at Caltech over a range of 280°F (ISOOC) have
consistently yielded a linear relationship within thé experimental
accuracy.

3) The wire length to diameter ratio is so large-that the
temperature may be considered independent of the radial coordinate.
Thus T = T(x,t) only.

4) The flow variables are functions only of time (they are
not functions of wire length.

5) The Nusselt number is independent of the current overheat.
Two importént quantities in the hot wire problem are the logarithmic
derivative of the Nusselt number with respect to the Reynolds number
and the logarithmic derivative of the Nusselt number with respect
to the overheat parameter. Estimates from the measurerr;ents of
Laufer and McClellan(87) indicate that the derivative with respect

. . f)ﬁnNu.t at
to overheat is an order of magnitude lower than SInRe Ret .

6) Radiation losses from the wire are neglected.

7) The hot wire support temperature is independent of time.

8) The time dependent hot wire and flow quantities are small

perturbations about the local mean quantities.

A.2 Derivation of the Heat Balance Equation

Applying a hcat balance to a small wire of length Ax and
diameter d, with the above assumptions, the heat increase within
the wire plus the heat transferred to the fluid must equal the Joule

heating plus the net heat influx along the wire.
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aTw Trdz
-—4—Ax

Heat increase = Pw Sw Bt

Heat transferred to fluid = #dh (T_-T_ ) Ax
w  aw

wNutkt(Tw— Taw) Ax '

Joule heating = iz T Ax
T 2 oT a2
i N w md -0 w wd
Net heat influx = -k ——= —g—+k [8x (T, + o Ax)]——4
Thus the heat balance yields
2 8T
nd W _ .2
Pww ~4 ot 1 7Tl\m”ckt(’rvv-Taw) t w
7rd2 asz
the T T2 (A 2. 1)

ox

Co = specific heat of the wirc
d =wire diameter
h = heat transfer coefficient
i = hot wire current
kt = thermal conductivity of air at stagnation temperature
k, = thermal conductivity of the wire
: hd
Nu, = Nusselt number (= —)
t k,
T = wire resistance per unit length
Tw = wire temperature at station x
x =distance along the wire
Pw = wire density

One may nondimensionalize the wire temperature, x coordinate and

time according to
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;o T Taw _ Ty T
Taw n Tt
x* = 2x/1
4Et
tk = (—)t =t/K
p.c d
w w

where the bars denote time-independent quantities, Using these re-
lationships and the linear wire resistance with temperature in

equation (A. 2, 1), one obtains
.2

oT Nutkt Ty kw 32'1' _
EZ - -y S
" Tk, t(l ) O
- .2
Nwk (nT,-nT,) i°r o
-ttt L [1+e (W T,-T,)]  (A2.2)
ke n T, nTy
The applicable boundary conditions are 7 = :r_s (= —s_ﬂ = constant)
' Taw
at x* = +1 and % = 0 at x* = 0, In order to solve this equation, all

quantities will be assumed to consist of small sinusoidal fluctuations

in time about a mean value, e.g.

juts

T(x%, t*) = T (x%) + 7' (x%) e

Nu, (%, t) = Na, [1+Nu! (x6)e ]

nek, t) = 7 (140 (o)l

« - T jot
T, (t%) = T, [L+7, e)]

-— 'wt*
k (t*) = kt[1+n T e

— st
pe(t%) =T (1 + m7 &7 ]
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i(tx) =T [1+i7e0T]

(A. 2. 3)
where ‘
j = v-1
d@m.'ﬁt :
n = ~ 0, 885 for air at 540°R (300°K)
déon T}
dnp,
m= ——— = 0,765 for air at 540°R (300°K)
dén T,

Substituting equations (A. 2. 3) into (A. 2, 2) and separating the result-

ing equation with respect to the fluctuation order yields the mean

temperature equation

- =2

kw 82; ia r _ iTr

— 5 = - (Nu, - ——) 7+ —— [1+a. (nT,-T )]
ke (£/d)7 @ wk, nT,

=0 (A. 2. 4)

with boundary conditions

T (+ 1) :’Ts
a0
&er (0 =0

and the unsteady temperature equation (first order fluctuations only)

K 2 1>
W

' — 1 r a —_—
— 5 dTZ-[Nut— _fr'i'i'w]’T';
k, (£/d)° dx= Tk
t t
_ Z_i—zrrar _ Zi—zrri' _
= [Nuy(Nuy + k) - ——— '] 7-———[1+a (T-T )]
"kt TrktT]Tt
-mt (T, +n") (A. 2.5)
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_ P S d2
wherew = w —Y— - WK

dk,

with boundary conditions

T (+ 1) =0

1

Let

1 r_ a
I

r
-rrEt

I

0
1l

— [14a_( T,-T )]
Tfkt'ﬂ Tt T t "r

Then equations (A. 2. 4) and (A. 2, 5) become

027

ox* 2

SbT+c=0

a

with boundary conditions

T(+1) =T
a7 _
N
and
3271 P!
3 f -
a oyl [briw] ™ = [ Nu (Nu,'+ki) -

-2ci! - mt(f't +n')

Zizr a i
r

'n'kt

]

T

(A, 2, 6)

(A, 2.7)
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with boundary conditions

TH(xl) = 0
M 0 = o
ox

A.3 Steady State Solution

The solution to (A. 2. 6) is dependent upon the value of a(= b/a)

a) a<0
3K
T = c/b+ (T, -F) -——-———°°Sh€_’i
A cosh)a
b) a=0
— c —>|'<2
T = TS +-2—5,- (l-k )
c) a<0
= c c cos ) |alx*
T = 5 + (T -:'b-)

cos) |al
Thus, the wire temperature as a function of distance along the wire
is known. However, in actual use, it is impossible to measure the
spanwise temperature or resistance of the wire; only its total resis-
tance may be measured. 'The relation between this measured mean

resistance and T is given by

n, - ™ p 1
wm win

1
=Y
[
[—
e
HA
H|
[
=
s

ir [:l+o,(
r T

tr_ [1 +a T AT, +a (M Tt-Tr)] (A.2.8)
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where T is the mean measured temperature of the wire at

current i and is given by

T
wm

Once again, the value of a dictates one of three equations

a) a>0
T =-§ +(Ts_%)__tar;3)’&'
a
b) a=0
T =T 4=
wm s 3a
c) a<O0

In general, a is greater than zero, i.e. small currents are used such
that _iz rrar/(w Ft) is less than mt. For this reason, the subsequent
development will be restricted to a > 0. '

In theory, then, ?Wm could be computed directly from the
appropriate equation (A.2.9), but this is not in general possible
' in practice due to the fact the Nusselt number, mt, and recovery
factor 1 are not known.

Gran(ss) has found that

- D -2 = . ‘
wm = Rawm * M Ry 0) . (A.2.10)

where R is the measured adiabatic wire resistance, R is the
awm wm

=2 =
1

'measured wire resistance, and k is the slope of the R vs. R
wm wm

plot. From this equation and (A.2.8), one can show that
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AR T{- - R -2
Yoo wm swm . (A.2.11)
Rawm "R l-k_iz
awm _
T = AR Ra m/ T
T = T +(—2 ) == (A.2.12)
wim awm - —— _
a nT
awm r t
and _
T _ 1 awm ——
Tawm = — R -1+ ﬂr(Tr'T\ Tt)] . (A.2.13)
Q.r T]Tt r

N may be determined from the correlation given in section 6 of Lhis
Appendix and —Tt has been measured. Thus, from the known and ,
measured quantities, (A.2.13)may be used to find Tr_awm which may
then be used with (A.2.12) and (A.2.11) to find '_r'wm

Considering the mean heat balance for the entire hot wire,

one obtains

mdh (T _-T )=T% [l+a (T__-T.)] (A.2.14)
m wm awm r r wm r
where A
_,I-‘d.wul - adiabatic wire temperature ﬂf,—f‘.’Ermin:ed from anm

Normalizing quantities in the same manner as for equation (A.2. 1),

there results

L s _ Tra__
Nu (Twm- Tawm) - === [1+arﬁ Tt~Tr)] t—— Tom
Tl’kt'r] Tt Tl'k.t
(A.2.15)
or
Nu ( -T ) = ¢+ eT
m' wm awm wm
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dhm

m (measured Nusselt number)
t

where Nu_ =
m

bz ot
N ==
m
Nut(Twm' awm)
by = — _
cter
wm

Substituting.for ;wm and ?awm i = 0) from equation (A. 2. 9) in this
equation, one obtains ta.nh)fa—_
_N—'l;[%"f'('rs- %) tanh!a _TS 0]
‘-PN = A ﬁ Y%
cte|<+ (1 -3 tanh)a
b s b )/—
a

(A. 2. 16)

where

) i Nutkt(l/d)
(10 = qafrs = —_—
w

Expansion of this equation in terms of i for small i and retaining only

the linear terms yields, after some manipulation,

e
',r —
s C 1
by = (1-wp) {1+ : [(2w,- Dy - )
2(1+Ts < wd(l-wo) cosh yo.o
where
tanh Vao
wo = ——

Voo

Since qo(and thus q.-N)is a function of Fxﬁt, an iteration scheme is
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required to determine Nut from the measured mm, (which is not yet

known). Rearranging. equation (A, 2. 15), and using the definitions of

T and T , one obtains
wm awm
. TR R,
Num = — — —
i k - R
t wm awm

but from equation (A. 2. 10)

=2 = R‘Wl'n_ Rawm

1R'vvm= k

SO
.2
d(i me) _l )
d R k
wim
iR
_ wm
Wm- awm
Thus

A. 3 Solution of the Fluctuation Problem

The local hot wire fluctuation temperature must be found from
equation (A, 2.7). That equation may be rewritten using the definitions
preceding equation (A. 2. 6) and following equation (A.2.15) as

2

— 1 P
(b+jw)7'-ad"’2=C1+CZ isy%@..?&. (A.3.1)
dx* a

where
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Q
I

= + & i! Nu nSyqx _ & ! 1
1 2(1+b-)C1 +Nut[(l nb) T bNut+n]

) [2ei' - NG, (Nu! +a 7!
,CZ (Ts—b)[Zel Nut(Nut+n'rt)]

with boundary conditions

T'(+1) =0

dl
0 -0

The solution to (A. 3. 1) has been given by Betchov(go) as

C C

_1 (1 - cosh VB x* )+ 2 ( coshYa x* cosh /Px* )
af a(f-a) -
cosh )/E cosh )/'a cosh)’ﬁ

T! =

(A.3.2)

—

where B = bW a(l+j ‘f.h
a b
Since only the resistance (or voltage) fluctuation of the entire wire

may be measured, the lengthwise integrated fluctuation is required,

and is given by

1f+1
T! = = T'dx*
2 -1

C C

(1- t-anh)’ﬁ)+ 2 (tanh)"&_tanh)’ﬁ)
Ye Yg

1
af )/B . a(f-a)
The derivation thus far has dealt with the response of a real

(A. 3. 3)

wire which experiences a ''thermal lag'' or high frequency attenuation -
when responding to flow fluctuations due to the mass of the wire.
The sensitivity coefficients or voltage fluctuations generated by

specific flow quantities, on the other hand, are derived below for

the ''ideal'' or massless hot wire., Thus the relationship between
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the two is required.
The ideal hot wire response is instantaneous at all frequencies,

and the real wire approaches this response as the freqﬁency w~ 0.

Thus, considering equation (A.3.3) as w— 0, we find
a (1 tanh JB )+ C, o (tanh Ya tanh)p )
Ta B\ yg C, (B-a)\ y— .
wm _ Y8 1 Ja /B (A, 3. 4)
: v _— — Shils
Til,wm (l-tan_hy°)+,,é tanh Ja (l- 2Ya - 3
) “~1 Yo sinh2 Ja ’

This is a rather complicated expression. In order to obtain a simple

approximation, consider the wire of "infinite" length, i.e. £/d = oo.

In this case, one obtains from equation (A. 3. 4)
(A.3.5)

I
Tm - 1

, . W ,

Ti, 0 1+ J b *

This is the well known relation(gl) defining the hot wire time constant

Mt, w0 = = K Mt, o
Returning now to equation (A, 3, 4), assume that the attenuation due to

T |t

the mass of the real wire may be expressed in the form of (A.3.5), i.e
(A.3.6)

1
1+j Mtw

1 —

TI
wm
1+JMtw

Tl
1, wm

2

From this, one finds, using equation (A. 3. 4),

C) (1- tanhzT)+ €2 tanhfg (1- 2Ya
b Ja sinh2)a ’

N —_
2.2 b —
[1+Mw”] = Lo
t E} (1_ tanh )’{3—)+ C, <tanh)’?_tanh)’-[§_>
R R

which is valid for all 'IT/%, a, and b. This may be expanded to illustrate

clearly the dependence upon a and b as follows
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tanh)’a)+CZ tanhfs (,__2)a )

(w27t i fa 2C) fa sinh2)a
l_taxgﬂg [1+( )]< ta.nhYu tan_hf)
Y Yo Y8

If the assumptions (valid for most applications) @w>> b, w>> a, and

Mtw >> 1 are incorporated, one obtains

1. tanh)q + C, tanh)a |- 2Ya
— 2C — . —
M, = % Ya lC Ya _ sinh2)a (A.3.7)
1+ 2 tanf)’a
1 Ya
This may be expanded to give
C
= Lo -teohfa g2 (A.3. 8)
t b C
Ya :
or
— 1-tanh)a /Yo C, |
M, = KM, = K F( , a) {A.3.9)
t t .2 C
Nu, -i rrar/vkt

Thus the time constant is dependent upon the fluctuation properties

through C, and C,, but the fluctuation properties cannot be determined

1 2°
without knowing Mt° An iterative process is necessary, but in actual
use, the value of F has been found to vary only slightly from 1, so if
an iteration were used it would rapidly converge. In reality, the value
" of Mt is not required for the determination of the fluctuating properties,

as will be seen below.

A.4 Hot Wire Sensitivity Coefficients

The ideal hot wire fluctuation response is given by equation
(A.3.3) as w— 0 and is

C - C =
» _ 1 .tanhfa,  ~2 tanhfa (1__2_2'_2_ ) (A. 4, 1)
i, wm b - " 76 - . -
s . Ya Ya sinh 2Ya
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Using the ecquation for IT/It given in equation (A.3.7), this becomes
KIS v tanh )a
T, wm? My (G + G, Va )
a
Introducing the definitions of C1 and CZ’ setting 1'= 0 (constant cur-
rent hot wire system), and using equation (A. 2. 9) to define?wm,

one obtains

7! = Mt mt [(1 T

[ 1 al .
{'wm wm) T Tem Nut + 1 ] (A, 4, 2)

which ig thc rcoponsc of an ideal (massless) wire of {inite length,

The assumptions Mt w>> 1 and I\_/Ita >> b are inherent in this
expression, |

In reality, of course, the hot wire voltage fluctuations, not
the temperature fluctuations, are the measured quantities. These

quantities are related to the temperature fluctuations through Ohm's

law

In addition,

R ‘R_[1+a (T
L

i,wm: r i,wrﬁTr)]

Since this is a constant current system,

1 T 1
ei,wm 1 Rl, wm

and
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Thus one obtains

i, wm Ar Tttt t
4ia R N T, Nuk .
_ r r t tt - 1o ] 1
= M, > [(1-nT )Tt ‘Tmeut+‘n]
p.c_d
W W
= - T I ' 1
= Mt cl n'rW )Til-1T Nut+n] (A. 4. 3)
where
c _ 43 arRrT] TtNutkt
- 2
pwcwd

(59) (60)

Following the procedure of Kovasznay and Morkovin,

the voltage fluctuations of an ideal hot wire may be written as

1 - - 1_ 1 1 : .
e wm Suu Sp p' + sTt T4 (A, 4, 4)

where u', p', and 'r,'c are the non-dimensional fluctuations of velocity

(perpendicular to the wire), density, and total temperature, respec-
tively, and Su’ Sp' and ST are their sensitivity coefficients. These

t
coefficients are found by writing equation (A. 4.3) in terms of p', u'

2

and T;: . It will be shown below (section A. 5) that the Nusselt number,

Nu,, and the recovery factor, n, are functions only of the local Mach

t’
" number and Reynolds number, ﬁt = -;&d . Thus
t

dNu, aon Nu, 3 on Nu,

Nu, = — = —— Re! + ———— M' (A.4.5)
Nu, i)Q/rzRet o0n VK

o= S o B3 e+ 220 (A. 4. 6)
n B?MRet donM
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where
dRe dT
Re} = —t_dp,du o, t
Re, p u T,
=p'+u' -m'r't ' (A. 4.7)
M! = SI_I\L/LM = al(u'-—é- 'T;:) (A, 4. 8)
- Y=-1 332
a, = l-i-—-2 M

Combining equations (A. 4. 3) through (A. 4. 8), one obtains, after some

algebra

Sp = CM, {[BlTwm—BZ] +g [BZ-BITS]}

S, = CM, {[(B +B;a )T _ - (B,+B,a)] © (A.4.9)

3 2 4

+g[B,+B ,a -(B,+B,a)) -rs]}

2 471
: a a
S+ =CM_{[1-mB -in + (mB +—1B -n)7T ]
Tt t 2 2 4 1 2 3 wm
2] 2
+g [mB2 + 5 B,-1-(n-mB, - 5= B;)7, 1}
whecre
: 3%nNu
B, = —t
1 3 n E"Et These values are
_ _8nm .
B2 = Son :, determined from the
oon mt relations given in
B, = ———
3 50n M section (A, 5) below.
B, - Bonm_

atn M



donk,
n. = ~ 0.885
din T, for ai 40°
d%ﬁt or air at 5 R
m = — =~ 0,765
donT
t
_ y-1 o2
a, = 1+4% M
g = tanh)B /)P - vanishes as frequency = « or/and

a - o (i. e., infinite hot wire)
B = a )’1+(Z:>/b)2

2nfK

i r.a

w/b

For the Mach number range encountered in this work the fre-

quency range of the hot wire signal was found to be high enough (less

tanh

than 1% of the signal below 5K Hz) that g = was negligible.

Also, for M > 2, the Nusselt number and recovery factor become
virtually independent of Mach number, so B3 and B4 go to zero, In
this case, the hot wire sensitivities bécome

amf\r'ﬁt aonm ]

S = S = S s = CM [(? —— -
tL wm ggp Re, 80nRe,

ae/nm a4nm
= CM l- - )m]
L Twm ™ Twm a;mRe,  aon Re,

These are formally the same as those for an infinite hot wire as given
by Morkovin,(bo) but Morkovin's measured Nusselt number, Num,

and recovery factor, n m 2Tre replaced by the ''true' values -I\Tlt and

N for an infinite wire without end losses. The expression for Mt

also agrees with that of Morkovin as 4/d = « (M-’ 0), for
© JYa
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rearrangement of equation (A.3.8), assuming F(CZ/Cl,a) = 1 gives

. 2
p..c._md r -r,
M ~ w W wm ~aw
t .2 r
43 rro.r aw

and with the as sumptions made in this derivation

in Morkovin's paper. As shown above, for supersonic Mach numhers,
Sp and Su aré found to be virtually indistinguishable. Thus.it is not
possible to separate the p' and u' fluctuations, but only to determine
a mass flux quantity (pu)' (or m').

In order to determine the fluctuation properties, the fluctuation

equation (A. 4. 4) may be rewritten as

! = -S. ! A|
¢, wm = "Om ™ +STtTt

or, forming the mean square

2 2 o,2 . 2 2
1 — 1 1 t 1
ei,wm_srh m- - ZsrhSTtm ’rt+STt Ty
or
e’ — 28, S. 72—
_LL,wm _ e _ Moe, g (ﬂ m'*“ (A. 4. 10)
SZ t St St
T t _ t
t
atid Srh = Su e Sp ac given by equation (A.4.Y)., Thus a hyper-

bola fitted to the eiz data obtained for 3 or more overheats

3

(since ST and S are dependent to different degrees on the over-
£ —_— —
heat current i) is sufficient to determine Ti':z s rh'z and rﬁ"rf';.
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A.5 Reduction of Fluctuating Data

In the preceding sections, the response of an ideal (massless)
hot wire was derived. The only measurable quantity, however, is
that of a real wire which is inherently very small and is attenuated
due to the wire thermal lag. The hot wire amplifier both amplifies
the actual wire voltage to produce a measurable level, and compen-
sates it for the thermal lag attenuation. The degree' to which this
compensation is accomplished depends on the approach of the ampli-

fier time constant, M

?

to the actual wire time constant, M.
From the calibration of the amplifier and the compensating
amplifier, the relation between the output of the amplifier, E '(f) and

the actual wire output is found to be

- 1 )
E'(f) = Gy A(f)C(f) e (f) (A.5.1)
where
G = ""zero frequency' gain of the amplifier
A(f) = amplifier attenuation (frequency dependent)

C(f) = response of the compensating amplifier

Gran(ss) found that
‘-1
1+ (zwaA)2 2
C(f) = > (A.5.2)
1+ (Z-rrfMA/K)

where K is the '"ceiling-to-floor ratio" (ratio by which the compensa-
tion amplifier raises the wire half-power response frequency) and has
a value of about 420 for the hot wire set used in this work.

Combining equations (A,3.6), (A.5.1) and (A. 5.2), one obtains



-94-

—— 2
1+(27fM,)
1+(27M , )

t,wm (JOA(f)

as the mean square voltage sensed by the ''ideal'' hot wire, .
MA and Mt for this work were found to vary from about 0.1
msec to 0.6 msec, so (2‘rrfMA)2 >> 1, Z‘u-fM,c >> 1 for f > 5Hz or so,

In this case equation (A. 5, 3) simplifies to

2 M, 2
e'” (f)= .——(Q— (——t—) 1+(2wEfM ./w)2 (A. 5. 4)
1»W1T{ cian?® Ma [ a6

In general, the total mean square voltage is what is measured,
rather than the spectral components. The ''ideal'' mean square
voltage is given by

2 © =7
e'i,wn;l j(‘) ei,'wrixf) df

Using equation (A. 5, 4), this simplifies to

M‘t' lf ) [1+(27rfMA/K)2]df (A.5.5)
A

In practice, MA was, for the vast majority of ti’le data, set between
0.2 msec and 0.4 msec, Based on the 0.4 msec setting,
(2miM , /€)%<< 1 for £< 125K, In addition A(f) ¥ 1 for f < 100 KHa
and A(f)= 0.9 at'f = 200 KHz. If one assumes (ZﬂfMA/K )2 << 1 and

A(f) = 1 for the frequency range of interest, equation (A.5.5) becomes

M, 2 00 ——
2 t 2
i win (M (—A) fo E'“(f) df (A. 5, 6)

QI._.
o'
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It was found that the error introduced by utilizing equation (A.5. 6)
rather than (A.5.5) ‘was less than 10%. It was much easier to use
equation (A. 5.6) since the hot wire set contained a built-in thermo-
couple circuit which was related to the mean square integratéd

voltage fluctuations by

7) M, 2
1 — ———
e = (31) K Eq. (A.5.7)

where

Etc is the thermocouple voltage output

KtC is calibration constant

Comparing equations (A.5.4) and (A.5.5) with equation (A. 4. 3),
it is observed that the Mt terms in the equations may be eliminated to
yield (for spectral data)

2 - Lo ~ ~
J*°° =0 4 [1+(21rfMA/K)2]df =[-8 u'-5 p'+8,
0 GJA()” M, P t

112
'rtJ (A.5.9)

where

n?
1}

Sp/Mt

n?
1]

5,/M,

S /M,
Tt Tt t

0
I

and S Su’ and ST are given by equation (A. 4.9). Thus, the deter-

t.
mination of the fluctuation properties (for 21rfM,c >> 1) is found to be

2

independent of the value of Mt'

A.6 Nusselt Number and Recovery Factor Correlations

Several correlations of experimental data for Nusselt number

and recovery factor have been made, among which are those of
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Dewey(gz)

and Kubota, as described by Batt. (93) These empirical

formulas are presented here in a form suited for direct application
to hot wire data reduction.

Kubota found that

e,
Nut = Nu £
1 +——

Nu

where mf is Lthe [ree 1mvlecule Nus selt numnber at the Mach number

at which _l\Tﬁf is to be _calcp.lated ar_1d Nu . is the Nusselt number at
M= 0.

The free molecule Nusselt number is given by

(94)
N -1 Re, Pr il
u = a Re r
f ZTr3 2 y t t S1
where
1
- ba
51 = (30 M
_ o _u_ d
Ret - CD_\O
_ 't
K, c
kt

a is an energy accomodation coefficient, and g(Sl) is tabulated in

reference (94). For air with y = 1.4, and Prt = 0.7, this becomes

— B(8;)
Nuf = 0.080 Ret Sl (A.6.2)
where a has been taken as unity.(92)
g(s,)
As M = oo, - 10.7, and
S
1
Nu

£ H 0.190 Ret

(A. 6.3)
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where the subscript H indicates hypersonic speeds.

Evaluating (A.6.1) for M >> 1

Nu '
Mew | 1
Nu Nu
Noym 1+ _LH
Nu
or —
Nu
LH
Nu
1 - t,H
Nuc Nuf H

2
d_ﬁ
-

J— = — (A.6.4)
£ Nuf) H 1>

fH o Nug g

For M > 2, the Nusselt number Nﬁt is found to be dependent only on

2
3
z
g

Re, and for 0.1 < R—Et < 1000, a good representation is

t
_ _ 2
Ret = 5.26 Nut, H + 5,74 Nut, H
or
Nut, g = )/0. 174 Re,c +0.210 - 0. 458

Thus ﬁ;t may be calculated directly using the values for g(Sl)/Sl,
~ given in reference (94). This relation (A. 6. 4) is good for 0.2 < Ms< o
and 0.2 s ﬁt < 1000. The recovery factor correlation is given by

[ .
Behrens, (51) who states that

_ T]-Tlc 1
n = §oq = 1- 3.5
ral® 1+[ 1 3IM* ]Z
0.350Re, 1+3M°"°>

(A.6.5)

where
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Z = . 1,225 - L

1+ MmE
3.5
", = 1-0. 050 —M —
1. 1754M°"
2.8
1']f"‘nc = 0.21m ™ 2.8
.852+ M~
Re, = pud
o

Logarithmic derivatives nceded for data reduction were con-
puted from these correlations using first order finite difference

approximations.



-99.
APPENDIX B

Upstreafn History Effects on Adiabatic Wall

As discussed in the text, comparison of the smooth plate data
and that for the rough-to-smooth step change conﬁguration indicated
the existence of upstr"eam history effects, perhaps in temperature
as well as pressure. Definite evidence of upstream temperature
effects in the immediate viqinity of the wall were detected, as
described below.

Typical wall temperature streamwise distributions for the
smooth wall and the rough-to-smooth step change are presented in
Figure 15. It is seen that, although the same low-speed heater
setting was used in both cases, the rough-to-smooth configuration
wall temperatures were significantly higher than the smooth wall
temperatures, and this difference was most pronounced in the vicinity
of the step (25 inches downstream of the throat), Temperature gradi-
ents from the Mach 6 wall surface to the low-speed channelweré also
observed for the step change configuration, indicating that the wall
was far from adiabatic. In an attempt to determine the adiabatic wall
temperature for this éonfiguration, the low- speéd heater temperature
" was increased until the gradient through the wall disappeared. After
operating at this low-speed heater temperature for some four hours,
the wall temperature had increased to 655°R and was still rising
slowly. Use of the hot-wire probe to determine the total temperature
to within 0. 003 in. of the surface revealed a total temperature drop

of about 8°F between the flow some 0.010-0.015 inches from the wall
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and the wall,

This compares with a 32°F drop in a somewhat greater distance
for the colder rough-to-smooth wall configuration and the adiabatic
smooth wall. The decrease in the measured total tempgratui'e gradi-
ent close to the wall is consistent with the approach to a "normal'
adiabatic wall condition, indicating that the wall adiabatic temperature
in this case was above 655°R, at least 35°F above that for the smooth
plate.

A carcful comparison of the Lulal lemperature profiles for the
two configurations in the self similar flow regime (Fig. 23) reveals
small but definite differences in the distribution throughout the outer
boundary layer, with very similar behavior within the inner third of
the layer. Of definite interest, however, aré the last few measured
points near y/6 = 0.033 (indicated on the figure). The smooth wall
profile has already begun to decrease quite rapidly toward the wall
temperature at this point, while the rough-to-smooth profile shows
no such behavior. The profile shapes at y/§ < 0.033 result from the
assumption of a linear variation of Tt from the last measured value
at y = 0. 030 inch to the measured wall temperature at y = 0. Signifi-
cant total temperature gradients, then, exist for the smooth plate
case out to y ~ 0. 040 inch (y+ ~ 19) while for the rough-to-smooth
case they are confined to y < 0.030 inch (traverses with the hot wire
probe indicate they occur for y + < 10). This is in spite of nearly
identical freestream and wall temperature.

The energy equation for this region of flow may be written as
oT

i 0, v = 0 in viscous sublayer)
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= 2 ' -
0 = 4.(uT-q) | (B-1)
or
uT - 9 = constant = q“; ' - (B-2)

For the smooth plate configuration, measurements on the wall indicate

ou

q, = 0. Also, within the viscous sublayer T = Tw = “w_a;

Using the standard expressions for T(= y g—‘;- ) and q(= -k%‘ ), one

Yy
obtains,
du dT _
uud—y + k—a;r = 0
B c

Or, WlthTt=T(1+2 Tu)and ——jk = Pr

d Ty Pr du’/2 . 4,1 u’

—t - + S (= L (B-3)

dy cp dy dy cp 2 :

Assuming that cp # cp(y), and performing the integration with

Tt=Tw, u=0aty=20,

_ 1 2
Tt-Tw-— (I-Pl‘) zz-p u

This may be rearranged to yield

T,-T
t “w A -1 2 2
—r - (1-Pr) L= M (u/u) (B-4)

| Now, for the smooth plate configuration at y = 0. 050 inch, u/uez 0.59,
Me =6, Te = 91°R, Tw = 420°R. Assuming a Prandtl number of 0, 85
(due to turbulent contributions, etc) one finds

Ttl = 654°R
y=0. 030

very close to the measured value of 651°R. Thus the low temperature

of the adiabatic smooth wall is not inconsistent with the measured
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temperature profile. For the rough-to-smooth configuration, how-
ever, if the total temperature gradient is taken to be within the last
0. 020 inch of the wall, the total temperature corresponding to an

adiabatic wall at 620°R using the rough analysis would be (u/uew 0. 48)

Tt“ ] =  642°R
y = 0.020

As indicated above, estimates made with the hot wire probe indicate

a total temperature of approximately 660°R actually existed, implying

that heat transfer to the wall was occurring., )

Figure 42 illustrates quite graphically the differences in the
temperature velocity relationships for the two boundary layers. The
effect of the rough plate is to cause the profile to shift significantly
toward the quadratic behavior which is found to be typical for many

tunnel wall boundary layers(67’ 95,96)

and the Crocco behavior typical
of flat plate boundary layers.

The character of the equilibrium smooth wall boundary layer
has obviously been radically altered by the 'p\resence of the upstream
rough plate, implying that strong upstream history effects of both
pressure and temperature are present in the smooth plate configura-
tion boundary layer flow. The presence of the rough plate is suffi-

cient to significantly alter these effects, but it definitely does not

completely destroy them.
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TABLE I

Wall Thermocouple and Pressure Port Locations ‘

Thermocouple or

Distance Downstream

Pressure Port of Throat
Number (Inches)

1 ) 6. 64

2 8. 64

3 10. 64

4 - - 12, 64

5 14. 64

6 16. 64

; > Surface thermocouples ;g ?Z

d ports ’

9 and p 25.14
10 30. 64
11 33.64
12 37.14
13 40. 14
14 45.14
15 50. 44
16 Thermocouples on back 25.1
17. ccnterline of base plate 37.1
18 Thermocouples in low-speed 25.

19 flow 1-2 in. below base plate 37.
centerline
20 Low-speed flow heater output
thermocouple
21 Thermocouples on back of 25.
22} base plate adjacent to side 37.
23 walls 50.




TABLE I )
Summary of Run Conditions and Inverse Parameters

Configuration x M, Ty u, Pe .éz ] H. H
(in.) (°R) (ft/sec) (slug/ft3) (in.) (in.)
Smooth Plate 4Te4 5.97 T65. 2824, «0001328 0.521 C.0408 12.8 -3.72
Se 663 765 2829, «0001270 0.486 0.0396 12.3 -4 o 46
43.4 | 5,03 ) 755. | 2829. | .0001270 | 0.4¢t5 | 0.0380 | 12.2 | -4.51
4l.4 60 06 765, 2931, «0001242 0447 0.0369 12.1 -4.73
39.4 6.08 755, 283C. «0001251 0.438 0.0369 11.9 -4,97
3T7.4 6.05 765, 2834. «0001248 0.451 0.0375 1le5.) ~5.50
35.4 5.69 755 2831, +0001304 0.461 0.0354 12.0 ~4.68
33.4 5.95 7654 2823. +0001343 Qe 434 0.037$ il.5 -5.31
31.4 $.98 755, 2830, «0001313 0.409 0.0365 11.2 ~5¢Te
29.4 6.04 765. 2834%. +00012857 0.384 0.0353 10.9 | -6.46
2T.4. | 6.05 765. <d36. «0001242 0.356 0.0355 1J.1 ~7.68
25.% 6.00 T765. 2835. «0001291 0.367 0.0373 9.8 -8.03
Smooth-to-Rough 4_7.6 5.57 765. 2329. «3001347 0.540 0.0385 14.0 =-2.58
k = 0.0125 in, 45.4 6002 T65. 2329. «0001302 06495 0.0353. 14.0 ~2+6%
. * 43.4 6.04 165, 2820. «0001283 0.47¢ 0. 0344 13.8 -2.87
41.4 6,05 765, 2830. «0001273 Ve472 0.0336 14.0 -2 77
39.4 64C5 765, 2832, «0001272 04471 00344 13.7 | ' -3.05
37.4 6.08 765 2836. «30012453 0.457 0.0340 13.4 -3.,37
35.4 6404 T65. 2834, «0001273 0.457 0.0344 13.3 =-3.41
32.4 6,02 765. 2834, «000129¢6 0.434 | 0.0342 12.7 —4,01
31.4 | 6.00 T65. 2829, «0001319 0.425 0.0330 12.9 -3.79
‘234 6407 7654 2833, «0001253 0.391 0.0312 12.5 -4¢30
28.4 6.07 765, 2839, «0001248 0. 385 0.0323 12.0 -4,92
274 |.6.06 765« 2336, «0001259 V.38%0 J.0323 12.1 -4,78
2644 6.03 765, 283%. «0C01lze4 0.397 0.0329 ] 12.1 -4.76
25.4 5.98 7654 2839, «0001228 0.401 J.0346 11.6 -5.22
 2%e4 5.68 T6Se 2838 «0001330 0392 0.0340 11.5 -5.21
Snmbﬁhto—Rough 47.4 5.98 T65. | 2830, «000133¢ 0.537 0.0384 14.90 -2.,71
k = 0.025 in. 4S5e4 5.68 T6S. 2830. «0001339 0.437 0.0363 13.7 ~2499
45.4 6.01.{ 765. 2832, «00J1310 0.477 0.0354 13.5 -3.21
41.4 6,00 | 765. 2833, «000131¢ 0.445 0.0335 13.3 -3e39
3%.4 6062 7654 2834, «00012S%. | 0.442 00,0330 13 .4 ~3.40
37.4 6.03 T765. 2835. «0001259 0.441 0.0325 13.6 =3¢ 2%
3544 5499 755, 2836 «0001324 0e445 0.0338 13.2 -3.57
33.4 5.58 145, 2834. «0001335 0.432 0.03352 13.0 -3.76
31.4 5.97 7654 2833. «0001345 0.4G8 0.0320 12.8 -3.56
25.4 6003 765, 2837. -0001288 0.381 0.0303 12.6 -4+30
28.4 6.04 T¢5. 2829, | +0001277 0.376 0.0308 12.1 -4.82
27.4 6.05 165, 2338, «0001269 0.36S 0.0304 12.1 -4,78
2604 6 G0 755, 2835, «0001216 0,382 0.0313 12.2 ~4.57
254 5.59 765. 28324, «0001326 0.37¢C 0.0315 11.7 -5.13
24.4% 6.00 7654 ¢835, «0001316 0.354 0.0306 11.6 -5.238

=L11-



TABLE II (Cont'd)

Corfiguration x M T u p 3 8 H H

(in.) L S e €3 (in.) i
(°R) ] (ft/sec) | [slug/ft’) <) | (n)
Smooth-to- Rough 4Te4 | 6<00 | 765. | 2827 | 0001322 | 0.585 | 0.0408 | 19-4 | -2.55
k= 0,050 in, 45.4 | 6,04 | 705. | 2828. | .0001226 | 0.547 | 0.0334 { 14.2 | -2.7¢

%3.4 | 6,03 | 765. | 2827. | .0001255 | 0.522 | 0.0370 [ 14.1 | -2.86
41.6 | 6.03 | 765. | 2825. | 0001297 | 0.499 | 0.0354 | 14.1 | -2.89
39.4 | 6.4 | 765. | 2828. | 0001286 | 0.479 | 2.0350 | 13.7 | ~3.22
37.4 | 6.05 | 785. | 2830. | .0001275 | 0.486 | D.03+9 [ 13.4 | -3.52
35.4 | 6.04 | 765. | 2330. | .0001284 | 0.473 { D.0354 | 13,4 | -3.54
33.4 | 6,03 | 765. | 2829, | .000129z | 0.452 | 0.0343 ! 13.2 | -3.54
31.4 | 6.00 | 765. | 2827. | .0001222 | 0.438 | 3.0339 ] 12.9 | -3.85
29.4 | 6408 | 765. | 2836. | .0001244 | 0.402 | 0.0323 © 12.4 | -4.56
23.4 | 6,10 | 785. | 2835. | .0001228 | 0.350 | 0.0313  12.5 [ -4.57
27.4 [ 6,09 | 765, | 2838. | .0001233 | 0.390 | 0.03:i1 | 12.1 | -4.82
26.4 | 64LB | 765+ | 28364 | 40001244 | 0.395 | 0.0321 | 12.3 | -4.60
25.4 | 6400 | 765. | 2839. | .000i311 | 0e411 | 0.035L | 11.7 | -5.13
2444 | 6.00 | 765, | 2839, | 0001311 { 0.351 | ©.0343 | 11.4 | -5.54

Rough-to-Smooth 47.4 | 6461 { 765. | 2843. | .0001296 | 0.555 | €.0406 § 13.8 | -3.02

K = 0.050 ix. 45.6 | 6.02 | 765. | 2B44. | 0001289 | 0.526 | 0.0392 | 13.4 | -3.18

43.4 | 6401 | 765. | 2843. | .0001258 | 0.514 | 0.0386 | 13.3 | -3.33
41.4 | 6,00 | 765, | 2341. | .0001309 | 0.456 | 0.0373 | 13.3 | -3.36
35.4 | .03 | 765, | 2842, | .0001281 | 0.478 | 0.0363 | 13.2 | -3.53
374 | 6.06 | 765. | 2645, | 0001235 | 0.474 | 0.0355 | 13.2 | -3.87
35.4 | 6.07 | 765, | 2845. | 0001244 | 0.487 | €.0373 | 13.1 | -3.85
33.4 | 5.99 | 765. | 2840, | .0001315 | 0.516 | 00400 | 12.9 | -3.87
21.4 | 6.02 | 765. | 2642, | .0001250 | 0.5C7 | 0.0397 | 12.8 | -4.13
2946 | 6.G5 | 765. | 2847+ | 40001259 | 04450 | 0.0402 | 1242 | -4.90
2.4 | 6.05 | 765, | 2847, | .0001259 | 0.477 | 0.03%9 | 12.0 | -5.19
2T.4 | 6.04 | 765. | 2847+ | 40001268 | 0.4€8 | 0.0383 | 2.1 | -5.01
26.4 | 6.00 | 765.-| 2842, | 0001307 | 0.475 | 2.0391 | 12.1 | -4.52°
25.4 | 6.02 | 765. | 2828, | .0001294 | 0.464 | D.0319% | 12.2 | ~4.77
24.4 765. | 2838. | 0001348 | 0.467 | 5.0375 | 12.5 | -4.34

-8It-
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TABLE III
Results of Velocity Profile Correlation
. _ .Au T xlOO
Conf. x A n 6 u, .waloo -u: (meas'd *)
Smooth 47.4 |0.0 1.46 | 1.02 | 134°] .25 0.0 .25
45.4 V- 1.36 | 0.98 | 138 .25
- 43, 4 1. 34 0.94 | 139 .25
41.4 1.29 | 0.91 | 141 .25
39. 4 1,25 | 0.91 143 .26
37. 4 1,28 10.92 | 142 .26
35. 4 1.45 [ 0.93 | 136 .25
33.4 1.42 | 0.90 | 137 .27
31.4 1,39 {0.87 | 139 .27
29. 4 1.26 .| 0.83 | 144 .27
27.4 ! 1.12 | 0.83 | 149 .28 Y
25.4 1.12 | 0.86 | 147 .29
S-R 47.4 |0.0063 1.34 | 1.01 | 148 . 31 2.69
k=0.0125| 45.4 : 1.30 | 0.93 ] 150 .30 | 2.40
43. 4 1.24 | 0.91 151 .30 2.15
41. 4 1.30 | 0.90 | 148 .28 1. 77
39.4 Y 1.23 {0.90 | 151 .30 1. 96
37. 4 1.23 | 0.87 | 149 .28 1.50
35.4 |0.0050 1.40 | 0.88 | 140 .26 0. 51
33.4 |0.0038 1.35 1 0.86 | 143 | .27 0. 82
31.4 [0.0038 | 1.35 | 0.84 | 145 .29 1. 35
29.4 |0.0025 1.30 | 0.79 | 142 .26 | 0.07
28.4 |0.0012 1.30 | 0.80 | 142 .26 |-0.15
27.4 (0.0 1.30 [ 0,80 | 138 .25 |-0.80
26.4 1.29 (0.81 } 110 .26 |-0.27
25. 4 l 1.27 | 0.83 | 141 .28 |-0.07
24. 4 1.14 | 0.83 | 146 .30 0. 29
S~R 47.4 |0,0125 1.34 | 1.01 | 155 . 34 3.76 .34
k=0. 025 45. 4 1.30 | 0.94 | 157 .35 3.73
43,4 1,24 | 0.90 | 160 .35 3.67
41.4 1.30 10.84 ] 160 .35 3.77
39. 4 1.23 | 0.85 | 163 .35 3.75
37.4 1.23 {0.84 | 163 .35 3.74
35.4 J0.010 1.40 | 0.84 | 153 .32 3.07].
33.4 |0.005 1.35 | 0.82 | 155 .34 3.21
31.4. | 0.0025 1.35 {0.79 | 153 .33 2. 66
29.4 | 0.0025 1.30 {0.75{ 153 | .31 2.01
28.4 |0.0025 1.30 [0.74 | 150 .30 1. 44
27.4 (0.0 1.30 [ 0.74 | 145 . 27 0.44] .28
26.4 . 1.29 | 0.76 | 146 .29 0. 85} .
25. 4 1.27 §0.76 | 142 .28 0. 06
24. 4 1.14 | 0.75 | 145 .29 }|-0.12
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TABLE lII (continued)

_ Au ‘rw'x100
Conf. x’ y Tl 6 u  (T_x100|] — #
o T | W u, [meas'd)
S—R .47.4 | 0.025 1.23 | 1.08 | 176 .43 6. 55
k=0. 050 45, 4 1.18 ] 1.01 | 178 .42 6.25| .43
43. 4 : 1.15 | 0.98 | 180 .43 6.22
41. 4 1.10 | 0.93 | 188 .47 6.78
39.4 1.10 | 0.90 | 186 .45 6. 36
37.4 1.10 { 0.89 | 183 ' 43 5. 87
35.4 1.25 } 0.89 | 174 + 10 5.45
33.4 1,35 | 0.84 | 168 .38 5. 06
31.4 | 0.010 1.35 | 0.84 | 155 .33 3.16
29.4 1 0.0 1,30 | 0.79 | 150 .29 1,46
28.4 1.30 | 0.77 | 146 .26 0.52
27.4 1,30 | 0.79 | 140 .25 |-0.48| .34
26. 4 1,291 0.81 { 139 .24 |-0.79
25. 4 1.28 | 0.84 | 141 .27 |-0,01
24.4 1.20 | 0.82 | 143 .28 0.15
R~—S 47,4 1 0.0 1.50 | 1.07 | 132 .23 [-0.06
k=0. 050 45. 4 1,45 | 1.03 | 134 .24 |-0.07
43.4 1.45 | 0.99 | 139 .26 1.02
41.4 1.43] 0.96 | 141 .27 1.15
39.4 1.40 | 0.93 | 143 .27 1,22
37.4 | 0.005 1.45 | 0.93 | 142 .25 0.96
35.4 | 0.005 1.60 | 0.95 | 136 | .25 0. 67
33.4 | 0,010 1.55 |. 1,00 | 143 . 28 2.25
31.4 | 0.015 1.50 | 0.99 | 152 .31 3,37
29.4 | 0.015 - 1,40 | 0.95 | 158 .33 3,73
28.4 | 0.005 1.35 | 0.93 | 162 .34 | 3.94
27.4 | 0.015 1.30 | 0,92 | 167 .37 } 4.52
26.4 | 0.005 1.28 | 0,91 | 171 .40 5.14
25.4 | 0,020 1.25 } 0.91 {177 . 42 5.73
24.4 | 0.020 0.89 | 181 .46 6.19

1.20

* - ) 3 -
Measurements were made only where these values are indicated.
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FIG.26 AXIAL DISTRIBUTION OF SHAPE FACTOR
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FIG. 33 AXIAL DEVELOPMENT OF ROUGH WALL VELOCITY
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