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PREFACE

For the past several years, the Defense Research Laboratory of

The University of Texas has been engaged in an extensive turbulent boundary

layer research program. This theoretical and experimental research has been
directed specifically towards determining the effects of both compressibility and
surface roughness on the turbulent boundary layer on a flat plate. One phase of
the experimental surface roughness program involved boundary layer measurements |
on a number of surfaces which had been machined with a large variety of roughnesses.
These experiments were conducted in the Ordnance Aeropnysics laboratory )
superscnic windé tunnel and form the svbject of this report.

This research effort wes supported by the U. S. Navy Bureau of Ordnance as
a pert of its BUMBLEBEE activity under DRL Contract NOrd-16498. The Applied
Physics laboratory of The Johns Hopkins Univeisity acted as the technical sponsor ’
of the program. The authors would like to acknowledge the assistance and
support contrituted by Dr. M. J. Thompson, Supervisor of the Aeromechanics
Division and Associate Director of Defense R2search labcratory. The evthors
would also like to e:press their appreciation and gratitude to Messrs. C.J. Stalmach,
D. M. Martin, and W, A. Swank of the Aeromechanics Division staff, who assisted
with the experimental program and with the extensive numerical computations
associated with the data reduction.

Felix W. Fenter
W, C. Lyoms, Jr.
6 February 1958
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NOMENCLATURE

Toe following nomenclature is used throughout this report unless
otherwise noted:

p 4 = distance along flat plate, measured from leading edge
y = distance normal to plate, measured from surface
U = t{emporal mean velocity in x-direction
P = absolute pressure
T = absolute temperature
p = mass density
M = Mach Number
plle
Rx = ™ = Reynolds Nuwmber
3 ] = boundary layer thickness
6 = boundary layer momentum thickness

I 6* = boundary layer displacement thickness

= boundary layer kinetic energy thickness
= ratio of specific heats = 1.4 for air
absolute viscosity

= drag per unit plate width

O O T W Q
L]

P ag = mean skin friction coefficient

= plulx

2 (Dy-D,)
- (¢ = 8 b)

°1U§ ("8"‘3

= drag coefficient of insert between survey Stations 3 and 8

= mean diameter of grain-type roughness jarticles
peak-to-valley height of roughness elements
spaciag or pitch of roughness element

width of roughnese elements

= gweepback angle of two-dimensional roughness elements
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NOMENCIATURE (Cont'd)

Subscripts:

(o] = 1isentropic stegnation conditions in wind tunnel settling chamber

1 = free-stream conditions at outer edge of boundary layer

t = impact stagnation conditions associated with impact probe measurements

iv
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1. INTRODUCTION

The effects of surface roughness on turbulent skin friction received
considerable attention during the period from 1930 to 1940 [see Refs. (1), (2),
(3), and (4)), but 1ittle more was done in this aree until recently. This recent
revival of interest in the effects of surface roughness may be attributed
directly to two factors: (1) the efiect of surface roughness on heat transfer
as it affects the design of bodies moving through the atmosphere at high speeds,
and (2) the important effects of small drag increments on the performance of
extremely long range, supersonic, air-breathing vehicles. Fortunately, the early
work done at subsonic speeds provided & firm foundation for the cuirent work
being done at supersonic speeds.

The Defense Research Laboratory of The University of Texas has been
engaged intermittentlyin studies of surface roughnegs effects since 1951.
As in the case of subsonic flow, the initial work at sup:rsonic speeds utilized
grain-type roughness. The results of these initial theoretical and experimental
studies (Refs. (5), (6), and (7)) were very gratifying, especially since they
indicated that much of the subsonic work could be readily extended to supersonic
boundary layers under certain conditions. Thic grain-type roughkness rescarch
utilized the DRL boundary layer plate which had previously been used in ctudies

of the turbulent boundary layer on smooth, thermally insulated surfaces at
supersonic speeds [Refs. (8) end (9)].

The experiments concerning grain-type roughness reported in Refs. (6) and
(10) involved impact probe surveys and limited direct shear strees measurements at
& number of stations along the center line of the DRL flat plate, the entire
surface of the plate having been coated with various sizes of Aloxite grinding
grit. Aloxite grit vith mean diameters of 0.00554 inch, 0.0021l1 inch,
0.00102 inch, and 0.00064 inch were tested in these experimental programs. [he
results of these tests indicated conclusively that the theoretical equations

NG P ann %o -
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reported in Refs.(5) and (7) predicted accurately the effects of surface
roughness on turbulent skin friction at Mach Numbers up to at least 2.23.
Apparently, these DRL studies represent the major portion of the roughness work

done at superesonic speeds as indicated by the surveys presented in Refs. (11)
and (12).

Some recent work by Goddard on the effect of grain-type roughness on the
drag of bodies of revolution [Ref. (13)) came to the attention of the authors
only after the present investigat: n had been completed.

Unfortunately, grain-type roughness is seldom encountered in practical
applications; therefcre, it is necessary to extend any comprehensive roughness
research progrem to include the effects of more realistic types of roughness.
Here egain, the previous work done at subsonic speeds establishes & useful
precedent. It was suggested by Schlichting (Ref. (14)] that the roughness of
any surface could be descrited in terms of an equivalent grain size. In other
words, the equivalent grain size of a certain roughness is the grair diameter
which would produce the same skin friction dreg under similar flow conditionms.
This procedure is very convenieat but it has definite limitations which will be
briefly discussed later. Consequently, great qucutities of subsoaic data are
available for various types of roughness (Refs. (2), (3), (&), (15), end (26)].

The theoretical and experimental work reported inm Refs (5), (6), (7), and
(10) indicates conclusively that the procedure of assigning an equivalent grein
size to various other roughnesses is equally valid at moderaete supersonic speeds.
It is convenient tc define three regimes of surface roughness: (1) the smooth
recime where the surface roughness does not result in a drag incremeut when
compared with perfectly smooth surface, (2) the fully rough regime where the
surface shear stress is predominately the result of the turbulent mass
interchange caused by the surface roughness and where the fluid viscosity hae no
eppreciable influence on the shear stress, and (3) the inte:mediate or transition
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regime vhere the surface shear stress is influenced by ooth fluid viscosity and
surface roughness. The great mass of subsonic roughness date indicate that the
ratio of equivalent grain size, &, to a characteristic dimeansion of a given
roughness, h, is constant if the surface is fully rough. Therefore, one simple
experimental test of a given roughness geometry can establish a value of

¢/h which is alvays valid for fully rough surfaces.

This simple procedure does not hold for the transition regime, and no
sinple, clearcut method has been devised for tresting this roughness regime.
For this reason, the characteristic dimension of all roughnesses in the current
Progi'aw was chosen to be the peak-to-valley height, and this dimension was
always relatively large - equal to or greater than 0.005 inch. Despitz this
large height used in these tests, the distribution density of the roughness
elements was often varied in such a way as to make the equivalent grein size,

in some cases, very small. Therefore, the results of these tests should be
extrapolated with caution.

The initial test in the current program utilized the previously mentioned
DRL boundary layer platc which was mounted in the test section of the Ordnance
Aerophysics laboratory supersonic wind tuanel. The test Msca Nurber wae M = 2.77.
For this test, the entire upper surface of the plate was coated with spherical
beads which were approximately 0.00hk-inch dismeter. The purpose of this test
was to compare the dreg of smooth spherical roughness elements wit: the drag of
the irregular grain-type roughness ordinarily used. These two types of roughnesses
have been described by Thompson at DRL as being respectively of the "mole-hill

type" and the "Rocky Mountain type" [Ref. (17)]. The results of this initisl
test are included in this report.

The major portion of the current program utilized the same boundary layer
pPlate which was modified to accommodate large inserts in its test surface.
These inserts were machined with various types of roughness, and the draz on each
insert was measured by means of impact probe surveys of the boundary layer. The
modified boundary layer plate and the inserts are described in detail in the
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following section of this report. It was originally planned to test an extensive
series of inserts which would involve a systematic variation of several

roughness geometric parameters. Unfortunately, the decision to cease operations
at the OAL supersonic wind tunnel occurred when this program was approximately
half finished; consequently, the following data are in many respects, fragmentary
and difficult to interpret. Nevertheless, it is believed that these data are
useful and may form the foundation for a more extensive future investigation.
This report contains a detailed description of the apparatus and the experimental
procedure as well as a discussion of the final results.
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II. DESCRIPTION OF EXPERIMENTS

The data presented in this revort can be divided intu two categories, as
vwas previously mentioned. The first category consists of data obtained using a
spherical roughness with a mean diemeter of 0.00412 inch. Thege data were obisined
from tests in which the surface of a thermally insulated flat plate was completely
covered with this spherical roughness. A complete discription of this flat plate
1s presented in Ref. (8). The velocity distribution and the Mach Number distribu-
tion through the boundary layer and normal to the surface of the plate is presented
in Table I for seven stations located along the longitudinal center line of the

Plate. Teble II is a summary of the boundary layer characteristics obtained at
each of these seven stations for the spherical roughness.

The second category of data was obtained by modifying the flat plate
mentioned in the Preceding paragraph. Since this report is concerned primarily
with the data in this second category, a more thorough discussion of the model,
equipment, and procedures utilized will be presented in the following sections.
This second category consists of data obtained from tests utilizing both uniform

grain-type roughness and machined-type roughness on inserts mounted in the modified
flat plate.

A. VWind Tunnel

The data in both categories previously mentioned w2re obtained from tests
conducted in the Ordnance Aerorhysics Laboratory Supersonic Wind Tunnel at
Daingerfield, Texas. This wind tunnel uses interchengeable nozzle blocks for
varying the test section Mach Number. The tests utilizing the spherical roughness
were conducted at a Mach Number of 2.77. The remainder of the data reported was
obteined for a Mach Number of 2.23. The test section of this wind tunnel isg
rectangular in cross section, with a height of 27-1/2 inches and a width of
19 inches. A more deteiled description of this wing tunnel is precented in

Ref. (18). Figurc 1 is a drawving of the test section of this wind tunnel with the
flat plate installed in it.

= 5=
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B. Flat Plate Model .

The model used in these tests was the flat plate described in Ref. (8), { |
modified to accommodate thin aluminum inserts as shown in Fig. 1. The plate was
15-inches wide and 36-inches long, with a maximum thickness of epproximately
0.916 inches. The plate was made of Monel. The leading edge of the plate was B
beveled on the under side to form a sharp, single wedge with a 6.7 degree angle. i
At a distance of 3/& inches from the leading edge, an area of the plate was
Knurled, using a standard l/h-inch width knurling tool. This knurled area spanned
the width of the plate. The peaks of the knurls protruded approximately 0.005 inches
above the surface of the plate. This knurled strip was machined into the plate
for the purpose of locating the point of transition from laminar to turbulent
flow near the leading edge of the plate.

Three static pressure orifices were located along the center line on the
forward portion of the plate. The location of these orifices are shown in
Fig. 1. Two holes, 1-5/16 inches in diameter, were also located along the
center line of the plate. One was 13.80 inches from the leading edge, while the
other wvas 33.80 inches from the leading edge. These two holes accommodated a
total pressure probe which was used to survey the boundary layer normal to the
surface cf the plate at these two stations. This probe is described in enotlier '
section of this report. Solid plugs whose surfaces were flush with the surface
of the plate could be inserted into either of these two holes when they were not
occupied by the probe.

An arze in the center of the plate, 15-inches wide and 24-inches long was
machined to a depth of 5/16 inch. This was done to allov thin inserts to be
installed in this larger Monel plate. A description of these inserts is i
presented in the followi:g section. Figure 2 is a drawing of the plate and insert
installed in the wind tunnel, showing a typical test set-up.
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C. Roughness Inserts

In order that a variety of types of surface roughness could be tested
utilizing the same basgic Plate, removable aluminum inserts were used. Figures 1
and 3 are drawings of these ineerts. The inserts were approximately l5-inches

wide and 2h-inches long. The nominal thickness was 1/4 inch; however, this
varied from one insert to another.

Eighteen holes, distributed throughout the under side of each insert, were
drilled and tapped to receive standard 1/4" - 20 Allen head screws. These screws
were part of an adjusting scheme designed to positioa the surface of the inserts
flugh with the surface of the Monel plate. Figure > indicetes the general
location of these Points of adjustment and also shows a detailed sketch of one of
the adjusting screws. The insige screw, labeled "locking screw", holds the
insert in the main plate. The "adjusting screw” permits the insert to be raised
or lowered with respect to the surface of the main plate. Finally, a cap was

used to pressure seal the bottom of the main plate from the cavity between the
main plate and the under side of the insert.

Each insert was provided with a rubber sealing cord waich extended across
the vwidth of the plate. This cord was installed in the leading edge of each
insert, midway between the upper and lower surfaces. This cord prevented any

flow from occurring between the leading edge of an insert and the mair plate
which might disturb the normal boundary layer.

A total of sixteen inserts wasg tested, and each insert was numbered from
1 to 16. Teble III, with the aid of Fig. 4, lists all of these inserts and
designates the type of surface roughness essociated with ea-h insert. The
various pertinent dimensions associated with each roughness are also given in
Table III. Insert No. 1 was machined and then hand rubbed until the surface was
very smooth. When installed in the main Plate, the entire configuration was a
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smooth flat plate, just as the main plate had been before its modification.
Inserts Nos. 2, 3, i, and 5 had e:rfaces vhich were covered with a uniform size
grit, each of different mean diameters. These first five inserts formed a series

of control surface roughnesses to which the machired surface roughnesses of the
other ingerts could be compared.

Inserts Nos. 6 through 16 had surfaces on which verious machined type
roughnesses had been formed. Insert No. 6 had a 0.020-inch, forward-facing step
machined across its span. Inserts Nos. 7 and 8 had surfaces in which spherical
indentures had been machined. Inserts Nos. 9 through 13 hed V-grooves machined
normal to the direction of flow in their surfaces. Inserts Nos.1ll and 15 had
V-grooves, swapt back with respect to the direction of flcw, machined into their
surfaces. Lastly, the surface of insert No. 16 was covered with protruding
rivet heads. All of the various type roughnesses started at a line 2.840 inches
from the leading edge of the insert and extended over the entire insert
surface between this line and the trailing edge. Figure S is a photograph of
six typical, machined roughness inserts.

D. Probe Agsembly

The impact pressure probe utilized in these test was the same prove as
described in Refs. (8), and (9). Details of this probe wey be seen in Fig. 6.
The tip of the probe donsisted of 0.020-inch 0.D. stainless steel tube, with a
0.010-inch bore. This tube was fastened to a larger 0.035-inch 0.D. stainless
steel tube which, in turn, ran through a double wedge which supported the provbe.
Plastic tubing was connected to this 0.035-inch 0.D. tubing and was led
outside the wind tunnel through a series of pressure sealed plugs. A screw
mechanism was connected through two bevel gears end a flexible shaft to a
micrometer located outside of the wind tunnel. The micrometer head could be
rotated to actuate the probe and to indicate the location of the tip of the probe

above the surface of the plate during & test. The probe cen be seen installed in
the plate in Fig. 7.

-8 -
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E. Test Procedure

The procedure of test preparation and the actual testing itself was
slightly different in the case of the spherical roughness from thet used for the
insert tests. Only a brief discussion will be given for the spherical roughness
test procedures. The method used in applying the spherical roughness to the plate
end the procedure for installing the plate in the wind tunmel was identical to
that presented in Ref. (6). In general, the procedure for conducting the wind
tunnel tests was also the came as that outlined in Ref. (6). In the spherical
roughness tests, impact-pressure surveys at seven stations along the center line
of the plate were made. Direct measurements of the surface shear stress,
utilizing skin friction balaances as described in Ref. (6), were not performed.
The impact-pressure surveys were started at the aft-most station and progressed
forward in succeeding runs. Plugs vere installed in the survey station holes
thet were not occupied by the prote. Between twenty and thirty points were
obtained at each station, depending upon the thickness of the boundary layer.

In order that the tip of the probe could be located accurately at different
positions above the surface of the plate, it was necessary to first locate it
vhen in contact with the surface of the plate. The method used to accemplish
this involved noting tiic impact pressure reading while the wind tunnel wes
running. A very rapid change in the impact pressure could be observed as the
probe was retracted tcward the surface of the plate, dve to the lerge velocity
gradient in the boundary layer in the neighborhood of the surface of the plate.

A minimum impact pressurz reading was observed when the tip of the probe made
contact with the surface of the plate. Further actuation of the probe mechanism
cauged no further change in the pressure reading. Since the probe tip was then
on the surface of the plate, any further actuation of the mechanism simply
resulted in "wind-up" in the flexible shaft. By rotating the micrometer head
very slowly and cerefully noting the micrometer reading when this minumum pressure
was initially attained, the location of the tip of the probe on the surface could
be accurately accomplished. This method proved to be reliable and repeatable.

-9 -
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Application of the uniform grit to the surface of four of the inserts wes
accomplished exactly as described in Ref. (6). The inserts were first sprayed
with e mixture of clear varnish and Japan drier until a very thin coating was
obtained. The grit was then applied by means of a floccing gun until the surface
was evenly and completely covered with one thin layer of the grit. This coating
was allowed to dry for at least one day before testing.

The surfaces of the inserts which contained the sphericel, indenture-type
roughness were formed on a horizontal milling muchine, using a specially ground
tool. The cutting end of the tool wes designed co that the prover diametar and
depth of the indentures could be obteined.

The surtaces of the inserts which contained the V-groove roughnesses were
formed on a shaper. Again, a specially ground tool which gave a V-groove whose
bottom vertex angle was 90 degrees was used. The insert whose surface was
smooth was first machined on the shaper and then hand rubbed with finpe emory
paper until a very smooth surface was attained.

The inserts, containing the rivets were formed simply by drilling the

correct sized holes at the propsr location ané then setting rivets in each of
these holes.,

The installation of the main plate in the wind tunncl was accomplished
using the same procedure as described in Ref. (6). The inserts were installed
in the plate while it remained in the wind tunnel, and the insert surfaces adJusted
flush with the main plete curface by using the adjusting screws Previously
described. By using a surface dial indicator, the imsert surfaces could be
checked to assure that they coincided with the main plate surface at the edges of
the inserts. The center portion of the insert- were then adjusted so that the

entire surface of a given insert and the surface of the mein plate lay in the
sawe plane,
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Two U-tube manometers were utilized in these tests. One was used to read
the impact pressure indicated by the probe, while the other manometer indicated
the static pressure in the stilling chamber of the wind tunnel. Atmospheric
pressure was used as a reference in measuring both of these pressures. Both
of these pressures were read for each data point taken. The test of each insert
involved a boundary layer survey at the rear station which will be referred to
as Station 8. Since the boundary layer did not change appreciably from one test
to the next at the forward survey station (Station 3), surveys at Station 3
were made at representative intervals only and not for every insert tested.

i 1 & Kl =
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‘ III. DATA REDUCTION

The procedure utilized to reduce the data from these tests coincided very
closely with that utilized in Ref. \6). No direct measurements of the local shear
stress on the surface of the plate vere made; so that consequently,no procedure was
necessary for reducing this type of data. The following sections will present

a brief discussion of the data reduction procedures used for the tests described
in this report.

A. Tree-Stream Conditions

This section, which is concerned with the determination of the free-stream
flow conditions, applies equally to the tests using the spherical roughness
and the roughness inserts. Since both the wind tunnel stilling chamber pressure,
Pys and temperature, To’ were measured for each data point, free-stream conditions

in the wind tunnel test section were obtained by means of the isentropic flow
relations.

Using the impact pressure reading, pt » obtained with the probe fully
1l

extended and outside of the boundary leyer, and the pressure obtained in the
tunnel stilling chamber, Py the free-stream Mach Number, Ml’ vas determined
using the tables in Ref. (19). Having established the free-stream Mach Number
at each station, the free-stream static Pressure, Py» at each station may be
determined by using Ref. (19) and knowing the tunnel stilling chamber pressure.
Having measured the stilling chamber temperature, the free-stream ambient
temverature, Tl’ and density,)pl,'were determined at each station, using the
previously determined value for the free-stream Mach Number and the tables in
Ref. (19). The free-stream velocity, U;» could then be determined using the

= 18 =
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the following equation
Up =¥ JRT) (1)

where Rg is the gas constant defined by the equation of state for a perfect gas.

The Reynolds Number, Rx’ at any particular survey station at a distance x from
the leading edge, is obtained as:

(2)

Values of the viscosity, W,» Were determined from Ref. (20).

B. Impact Pressure Probe Data

The methods used and the assumptions involved in reducing the impact
Pressure data to final form are as follows: (1) the static pressure is constant
through the boundary layer at any given streamwise locatiorn, i.e., the static
pressure gradient normal to the plate surface is zero; and (2) the boundary
layer flow is isoemergetic, i.e., the total energy is constant throughout the

layer. The Justifications for waking these two assumptions are given in
Refs. (6) and (8).

Using the static pressure previously determined for each station and the
impact pressure measured with the probe, the local Mach Number, M, for each point
in the boundary layer was determined using the Rayleigh formula.

s 13 -
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12 (3)

The Mach Numbers for various values of the ratio pl/pt are tabulated in
Ref. (19). The temperature variation within the boundary layer based on the
assumed isoenergetic flow was obteined from the following relation:

(4)

The velocity ratio was then computed from the Mach Number and terperature ratios
by means of the following equation:

- = i J% (5)

The Mach Number and velocity distributions for each of the seven stations
surveyed during the sphericel roughness tests are presented in Table I. The
Mach Number and velocity distributions for stetions at which surveys were run
on each of the roughness inserts are presented in Table IV. For constent static
pressure across the boundary layer, the density is given by:

%
%{-T (6)
-1 -
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The boundary layer momentum thickness, 6, is defined by:

8
@ = LU . g;i>dy (7)
./; o < L]

vhere & represents th: boundary layer thickness, and y is measured normal to the
surface of the plate. Values of 6 at each survey station were obtained by
carrying out numerically the integration indicated in Eq. (7).

The mean skin friction coefficient, QF,for a flat plate is given by:
CF = — (8)

where x is the length measured from the leading edge of the plate back to a
particular station. A summary of the boundary layrer characteristics for a spherical
roughness (M, R, 6, CF,etc.) ic presented in Teble II. A summary of boundary

layer characteristics for Station 8 on each of the sixteen inserts is presented

in Table V.

C. Equivalent Grain-Size Determination

The mean diameter, &, of each of the four uniform grain sizes tested
\Insert Noc. 2, 3, 4, and 5) was determined by measuring, by means of a microscope,
approximately 200 grains of each size. Using these average values of ¢, a
Reynolds Number based on grain diameter was computed for each insert from the
equation

p1U 6
R =
4 Hy

(9)

-15 -
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Using the average value of the momentum thickness, 63, measured at
Station 3, an effective length from the leading edge of the plate back to
Station 7 was computed for various values of Rg using the equations presented
in Ref. (5). Using this effective length to adjust the actual length from the
leading edge of the plate back to Stetion 8, a value for 98 vas theoretically
computed for the various values of R§ previously used. From these theoretical
values of 98 and 65, a drag coefficient, Cd, wvas determined, which is defined ecs:

C (10)

) D
¢ /2008 (i)

2 (64-6
8773

Similarly, a value for the drag cocefficient, Cd , for a smooth plate (Rg = 0)
8

or

was computed from the equations in Ref. (8). In Fig. 8 the theoretical values of

Cd/cd are plotted as a function of Rg’ as shcwn by the solid line. Also shown
5

on this plot are values of Cd/cd obtained experimentally from the uniform,
5

grain-roughness inserts and from two other programs in which similar grain-
roughness data were obtained. The data from these other two programs were
obtained by covering the complete plate with the grit rather than having a smooth
portion of the plate in front of the roughness, as was the case in the insert
tests. Consequently, these data were theoretically corrected before they were
plotted in Fig. 8. This correction procedure utilized the theory of Ref. (5)

to account for the additional drag increment caused by the roughness forward

of Station 3, It can be seen that excellent agreement between theory and
experiment was obtained.

- 16 -

Lo




l—
"

_ . P

6 February 1958
FWF:WCL:hr

Figure 8 was used to determine the equivalent grain roughness of the

various inserts. The values of Cd/cd assoclated with each insert yielded a
8

value of ¢, which is defined as the equivalent grain diameter of each particular

rougnness. These values of ¢ as well as g/h are tabulated in the summary of
data given in Table V.
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IV, DISCUSSION OF RESULTS

The various errors associated with impact pressure probe surveys have
been discussed in detail in previous reports dealing with similar measurements
(Refs. (6), (8), and (9)]. The specific errors associated with the pressure
measurements in these particular tests have teen estimated as follows:

Py

pO

M — % 0.0020

U __ +0.0063
1

As e result of these considerations it is believed that the momentum thickness
measurements are accurate within 3%. All estimates of accuracy were conservative
and assurmed to be cumulative; therefore, the actual accuracy of the measurements
is probably better than 3% in most cases.

The mean skin friction coefficients measured for the spherical roughness
are compared with the theory of Ref. (5) in Fig. 9, end a typical velocity profile
is compared with the smooth plate profile in Fig. 10. No effort was made in this
case to determine an equivalent grainroughness since it was suspected that the
spheres would give essentially the same results as the irregular grains. Also,
no effort was made to correct these data to allow for the fact that some laminar
ard transitional flow existed near the leading edge of the plate. Since the
theory deals only with boundary layers that are initially turbulent, agreement
between theory and experiment should not be anticipated except at large

Reynolds Numbers (say, greater than 107) where the leading edge effect becomes
very small.

- 18 -
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The good agreement between theory and experiment in Fig. 9 indicates that
the ratio §/h is essentially unity in this case. It should be noted that this
result is not necessarily in conflict with the results obtained by Schlichting
[Ref. (14)] in subsonic flow. Schlichting obtained a value of £/h of 0.62 for
spheres arranged in maximum density of distribution. 3His spheres were attached
to the plate only at the point of tangency, and the air was free to flow in the
interstices between the undersides of the spheres. In the present case, the
spheres were bonded to the plate by being partially imbedded in a layer of
varnish. It is believed that the resulting surface bore little relation to
Schlichting's surface. In eny event, the tiny glass spheres used in the current
test resulted in a skin friction coefficient which was not measurebly different
from the coefficient of grain-type roughness of the same size.

The velocity profiles obtained at Station 8 for all inserts are shown in
Figs. 11 through 16. Each of these figures contains an appropriate reference
profile for comparison purposes. Figure 11 compares the velocity profiles ottained
for each degree of grain-type roughness with a corresponding smooth surface
profile. It can be seen that increasing grain roughness size results in increased
boundary layer thickness without changing the basic character of the profile.
This trend is, of course, predicted by ithe theory of Fef. (6).

The velocity profiles obtained for V-grooves normal to the air streem with
varying densities of distribution are compared with a smooth profile in Fig. 12.
The surface with full density V-grooves results in a thicker boundary layer in
accordance with the value of ¢/h = 0.62 associated with this roughness.

Incrcasing values of d/h result in velocity profiles which approach smooth profiles,
as would be anticipated. The variation of the velocity profile with

sweepback angle of the full density V-grooves is shown in Fig. 13. It can be

seen that increasing sweepback results in a thinner boundary layer for a given

roughness size. This result would, of course, be anticipated by considering the
1limiting case of 90° sweepback.
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The velocity profiles obtained with the two distribution densities of
spherical indentations (dimples) are compared with a smooth profile in Fig. 1k.
It cen be seen that the pature of the velocity profile is drastically affected by
this type of roughness. Reference to Table V indicates that neither density of
distribution resulted in a drag increase over that of a smooth plate in spite of
this change in velocity profile. It is regrettable that dense distributions f
of this type roughness could not be tested as originally planned. It is |
significant to note that the boundary layer thickness was not appreciably
increased by the spherical indentations, which is consistert with the lack of |
drag increace. ”

The velocity profile obtained from the insert with rivet heads is I
compared with a smooth profile in Fig. 15. It can be seen that this protruding
roughness changed the character of the velocity profile in a manner similar to the
indentations. Contrary to the indentations, the rivet heads caused a large
increase in boundary layer thickness which is consistent with the large drag rise
listed in Table V. A careful study of the static pressures along the insert and
of the free-stream impact pressures indicated that the wave-drag of the rivet
heads wos negligible, and all the drag could be accounted for in the momentum
deficit of the boundary layer.

The velocity profile behind the forward-facing step is compared with the
smooth profile in Fig. 16. It can be seen that this relatively large surface
discontinuity had little effect on the velocity profile. The boundary layer
thickness was not appreciably increased, which is consistent with the fact that
the drag coefficient of the step was negligibly small when based on the entire
insert area as evidenced by Table V. It is believed that this step created a

large local disturbance, but the boundary leyer had returned to an equilibrium
gtate by the time it reached the survey station.
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Since these data are fragmentary and incomplete, it was not possible to
perform a significant amount of interpretation in most cases. The major results
of the tests have been tabulated in Table V, and these results can be used, in
many cases, for design estimates and approximations., The V-groove family of
inserts represents the most nearly complete set of data. The variation of the

equivalent grain roughness of V-grooves with density of distribution is shown

in Fig. 17. It can bte scen that the maximum roughness effect does not correspond

to the maximum distribution density. This result is consistent with Schlichting's

results for a variety of three-dimensional roughnesses. In fact, the shape of

the curve faired through <the points in Fig. 17 has the same general shape as a

curve faired through a similar plot of Schlichting's data [Ref. (14)) with only
the vertical scale being different.

Similarly, the verietion of equivalent grain roughness with sweepback

angle of V-grooves is shown in Fig. 18. It can be seen that the general effect of

sweepback is to decrease the effect of the roughness as previously noted. The

curve faired through the data points in Fig. 18 is only qualitative since the
correct shape of this curve is not known.
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V. CONCLUSIONS

As a result of the experiments described in this report, the following ]
conclusions are made concerning the effects of roughness on the turbulent
boundary layer of a thermally insulated flat plate at moderate supersonic speeds:
1. The theory given in Refs. (5) and (7) can be used to predict accurately
the skin friction drag of surfaces with uniform grein-type roughness.
The roughness does not necessarily have to extend to the lesding edge
of the surface for an accurate calculation to be made.

2. Uniform surface roughness composed of spherical beads does not affect
the boundary layer in e manner significantly different from grain-type
roughness, provided that the grains and the spheres are bonded to the
gurface in a similar manner. Consequertly, the theory of
Refs. (5) and (7) accurately predicts the effects of spherical
roughness elements on skin friction under these conditionms.

These conclusions are not applicable if the roughness elements

become significantly large compared to the boundary layer
thickness.

3, The effect of e given type of roughness on turbulent boundary layer
characteristics is strongly dependeat upon the density of distribution
of the roughness elements. These tests indicate that the variation of
equivalent grain roughness with distribution demsity of V-groove is
similar in neture to the variation found by Schlichting for various
three-dimensional roughnesses. The meximum drag for a given roughness
size does not necessarily correspond to the maximum density of
distribution.

4. The effect of maximum density V-grooves on turbulent boundary layer
characteristics is dependent upon the sweepback angle. The effect of
increasing sweepback is to reduce the skin friction drag.
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TABLE I (CONT'D)

BOUNDARY LAYER MACH NUMBER AND VELOCITY DISTRIBUTIONS
FOR SPHERICAL ROUGHNESS

TUNREL MACH NUMEER = 2.77 a = -1.25° ¢ = .00412 in.

STATION 8

x = 2,638 f¢.

Po = 95.46 in. Hg.

T, = 125°F

l Ml = 2.635

y-in. M U/u1
.0135 .988 .5299
.0155 1.020 L5443
.0205 1,076 .5686
.0255 1.132 .5922
.0305 1.169 6077
.0355 1.206 6237
. 0405 1.254 L6414
.0505 1.301 .6595
. 0605 1.351 .6781

.0705 1.391 .6929
‘ .0805 1.428 .T7060
.0505 1.467 7193
1155 1.547 LT461
l L1405 1.626 L7713
1655 1.698 7933
.1905 1,764 .8124
. 2155 1.831 .8310
.2405 1.901 .8kg5
.2905 2.032 .8820
3405 2.160 9112
' . 3905 2.281 .9366
- 4405 2.396 .9589
1905 2.494 .9765
l .5405 2.569 .9893
5905 2.606 .9953%
.6L05 2.626 . .9986
.690% 2.629 .9991
l -ThO5 2.630 .999%
8405 2.635 1.0000
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