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SUMMARY

Average skin-friction drag coefficients were obtained from boundary-
layer total-pressure measurements on a parabolic body of revolution
(NACA RM-10, basic fineness ratio 15) in water at Reynolds numbers from

hoh x lO6 to 70 X 106. The tests were made in the Langley tank no. 1
with the body sting-mounted at a depth of two maximum body diameters.
The arithmetic mean of three drag measurements taken around the body
was in good agreement with flat-plate results, but, apparently because
of the slight surface wave caused by the body, the distribution of the
boundary layer around the body was not uniform over part of the Reynolds
nunber range.

INTRODUCTION

- Skin-friction-drag data obtained at high Reynolds numbers in sub-
sonic flow is, at the present time, confined mainly to the results of
tests of flat plates. Skin-friction data obtained at high Reynolds num-
bers from tank tests of a body of revolution would be useful both hydro-
dynamically and aerodynamically. Such data would make it possible in-
many instances to estimate the error incurred by using flat-plate data
in calculating the skin-friction drag of curved surfaces, such as ship
hulls and submerged bodies. The data could be obtained at Reynolds
numbers ordinarily obtained in air with supersonic flow and could there-
fore be used in conjunction with the results of tests of missiles in
the same Reynolds number range in order to help evaluate the effect of
Mach number on the skin-friction coefficient.

Because of the need for skin-friction coefficients for a curved .
body at high Reynolds numbers in subsonic flow, skin-friction coeffi-
cients were obtained on a parabolic body of revolution (NACA RM-10,
basic fineness ratio 15) in water at Reynolds numbers from L.k4 X 10
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to TO X 106 (4.9 feet per second to 78 feet per second). The skin-
friction coefficients wére obtained from measurements of the total
pressure through the boundary layer by the use of the boundary-layer
momentun theorem. Measurements were made at the 69. 4-percent station
(based on the length of the basic shape) at three radial positions
around the model. 1In the transition range of Reynolds number (from

1.1 x 105 to 8.9 x 106), a dye was injected into the boundary layer
and the flow was observed on the upper surface of the model,

SYMBOLS
A skin area from nose to measuring station, sq ft
Ce average skin-friction drag coefficient
B boundary-layer thickness, ft
Ap - static pressure on body minus static pressure in free stream

acceleration due to gravity, 32.2_ft/sec2

h depth below water surface, ft

7} absolute viscosity, slugs/ft-sec

) stétic pressure, 1lb/sq ft

Py total pressure inside. boundary lajef? lb/sq ft

pTS ?otal-pfessure.just outside boundary layer, lb/quft

q ‘ free-stream dynamic pressure, lb/sq ft

R ‘Reynolds number 5ased on axial distance from nose to measuring
station ’ ' ‘ :

r radial distance from body ékis, ft

r, | radial diqtance from body axis to skin, ft

P density, slugs/cu ft

8 distance along surface from nose, ft

t time, sec
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'Tw wall shearing stress, 1lb/sq ft
Vav average wall shearing stress, 1b/sq ft
u velocity inside boundary layer, fps
Us velocity just outside boundary layer, fps
v o free-stream velocity, fps
X axial distance from nose, ft i
Yy .distance normal to skin, ft
Subscript:
max maximum value.

ANALYSIS

Average skin-friction drag coefficients were obtained from rake
surveys of the total pressure through the boundary layer and calculated
values of the pressure distribution. The average skin-friction coeffi- -
cient ahead of a measurement station is '

x -

Tw 2n
Cp = —2Y - =% Ty dx (1)
a gA b
» b's
Momentum theory is used to evaluate the integral k/p Twrw dx from
0]

which the average skin-friction éoefficient is obtained. The momentum
equation for the boundary layer on the surface of a body of revolution
is, from reference 1,

o) 5} _ : ) ‘ 5
== 43 dy - Us 2 Ay = =— -
JC er ot ¥ os 0 Pru 5 ds Yo prg os 0 rd

urw<§;>y=0 - ‘ : ®)
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The last term of the equation may be replaced by Tyry, inasmuch as

u(gg) is the shearing stress at the wall. For steady flow, the
N y=0_

first term drops out; for incompressible flow, the density p is con-
stant. If the body is assumed to be moving at sufficient depth below
the surface so that the effect of the surface on the flow is negligible

dUs

3 b 3o (3)

Using equation (3) and the formula for differentiating a product gives

op a ® 2 a o
-5 A rdy =p EE\/Z Us“r dy - pUg 55\/; Ugr dy

Equation (2) may then be written

5 | 5
d A
Tulw = P a;\jp (Usg - 2)r dy - pUs é%‘Jf (Us - uw)r ay (4)
0" 0]

For a slender body such as the NACA RM-10, negligible error is
introduced by assuming ds = dx and r = ry + y. Making these substi-
" tutions, using the formula for differentiating a product, and integrating
| with respect to x gives: ‘

JF Twrw dx = prwuggkjp (& - E5lay + PUSEU/\ = - Xy ay +
0 0 US _U 2 Ua 2

5 0 Uy

X
dUs 5
P — r, Uy 1 - Lldylax +
0 dx 0 U8
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Evaluation of the first and second integrals on the right-hand side
of equation (5) requires that the velocities through and just outside
the boundary layer be known. These velocities were obtained from
measurements of the total pressures. The relation between the pressures
and velocities is given by

—_
2
1..2 _ _ Ap oV
§pu = pp - Pgh =
> (6)
2
l .2 Ap pV
UsS = - - By
Ep 5 pTS peh q 2

where Ap 1is the static pressure on the body minus the static pressure
in the free stream. The value of Ap/q at the measurement station was
obtained from reference 2, which gives the calculated pressure distribu-
tion for the NACA RM-10 body shape in an incompressible fluid of infinite
extent. ) :

The first and second terms on the right-hand side of equation (5)
represent the total momentum loss in the boundary layer as measured by
the rake. The third and fourth terms on the right-hand side account
for the momentum change in the boundary layer due to pressure gradient.

A linear variation of JFB (l - éﬁ)dy’ with x . was assumed in order to
0 d

evaluate the importance of the third term. The third term was found to

contribute less than 1 percent of the total and was therefore neglected.

The fourth term was likewise neglected since it contributed even less

than did the third term.

In the computations made in order to obtain the skin-friction coef-
ficients, equations (6) were used to evaluate the terms on the right-
hand side of equation (5), which was integrated graphically in order

X
to obtain the value of Jf TyTw dx required for the solution of
o :

equation (1).
MODEL AND APPARATUS

The tests discussed herein were made in the Langle& tank no. 1
which is described in reference 3. The model and towing support are
shown in figures 1 and 2. '



6 ' NACA TN 2854

The model was spun in sections from 2S aluminum and assembled with
flush rivets. The surface was polished after assembly. During the
course of the tests, the surface roughness was of the order of 25 micro-
inches root mean square. The model was supported from the carriage at
a .depth at the center line of 2 feet below the water surface.

The towing support was a welded framework of hollow steel struts,
12 percent thick, welded to a steel pipe which extended into the model.
The strut section was selected because of its high incipient cavitation
speed. The towing support was connected to the towing carriage by a
welded framework of steel tubing. The model was electrically insulated
from the towing support to prevent galvanic corrosion.:

The total pressures in and just outside the boundary layer were
measured by means of three rakes equally spaced around the body,
10.41 feet from the nose. Each rake had six total-pressure tubes, two
of which were outside the boundary layer. The supporting strut for the
tubes had a circular-arc section with a thickness ratio of 10.7 percent.
The configuration of the rakes and their locations on the model are
shown in figures 3 and 4. Because of the large range of total pressure
measured over the Reynolds number range of the tests, three types of
1nstrumentat10n were necessary. At the high Reynolds numbers (36 X. 10

to 70 X 10 ), a diaphragm type of recording instrument was used; in the

intermediate range of Reynolds number (9.4 x 106 to 45 x 106), a mercury

manometer was used; for the low-speed range (L.k4 X 106 to 12 x 106), a
water manometer was used. In the low-speed range, the height of the
wave above the rake station was recorded by wave-measuring devices, one
located directly above the center line of the model and one located

13— inches from the center line. "After the rake surveys were completed
two flush orifices were installed 2 inches from the nose from which dye
could be ejected for observation of the boundary layer.

PROCEDURE

The data were taken during the constant-speed interval of the test
run after the pressures had reached an equilibrium value.

In the low-speed range, the flow was made visible by injecting a
thin dye stream into the boundary layer. At Reynolds numbers where the
boundary layer was not completely thrbulent, initial turbulence in the
tank was minimized by scheduling the runs in order of increasing speed
and allowing a 25-minute idle period before each run.

The alinement of the model with the direction of motion was checked
o]
during the test runs and found to be within t% .
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In order to minimize corrosion of the aluminum skin of the model
by the salt water in which it was tested, the model was taken out and
washed with fresh water at the end of each day's testing, and was
polished before again being put into the water.

RESULTS AND DISCUSSION

Typical velocity profiles are shown in figure 5. The agreement of
the results from the two outside tubes shows that they are both outside
the boundary layer. The average skin-friction coefficients as obtained
by the use of equation (5) at the three radially spaced measurement
stations are plotted against Reynolds number in figure 6. An indica-
tion of the repeatability of the final results can be obtained by com-
paring data points from runs made at similar Reynolds numbers.

Included in figure 6 is the Schoenherr line which represerits the
average value of the skin-friction coefficients from most of the avail-
able flat-plate skin-friction data for fully turbulent flow. (Schoenherr's
skin-friction formulation is explained in refs. 4 and 5.) The agreement
between experimental skin-friction coefficients measured at the three
rake stations and those predicted from the Schoenherr line is good at
low and high Reynolds numbers. At intermediate Reynolds numbers (corre-
sponding to velocities in the region of the maximum velocity of propaga-
tion of waves in the tank at the test water level) the skin-friction
coefficients differ for the different rakes with an apparent increase
in skin-friction coefficient with an increase in depth at the measuring
station. Such a trend would occur if the entire boundary layer were
being swept downward by a very slight vertical component of flow, such
as might exist if the surface distrubance which accompanied_the model
had its trough located above the measuring station. Wave measurements
at Reynolds numbers from 4.l X 106 to 12 x 10° showed that the trough
of the wave was indeed located above the rake station. The maximum
depression of 1.1 inches at the rake station occurred at a Reynolds
number of 8.9 X 106. Apparently, large errors can result from only
small amounts of cross flow if only one rake is used on this type of
body.

The arithmetic mean of the average gkin-friction coefficients from
the three rakes is plotted against Reynolds number in figure 7. It is
seen from this plot that not only the coefficients at low and high
Reynolds numbers agree with those predicted from the Schoenherr line
but also the mean of the three rather widely different coefficients
obtained at the intermediate Reynolds numbers agrees well with the
Schoenherr line value.
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At Reynolds numbers low enough for the laminar region on the model
to extend aft of the dye orifices, the extent of the laminar region was
clearly indicated by the dye stream. The length of the laminar region
at various Reynolds numbers is tabulated thus:

Length of laminar region in percent of total
length from nose to rake

X _ x 100
10.41

Reynolds number, R

station,

1.1 x 10° >100
2.2 86
L b 27
€.6 4
8.9 <1l.6

The data plotted in reference 5 indicate the Reynolds number of

transition for flat plates in water’to»be about 3 X 105. In the
present investigation, the flow was observed over the upper.surface
only and the flow on the bottom may have been different because of
the wave accompanying the model; a direct comparison with the flat-
plate data, therefore, is not possible.

CONCLUDING REMARKS

For a streamline body of revolution with a basic fineness ratio
of approximately 15 (NACA RM-10), the average skin-friction drag
coefficient for the forward 69 percent of the basic body in incom-
pressible flow was very nearly the same as that for flat plates.

The distribution of the boundary layer around the body was appar-
ently affected by a very small cross component of flow over part of
the Reynolds number range.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., October 8, 1952.
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