O
L- 22¢

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

WARTIME REPORT

ORIGINALLY ISSUED

June 1944 as
Advance Confidential Report I4F16

EXPERIMENTS ON DRAG OF REVOLVING DISKS, CYLINDERS
AND STREAMLINE RODS AT HIGH SPEEDS
By Theodore Theodorsen and Arthur Regler

Langley Memorial Aeronautical Laboratory
Langley Field, Va.

PRCPERTY OF JET PROPULSION LABORATBRY LIBRARY
CALIFORNIA INSTITUTE OF TECHNOLOGY

WASHINGTON

NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but are now unclassified. Some of these reports were not tech-
nically edited. All have been reproduced without change in order to expedite general distribution.




NACA ACR No. 14716

ATIONAL ADVISORY COMMITTEE I'OR AERONAUTICS

ADVANCE CONFIDENTTIAL REPORT
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AND STREAMLINE RODS AT HIGH SPEEDS

By Theodore Theodorsen and Arthur Regier
SUMMARY

An experimental investigation concerned primarily
with the extension of test data on the drag of revolving
disks, cylinders, and streamline rods to high Mach
numbers and Reynolds numbers is presented. A Mach num-
ber of 2,7 was reached for revolving rods with Freon 113
as the medium. The tests on disks extended to a
Reynolds number of 7,000,000, Parts of the study are
deveted to a reexamination of the von Karman-Prandtl
logarithmic resistance law and the Ackeret-Taylor super-
sonic drag formula and conditions for their validity.

The tests confirm, in general, earlier theories and add

certain new results. A finding of first importance is

that the skin friction does not depend on the Mach num-
ber., Of interest, also, are experimental results on

" “revolving rods-at _very high Mach numbers, which show
drag curves oIl the type familiar Irom ballistics: —A —- - __
new result which may have general applicability is that
the effect of surface roughness involves two distinct
parameters, particle size and particle unit density.

The particle size uniquely determines the Reynolds num-
ber at which the effect of the roughness first appears,
whereas the particle unit density determines the behavior
of the drag coefficient at higher Reynolds numbers.

. Beyond the critical Reynolds number at which the roughness
effect avrpears, the drag coefficient is found to be a
function of unit density. In the limiting case of
varticle "saturation," or a maximum density of particles,
the drag coefficient remains constant as the Reynolds
number is increased.
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THECRETICAL BACKGROURD

s . *
Von ¥arman-Prandtl Theory fcr Pipes

Measuremsnts of the value of the skin friction
etween a fluld ant a solid constitute one cof the means
r studying the nature of turbulent flow. Most of the

oneer analytical work in this field is found in the
papers by von Kdrmian {rsferences 1 and 2) and Prandtl
(refersnce 3). The treatment used in ths first part of
this sscticn follows the work of Prandtl which, in turn,
. . -7 /

is closely related to the von Kirman papers. The theory,
which concerns the flcow in pipes, is given in con-
siderable detail as it forms the basis for the succeeding
discussion on flat plates, cylinders, and disks, The
theoretical work in this section constitutes mainly an
attempt to analyze and organize earlier work found in
many scattered articles. Considerable work along such
lines has already ovesn done by Coldstein, who is
responsible for an expression for the drag on revolving
disks. '

e O

’ / . :
The von Karman-Frandil thsory for flow in the
turbulent layer is bassd on the following two assumptions:

(1) The ratio of the velocity deficiency to the
friction velocity 1s a function of geometric parameters
enly,

(2) Adjiacent to the wall, but beyond the laminar
sublayer, tke slope of the curve representing this ratio
is inversely vroporticnal to the distance from the wall,
The constant of vropor

£

The friction velocity is definad as

e

T
=/
N

and the corresponding friction length is defined as

4

Ur

°ls

Y

R

Uy

(A1l symbols used in this paper are defined in appendix A.)

CONFIDENTIAL



L v b
T:—;——:———g—:-—*-—
oo Ur To

The geometric conditions for a pipe are given by one
parzgmeter, the radius a. A revolving cylinder of
infinite length represents another single-parameter
case, in which the reference parameter is the radius
of the cvlinder,

The equation of motion can be written in the form

and, bDv adopting suvitably 2d mean values with
i

respect to time, at a given le
oo {y a
— = it =
Gr \o L

Henceforth u will designate such mean velocity. By
measuring the velecity with respect to a velocity U,
in a fixed geometrical position ¢ = ka,

"ﬁ‘é"T,Ta‘:“ﬁ‘f'yﬂ“*& \ T T T e e e
o T IB(E’

~

is obtainad. About 1950 von Kdrmdn showed that for the
turbulent layer this [unction is essentially independent
of L end dependent only on the geometry as indicatsd
in assumption (1); therefors

s

U"’Uc

y
a

e’

Ur I5< .
This quite remarkable relaticnship, which has been
generally confirmed by Nikuradse, Wattendor{, and
others (references 5 to 7), implies a similarity in

the turbulent-field pattern away from the walls at all
feynolds numbers., The basic reason for this similarity
remalns uniknown.

CONF'IDENTIAL
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It follows from assumption (2) that near the wall

u - Us f(Z)

U L
1 J
= = -~ + Constant
k 108 T ’
% where '1/k is the constant of proportionality. (Natural
| lo garit m has been used throughout sxcept where otherwise
| indicated.) Since u = Ts at y = 6, this relation
| reduces to
| u- T o1 v
| - = = log =
Ty k 78

This logarithmic relationshio holds to a certain value ¢
of the significant parameter a (see fig. 1), where

¢ = ka with k a constant. The vglue c¢f 1 - k& s

| only a- small fraction, so that the pcint ¢ will be

‘ relativel; close to the wall, The vslocity in the center
of the pipe is therefore given as the sum of three expres-
sions, that 1is,

t
Umax = Eé + l lc E + [}(Z
T “\a
Ur U, & 5

For the laminar sublayer

Us 5
Uq L

and the equation may be rewritten as

Uhax 1 1 a 1 c [ N :[1
—2 = - =log a+=1log = +— log — + f(—)
U ¢ k- L kx Ca a
T
_ 1 a . .
. = Cl + K 108 1, + Uo
wherse’

1
€y =a - % log a

;

CONFIDENTTIAL




NACA ACR WNo, ILF16  CONFIDEWTIAL 5

and

12 1 c
o= [eE)] v % ee g

Tre censtant €y 1s equal to the nondimensional velocity
measured on the logarithmic veloclity profile when this
curve 1s extrapolated to y = L, and the constant Cp

is the excess velocity in the center cf %the pipe as com-
pared with that of the logaritimic line extended to

vy = a. (3ee fig. 1.) thn these constants are combined,

. the following general relation is obt alned

Up 1
nax a
—= = C + = log T
U K L
T
The arplication of this thecry to caszes other than
circular pipes is restricted to geometric configurations
given by & single parameter. It is interesting to

cbserve that boeth (3 and 1/« are universal constants
resulting from the second assumption - namely, that the
flow near a wall 1s a function of the distance from the
walli only. The seccnd constant Cp which gives the
excess velocity as compared with the logarithmic dis-
tribution at a reference point, the location of which
éepends on the geometric dimensions involved, is not a
unaveraal conSLant hut is dependent on the conflguratlon

The e¢ffect of surface- roughness maj be treated in
a similar manner., If the roughness parameter ¢/L is
lass than a certain magnitude, .thsre 1is obviously no
effect at all., This value of €/L is found experi-
mentally to be 3.3. Fap 5.3, Upngy/Ur 1s shown

H!m

to be constant, or indeoengunt of L, except for the
so-called mnsaturated condition which will. be defined
later. Thus

Up, i
SHEX o o=l log 5,32
U €
T
1 . 1 . a
= $'Emloj 3.5 + - tog i
or
Umax _ . 1 a
T - K1 + log .

CONFIDENT IAL
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Th

2

velocity céistribution is exactly as if there
eminsr layer present of_a thickness 6 = 3.5¢

the length L were glge. When L < 3_._3.6,
the velocity distribution no longer changes with an
increase in Reynolds number R. It ssems, therefore,
that the distance from the wall of the innermost
disturbance, or the mean value of the thickness of the
laminar layer, is of the order of three to four times
the helight of the irregularities or the grain size €.
This fact is not inconsistent with the physical
interpretation.

wer

or as i

@

b= D

, . . [2°
The quantity TUyuax/Ur 1is shown to equal \/;—.
3 \¥j
Ffurther, Y

v
L = —
!_IT
=% max
Unax  Ur
and, thersfore,
8 _ 52
L — 1 2

where R 1s referred to the maximum velocity and is
equal to Upgxa/v. The equatlon

I8!
max 1 &
U K L
may thus be written
3 b} T‘J—.
/Z; =g + = logz H\/jg
Vop g Ve
or
1 11 —
—_— = = = [~
E. C5 + = log R VCD
\/ D N
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wnere

R the similarity hypcthesis, the mean

veloc

ity in a

pine differs from the maximum value by a constant, or
Uy _ Umax
UT U,
where U, 13 the mean value of the velocity. Prancdtl
gives 14,07 for the velus of Kz. {See reference 3,
p. 1li2.) Mote further that the product RVVD remains
the same whather R and Cp refer to the mean or the
maximum value of the veloclty; thersfore,
-
Lm kJD

*Ooltf,
T3 11
=0 TE = —:—1ogmﬁv¥ D e—
Jcn 4 & J2
il
Where

with € = 5.5 and ¥ = 0.4,
Ch = 0.4

This value 1is
authors seem

b

rately establishad, as

In order to obtain the drag Fo mu1a for
a calculation similar to ths von Xérmén-Prandtl trestment

COW“ DENTTAL

the wvarious

flat plates,
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for pipes may be verformed. The wvelocity deficiency Au -
is given by the relgtion

uég = f(l)
Urm X

where TUry, 1s a mean valus between O and x, the
distance. glong the plate. The missing momentum may bhe

written as
Au) Au
M o= 2(1 - -—) 2 g
j@U 5 ) Ay

i %1 au 81 /au\2
e [T [T e
pU O O A\ /

where U 1s the stream velocity and 637 1s a significant
length giving the thickness of the boundary layer.
Rewrititen, this equation becomes

M Ut 4 -(UTITI 2 5 [1 aa \@ afZ
pU?‘ lj LTm > .U/ ! Jy Utm (6l>

or, by virtue of the similarity law,

T‘ T 9
M Urm Ytm\ -
— TP c— 6 C - —— 6 C
2 w1 < U > 176

Since the momentum is given directly as

or

1.
M= —ép’JzCDmx
the following identity is obtalned:
1 Tn o Yom
> CDmX —\ B} 1 5 - 2 Glbé

or

CONFIDENTIAL
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which gives

Using the logerithmic deficiency relation gives for 05

- 1 : 2
the valve =, or 2.5, and for 06/05 the velue ;, or 5;
I_u].us
1.1
X 2.5
1
+ . S 7 - LR .
By use of the von Karmar-Prandctl treatment, the stream
velocity 1s obtained in essertiaily the same form as
for pipes. With =mall edjastwents, therefore,
T
T 1 “1%n
—— == BB + L loj' LA
7 K v

By use of the expression for 81/x%, the following equa=-
Ttion—is-ebtedneds -

Locel Values of Drag

<

It may bve ncted that

ceefficient: on a T

- - ~ s
A v -

of uwnit widutp

CCNFIDENTIAL
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With the subscripts m and X referring to mean and
loczl values, respectively, for the length x,

Dy
= CpopX
12
SF
[x
= 1 YDx dx
L0
or dC
X === + Cpm = ODx
ax ’
Rv
* ey
dCDm
~ + O, = O
R
'é log © Ny
Cpm | ( g Jm)+ 1| = 0py
d(1lcg R)
Therefore
Cpx = Cpm(n + 1)
where

n = d!log CDm}

d(log R)

Boundary Relation for Revolving Disks
The moment coefficient is defined as

ik
m
1=
Uul

1

CONFIDENTIAL
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The momsent may also be written

nO1 .
2p/ (2ma)upupa dy
“0 )

2 1 '

Urr ¢) Uy U y
pr2a5( ™y 2L 21 r “t d(— _

wa a Urp Ur o}

0

— a2 D U*@~2 %1 o
- p(l) a wa sy a -17

il

M

where u, 1is the variable radial velocity and wut 1s
=)

the tangentlal velocity, from which

1 ’ Ufm>2 %1
0w =\ oa a 7

or

1 _
— = Constant
a

The drag formula then reads

2 L1 e T T T e

\ —_ = K5 + leg R\/ D

o]

A similar result was obtained by Goldstein in reference .
TESTS AND RESULTS

Tests on cdisks, cylinders, and streamline rods
were conducted to determine drag or moment coefficients,
For the cylinder the two coefficients are equivalent; for
the disk and the rod it 1s more convenisnt to employ the
moment coefficient, which can be mesasured directly. In
order to extend the range of Mach number, several tests
were conductsd with Freon 12 or Freon 1135 as the medium.
The test results obtained are of technical interest
becsuse some of the data, particularly for the high Mach
number rengs, were obtained for the first time. It
may be pointed out that many of the earlier tests on

CONFIDENTIAL
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revolving 4isks and, in particular, on revolving cylinders
were conducted on a rather small scale end in a limited

range of Reynolds rumber., It may be noted that a con-

siderable range of Reynclds rnumber is gensrally needed
in order to confirm with sufficient religbility a par-
ticular theoretical formuvla. For instance, it may be
impossitle to obtain a measurable 1'Perepce tetween
logarithmic or power formulas if a short range of
Reynolds number is available. This matter oi gistin-
guishing between the various typeo of formulas is c¢f
theoretical interest.

Experiments on Revolving Disks.

The moment coefflicient 1s defined as

<“’ TN e et
K
2ia

This definition corresponds to the ,one, for laminar flow
on a revolving disk given by von Zérman in reference 1
a

where

The constant aj wused by von Xar
side or 3%.68 for both sides; this
ad justed by Cochran (see fﬁ¢ﬁ"e,ce g, vol. I, p. 112)
to ay = 07 If this ceorrectzd value of aj is
inserted, tne formula for lanminsr flow reads

rén was 1.8l for one
value was later

Cy = 3.87R
The turbulent-flow formula as given by von Kdrmén for
revolving disks is

Cy = 0.1l6Rr 2

Tt

In figure 2 are showan the experimental results for
tests of a series of revolving disks. The Reynolds

CONFIDENTIAL
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number ranged from about 1ACO to more than 1,000,000.
Note that the test points lie along the theoretlcal
curves given by the von Kdrmdn formulas. The transi-
tion from laminar flow is seen to occur at R = 510,000,
This was the largest value reached with the most highly
volished disk. :

The thickness of the laminar boundary layer is,
. - / K
according to von Karman,

a [U
= 2.58,/2
or, which is equivalent,
. 1
-— = [ags S 2
a 2.:)83 )
Using Ry = é%é leads to
- | 1
0 "2

R

For the transition Revnolds number, 310,000,
Rg = 258\/?

e a1 1Y 1Y o NN

ich is of the same order as the nlnlmLm critical
valuse obtained for nipes.

Several tests were conducted for the purpose of
investigating the factors affecting the transition
Reynolds number. The first observation was that the
transition Reynolds number could not be increased beyond
the wvalue 31G,000 no matter how highly the surface was
polished cor whatever other vrecautions were taken. Like-
wise, 1t was unexpectedly difficult to decrease the
transwtlon “egnoLds number. The applicstion of coarse
sand (6C mesh) giued to the surface of a disk (1l-ft
radius) only reduced the transition Reynolds number to
about 220,00C (fig. 2). The reduction in the transition
Reynolds number by initial fturbuience was also studied.
A small high-pressure air jet applied near the center
of the disk produced the greatest observed reduction
(fig. 2) and brought the transition to a point nesr the

H

CONFIDENTIAL



1 CONFIDENTIAL ~ NACA ACR No. ILF16

intersection of the lines representing the drag formulas
for laminar and turbulent ficw, which is the absoclute.
ninimum, Note that the drag in the turbulent region

i1s quite appreciably increased by surface roughness,

The values of the moment coefficient given in
figure 2 represent obviously an integrated drag over
the disk., An sxpression may be obtained for the local
drag coefficient Cpx &as a function of local Reynolds

number as follows:

M = CM(%pw2a5>;

2jgé Cpx(%pwar%)(2nr2)dr

i

it
O

dCyy (5)5 v 50 5)& = o BV
(_l:)a D-Ma oA uDha
a
acy '
-;—-—{:,.—- + 5Cy = ).J.TfCDX
(3)
a

By substituting

2 dR L “m = Opx

CCNFIDENTIAL
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or
-1, a(tog Cy) +§‘
"Dx T 2u”M| 3(1log R) 2|
and
IL +%
log Cpx = log Cy + log =
2
whers
« - d(log cy)
) d(log R)
Ir
C,e = cRB
then
- o+t en,
Cox = w CH

By use of the expression for log Cpy, some of the data
of figure 2 are nlotted in figure 3. Although the
general picture does not change much, the abrupt nature
of the transition becomes apparent,

An illustration of the boundary-layer profilés -
for various radli or Reynolds numbers is given in fig-
ure lj, in which curves of equal velocity wug/wr are
alsoc plotted. Note that the thickness of the boundary
layer in the laminar region 1s essentially constant.
The transition valuwe of R, 310,000, is shown approxi-
mately by the line marked "Approx. transition" in fig-
ure li. The nominal laminar boundary-layer thickness
censistently anvegrs to be scmewhat in excess of that
given by von Kdrmén in reference 1, There appears to
be some discrepancy from the theoretical velocity
distribution which is shown for the laminar boundary
laysr as obtained from work by Cochran, (See refer-
ence 8, vol. I, p. 112.) It is recognized that the
experimental error in this case 1s of considerable
magnitude. The turdbulsnt boundary layer shows almost
rerfect agreemsnt with the logarithmic curve, which
is plotted for one profile in figure l.

CONFIDENTTAL
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it may be remarked here that a series of hot-wir
tests were run to study fluctuations in the boundary
layer with the following results:

(1) No éisturbances were noted in the laeminar
region

(2) A pure tons of a frequency of about 200 cycles
per second was observed in the transition
region

(3) A random disturbance involving much higher
frequencies was observed in the turbulent
region :

In figure 5 the unver range cf the Revnolds number
has been considercbly extended. The highest Reynolds

number reacted is 7,000,000. The §-power law holds

fairly well in the observed rangs which, however, 1is
too limited to mermit a distinction betwesn the power
law and the logarithmic law for the velocity distribu-
tion. The main vpurvose of the tests, the results of
vhich are sheown in fisure 5, was to investigate the

effect of the Mach nunber. The first run taken with
air as the medium extended to a Reynolds number of

about 2,000,000 and a Msch number of 0.62. By using
Freon 12 as the mediwa, the range of Reynolds number
was extended to 7,005,000, At the lowest pressurse,
the highest value of the lach nwnber reached was 1.69.
All the data for Freon 12 show g slightly higher drag
than that given by the von Karman formula, apparently
because of sore systematic error, he significant
result of this investigation is that the drag coeffi-
cient is absclutely incdepsndant of the Mach number,

A separate extension of the experiments to a Mach
number of slightly more tinan two further confirmed this
independence of the Mach number.

Experiments on Revolving Cylinders

The experimental results for revolving cylinders
" Ig 2 2 1 o 9 o o . L2 .
are shcewn in figure gpgs a plot off logygln against
< J .
logig, where R = T The drag formula for laminar

flew on a revolving cylinder is obtained from Lamb

CONFIDENTIAL
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|
Ao o= &
uD =
where
D
C e
D q3
I |
gSa

4

In this formula S 1is the surface area and a the
radius. In this case it is convenient to use Cp
‘instead of Cy, which was used for the revolving
disk, because no integration is involved. The laminar
curve is shcwn in figure 5. The A@rag relation given

oy
N G.6 + L.,07 12 R\/Chr
-é__ -— - . T - ® { Oglox.\/ \JD
V&

for the turbulent flow is also shown in figure 6.

The experimental results are replotted in fig-

is shown as aifunction of
V Cp S

1oglOka55, The relation for the turbilent flow

igure 7 as a straight line., The coeffi-

n in this fermula corresponds to a value
0L for von Efrmdn's miversal constant K., The
relation for the laminar regiaen. Cp = % appears as
a -cupved-1l1ne near the origin,

It is noted that the drag coefficisnt for rough
cylirders is dependent on the Teldtl‘ grain size €¢/a,
where € 1s the size of the sand and .a is the radius
of the cylinder (ses fig, 8), end that for each grain

size the drag ccefficient remains constant and

CONF'IDENTTAL
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indevendent of the Reynolds number beyond a certain
minimum or critical value, which lies on the line for

.turbulent flow. In regard to the magnitude of the

drag coefficient as a function of relative grain size -
for particle "saturaticn" of the surface, 1t may be
remarked that the value of & 13 a measure of the
thickness of the sublayer or, what amounts to the -
same thing, a measure of the minimum grain size of

the turbulence. It is therefore to be expected that
the surface roughness will become effective at the
Reynolds number for which €,,., the critical value

of €, becomes less than the grain size €, Inversely,
it may be seen that, if the Reynolds number becomes
smaller than this critical value, the grain size of

the turbulence is too large to be affected by the
surface roughness. With € greater than ¢€,,, which
is 3.3L, the following relation is approximately true
for the drag coefficient beyond the critical Reynolds
number for surface roughness of saturation density:

1
/Cp

i

0.6 + L..07 logyg B.Bxf§"%

"

2.12 + 4.07 logyg =

In figure § the experimental points are shown to
satigfy thils theoretical relation with sufficient
accuracy. '

Tests were made to determine the effect of the
density of spacing of grains of a given size, and the
results are presented in figure 10. Such tests wers
made with a certain unit grain size but with the sur-
face density in grains per square inch varied between
G0 and 2200, The grain size used corresponds to the
size é = 0.03, glso used for the preceding experi-
mental results shown in figure 8. It is verified that
the critical Revnolds number depends on the grain
size only, and it is further shown that the slope of
the drag curve beyond the critical Reynoclds number is
a function of the density. A saturation condition
evidently always exlsts, in which the drag coefficlent
remains approximately constant and equal to the
critical wvalue.

CONFIDENTIAL
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Experimants on Streamline Rods

In figure 11 results are given for certain more
or less streamline bodies, each testzad in two or more
different mediums., The tests were obtained by using
actual propellers of 1Z2-inch diameter, which are
designated propellers B and C. Propeller B had a
section of double symmetry with a circular-arc contour
line, Propeller was obtained by raducing the cherd
of propeller B by removal of about one-fifth of the
chord near one extremity to obtain a blunt-nose alr-
feil., By running propeller C backwards an airfoil
with a blunt trailing edge could also be studied. The

drag coefficient used in figures 11, 12, and 13 is the
tandard torque coefficient uwsed for propsllers
Cn = —2
"\‘ - R
< pnaul)

For the svm*ftri“ql alrfoil B, a value of the
Mach number-+cf about one was reached in air, the range
was extended to 1.6 in Preon 12, and the characteristic
decrease in ths drag coefficient was finally reached
in Freon 115. A considerable decrease in drag coeffi-
cient was noted at the largest Mach number, 2.7, which
to the knowledge of the authors is the highest Mach
number reached except for a few cases of projectiles,

. T™e blunt-nose airfoll secticn C showed approxi-
mately the same low-spesd-resistancs.as the symmetrical
sharp-ncse section B but had a maximum torque coeffi-
cieat very much in excess of that of section B. Ths
test extended only to near the peak of thes torque curve
with Freon 12 as the medium. By revarsing the direc-
tion of motion of propeller C to obtain a blunt rear,
the expected large increase in drag at low Mach numbers
was observed. The appreclable differencs in Reynclds
number for air and Frecn 12 is apparent from the
difference In drag coetfficlents in the range below a
Mach numbsr of unity. For higher Mach numbers, the
drag ccefrficient of the section with the blunt rear
lies betwsen tne drag coeflicients of the doubly
streamline section and the blunt-nose type; the stream-
line leading edge is approximately twice as effective
as the st“eomllnﬁ tral Llng edge, a result in general
agreement with earlier observations. It should be
noted, however, that the lowest drag is obtsined with
both leesding and tralling ecges strsamlined.

Liote that the Mach numbers used in figures 11, 12,
13 ere based on the tip radius.

CONFIDENTIAL
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The efféct of the Rewnolds number is also shown
in Tigure 12, which gives the results of tests to
study how the scale effect is superimpossd on the
Mach number effect., It should be nocted agsin that
the Reynolds rumber effect apvears only for a Mach
number below unity. A wide variation in the Reynolds
nunper shows no consistent measuraole effect on the
drag for a Mach number greater than unity. Similar
data for a small angle of qttacA, instead cf zero angle
cf attack as used in the preceding discussion, were used
in one case, for which results are given in figure 13.

The four propelliers referred %o in figures 11
to 13 are shown in a photograph (fig. 1) and the

)

dimensions of the propsllers are gziven in table I.

Tt is of some interest to inte rject a superficial
analysis of the results vresented herein, in view of
Ackerst'!s formula as given by Taylor (reference 10).
For the local secticn Ackeret gives the drag coefli-
cisnt as

L
2 2 —
/y_P_ o (2a2 £ E2 0 2)

where the bar 1@@13 tes- the mean va
For zero angle of attack and a symmetric s
with EIL = gwé, this relation becomes
1
/2 N2
V ;
A Cp = )4_(”'— -1 -EZ

Ey 2 5

A o 5 max ? max
the maximum angls. Thls angle 1s, in turn, approximsastely
equal to twice the thiclmess ratio t, which is the
total thickness divided by the chord. For circular-aras
sections, therefore,

where

For & circular-arc section 52 = s

s

Figu 15 shows Cp plotted agains
for different values of t. At ¥ = 1.0
tend ezroneously to infinity. This effe

t Mach number

, the curves
ct fellows

CONFIDENTTAL



NACA ACR No. LLF16 CONFIDENTTIAL
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from a simplifving assumption used in the derivaticn of
Ackeret's formula.

By using the general form f(M) instesad of the

Mach number function Eg - 1, the drag coefficient
may be written &
1
CD = 36 tc' f(M)

The torgus coefficient is known experimentally to
be a function of the Mach number, or 1/x;, where x3
is the fraction of radius at which the Mach number is
unity; thus, the fcollowing integral relation is obtalined:

1 ) .
Cq = Nn@ xﬁc(-l-t2\ f(ff-) dx
o AT )

There are several ways of pardlwng this relation. The
nondimensional chord” ¢ and the Thickness t may be
ken to repressnt a preferred ssction at approximately
uO percent of the radius. By assuming an initial drag
coefficient Cp

an
- = — ~b¥viterstion methods

y desired accuracy may be obtained

The function (M) shown in figure 16 has be°n
‘obtained for proneller B by such a process based on
the sxperimental data given in figure 11. Nots. that
the dr* coefficient aprroaches the valuve given by

the Ackeret formule for large valfes of M, for.

whica T(#) approaches (M2 - 1)7Z. Wote Further that
the maximum vslue of the drag coefficlent occurs

at M = 1.2 with f£(¥) almost exactly equal to unity.
It is, of course, noct to De concluded that the func-
tion f(¥) has "ehural valicditys the function is
given hiers fer p‘opelLer B for uh6 puryese of com-
paring the data with the Ackerst theory.

CONCLUDING REMARKS

Experimental results on the drag of revelving
disks heve been prresented, which substantiate to a

CONFIDENTIAL
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remarkable degree drag formulas based cn the von Karmdn-
Prandtl theory of skin friction. The range of the

inve su_gatlo was extenced to a #ach numhpr of 1.69
which is beyond the range of any earlier test, and’

to a ReyHOLds number of 7,000,000, Tt was established
that the skin friction is lnd@ndnaent cf the Mach
number up to this value and appears to be a function of
the Reyrnclds number only.

The drag at supersonic spesdswas studied with

revolving rods or propeller sections. Mach nunbers

as high as 2.7 were attained in the tests. The drag
at supersonic speeds 1s a function of the Mach number
only, as it appears to be essentially independent of
both the Reynolds number ancd the nature cf the medium.
The characteristic peak in the drag curve observed for
proiectilcs was obtained. ¥For thin streamline bodies,
this peak appears at Mach numbers only slightly oeyond
unity; in fact, it apwears at a Mach nurber of

gbout 1.2, Systematic tests were conducted on stream-
line bodies with cembinations of sharp and blunt leading
and trailing edges for the purpose of obtaining the
relative merits of such featurss. It was found that
the increase in the peak value of the drag ccefficient
resulting frocm a blunt nose is about twice that
resulting from a blunt trailing edge, when both drag
coefficierits are compared with the drag coeffilcient

of a section with streamline lezding and trailing
rdges, which has the lowest value,

Significant results were obtained on revelving
free cyllndels for which references to earlier tests
seem to be lacking. It wss found that, at very low
Reynolds numbers, the drag asymptcotically approaches
the laminar c¢rag of the 01¢sudcal theory wheresas,
at higher de"noldo numbers, the drag 1s found to

onform to a logarithmic ¢thu1d of the von Kdrman
type. There is nc distinct transition from laminar
to turbulent flow, as 1s found in pipes and on
revolving disks, The flow is essentially turbulent
down to the smallest Reynolds numbsers.

The effect of Initial turbulence was particularly
studied in connection with tests of revolving disks.
It was found that the transition Reynolds number was
very slightly affected. The critical Reynolds number
at which the roughness effect appears depends on
particle size only and is not a function ¢f particle

CONPIDENTIAL
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n
N

ensitv., Beyond this value of the Reynolds number,

de C

the drag covefficient is constant only when the surface
is "saturated," that 1is, when the density of the
individuval DartL les attains & maximum value. For

a reoughress of less ‘than this particle density, the
drag coefficient decreases with Reynolds number.

It is interassting further to note the Der31stence
f the logarithmic reistionship. When l/JCb is
lotted as a function of log RYCp (where C3 is the
drag coefficient and R 1is the Reynolds number) the
lines representﬁng turbulent flow are invariably straight.
A rather critical demonstration of the logarithmic
velocity pattern near the surface is thus shown. The
renge Investigated is of considerable extent.

Langley lMemorial Aeronautical Laboratory
National Advvsorv Committee for aseronautics
Langley rleld, Va.
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friction velocity \/—

shear ner unit area.at surface

mass of air per unit volume

mean friction velocity (from'O to x)
stream velocity for flat plates
maximum velocity

mean velocity (in pipes)

reference velocity (at a given fraction of radius
or cof other reference dimension]

veloccity at &

absolute variable velocity of fluid .in boundary

layer
velocity deficisency, stream velocity minus local
velocity for flat plates

radial velocity for disks
tangential velocity for disks
angular velccity, radians
thickness of laminaf sublaver
boundary-laver thickness
friction length (v/U,)

total length of nlate
reference time (L/U;)

time; also, thickness ratio for propeller ssction,
thickness of airfoil
chord
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v coefficient of kinematic viscosity

i coefficient of viscosity

r variable radius of pipe, disk, or propeller

a radius of pipe, cylinder, or disk; also, velocity
of soundéd in fluid

tance from ’eadwﬁg °d"e of flat plate in
direction of flow; also, fraction of propeller

r .
us (x = Tl where R denotes radius of

xq fraction of propeller radius at which Mach number
is unity
¥y Gistance normal to surfacs
K,l nondimensional orollle conatant for turbulent
K flow near walls
) re . c _
c fraction of reference dimension = = k); also,
< g T e s .- chiord
nondimensional chord of airfoil, -————-
radius
a angle of attack of airfoil; also, profile
- - -- -constant_ (8/L) -
Cp total-drag coefficient (Many authors usz £, »,
A . _ .
or < instead of Cp for pipes)
i
Chm mean drag coefficient (from O to x)
Cpx lccal drag coefricicent
D drag; also, propeller diameter
D, drag cf plate {(from O to x)
€ grain size of roughness
€or grein size of critical r oughneus for particular
value of drag coefficient
Cyg moment coefficient for reveolving disk
M missing momentum; moment for disks; or Mach number
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R Reynclds number
Rg Reynolds number based on thickness of

boundary layer .

R, Reynclds number based on distance from leading
edge of flat plate or on local radius of disk
Rg . Reynolds number based on pipe diameter
Fq Revnolds number based on pipe radius
v velocity (Ackeret formula)
. . 1. .2.2
q dynamic pressure (for cylinders, q = gpwca )
S area of cylinder
" s 2.5
v3 torque coefficient (9/pn D7)
torque
N number of blades
n rotational soeed revolutions per second;
also, coefP1c1ent in power law ‘
s 3o angles which upper anC lower surfaces of
122 : Joding
airfoil make with center line
Pmax meximum angle which circular-arc section
mekes with center line
Cq nondimensional velocity measured on logarithmic
velocity profile when this curve is
extrapolated to v = 1L
Co nonGimensional excess veloclty at y = a over
that of logerithmic line extended . to v = a
C=0C + 0
Cz,Clgann constants
5,\;11_, ants

Kl,KZ,KB,...constants

k constant

9

aj constant in equation for moment coefficient
of revelving disks
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APPENDIY B
NUMERICAL VALUES OF POWER REQUIREMENTS FOR

REVOLVING DISKS AND CVLINDERS

A chart is presented (fig. 17) which gives the

norsepower required to drive a smooth disk in standard
r (760 mm and 15° c, p = 0.00233 slugs/cu ft and

= Q, 000159 't /sec Llnps of constant horsepower
ang ging in value frcm 0.01 to 1000 are plotted with
sk robatloﬁal speed (in rpm) as abscissa and disk
areter (in ft) as ordinate. The dashed line in
ure 17 represents a Reynolds number of about 400, C00,
ich 1s considéred the transition Reynolds number,

U‘
= 0

The following fornulas were used to calculate the
power for dislks opersting in the turbulent region:

1 rd
Mo = Cm(épaiﬂ%>

L2l
““‘—‘”“‘“““““75‘g~n1544758 op 2 o
1
\ i.LS
Horsepower = Hw
550
- _0.146 £ 2.
B ,bd*f75pc -Oal+6,2.8,0.2

Inasmuck: as the formula for Cp is based on the
%-power for velocity distribution, the calculated values
of Cy ars too low for high Reynolds numbers, This
error may become apprasciable for the highest power,

gince the chart (L*g. 17} covers a range of Reynolds
numbers to $0,0C0,000. S
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A crhart is also nressnted (fig. 18) which gives
the horsepower required to rotate a smooth cvlinder of
unit length (1 £t) in standard alr. The following
formulas have besn used in calculating the curvses:

e = CpaSaw

= Zma law
2
| ' Mw
% Horsepower = .—-
550
R
CDT"Q 8_4’»'.0)

i - ~ - ]
== = 2,12 + L.07 logyg =
i A 3
VD

| T RS et ol
| COFFIDSITIAL
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COLLECTED SKIN-FRICTION FORMULAS
FLAT S (ONE SIDE)
Symbols

The following symbols are ussd in the formulas for
flat plates collected herein:

Ch total drag coefficient
Cryar local drag coefficient at point x

bie ~distance from leading edge of flat plate in
Girection cf flow

[2 length of flat plate in direction of flow:
R Reynolds number bhased on 1
, R Reynolds number based on X

Laminar Flow

The formula for total drag coefficient

ig hased on the simplified hydrodynemic equations
daveleped by Prandtl in 190, (See reference 2, P. 2.)
The cons "ant, which was calculated by Blasius in 1908

as 1.%27, was calcul tod by Tépfer in 1912 as 1,323,
(Sce reference 3, p., 89.) The formula for local drag

coefficient is
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Von Xarmen, S

il the total
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choenherr, and others have
¢rag cocsfficient is

Cp = Constant K"

nd

the locel drag coefficient 1is given as
— . Y
Cpx = (n + 1)Cp
This relation is derived in the section entitled
Valuss of Drag Cosfficient Tor Flat Plates" in t
paper., A1l fermules glven in thic aposndix for
drag on Tlat plates ars in conforuity with this
Turhulent Flew -~ Smooth Surlace
The form:las
1
I - o ) T 5
CD = 0,074R 4
and
L
- o 0ion. B
CDX - Ugb)9ﬁ;{ 4
v, r3
were first calculated by von Karmon in 1620, (S
references 1 agnd 2.) Bassd on recgulbs from pipe
the =-ohower law for velocity distribution, they
conseduently valid in the lower Reynolds number

R < 10,000,000,

Some wrl
type, which ¢
500,000, 000,

ters ure the following fors
re foirly accurate to a Rey
L
¢n = 0.0502 7
2
Ony = C.O26R, T

CORTIDENTIAL
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0f more gene“al vaelid
£
LU

hi ty are the so-called loge-
rithmic drag formulss o e

typ

o)

-
s L 15 logqgRCp
‘D

"he form of this relation was determined by von Kurman
with constants adjusted to conform with data by Schoenherr
and cothers (See reference 2, p. 12.) In the present
paper a d ferent form has been developed, which is in
somewnat stricter theoretical conformity with the physical
relations 1nvolved:

Prandtl has developed an explicit expression which
gives eqsentwajly the sume results as the logarithmic
formulas. It is

' -2Q58

Cp = 0.l155(1logyoR)
(See reference 35 p:-15%.) —Ihe local drag coefficient
has also been given by von XKdrmegn in a logarithmic form = -

® 4.7,

with the constants ad justed to fit the experiments of
Kemp, which included measurements on small movable plates
inserted on a long pontoon. This formula 1s

1

—= = 1.7 * 4.15 1og10RxCpx
ViDx

(See reference 2, p. 12.)
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Turbulent Flow - Rough Surfacse
3chlichting (see reference 3, p. 382) gives the two
following formulas for the total and the local drag coef-

ficilents for rough flat plates, respectively:

2.5

;-a b,

l‘\

op = (1.89 + 1.62 logjp =

Cpx = (2.87 + 1.56 logyg -)

5
coefficient for rough surfac a formula of the loga-
rithmic type '

Von Kdrmén (reference 2, ?. 18\ gives for the local drag

1 . X e
——— = D 2 i [ ng st
= = 5.0 + L.15 logyg =/ Cpx
VCpx
PIPES
Symvols
e symbol Ry wused 1n this section refers to the
Reynolds number based on ths pips diameter and the mean
Tlow Velocity, and the symbol Ry refers to the Reynolds
numvber based on pipe radius. Some writers us f or «
instead of ©Cp, used herein, and others use A where

Leminar Flow

Por laminar flow in pipes the formula for drag coef-

16
Cp = 77
g
Tiie formula is attributed to Poiseuille and Wiedeman.
(See reference 3, p., 38, and reference 8§, p. 298.)

CONIIDENTIAL



WACA ACR No. Ih@16 CONFIDENTIAL 23

Turbulent Fiow -~ Smooth Surface
The formrla for drag coefficient for turbulent flow

in smooth pipes is

;
G, = 0.079R4 I

i
B

This forrmula is bhased on the experimental work of Blasius
(see reference 3, p. 1%6), for which the Reynclds number

range was rather limited. Later work by Nikuradse (ref-
srence 5) extendsd the range of Reynolds number to a
much lfﬂnef value. The Iol]ow1n~ formula of the type
developed by veon Karmen fits the data hetter:

1 —
;Z: = -0,10 + l.00 1081ORJVCD
"D

.) In the present paper a
h different constants is developed:

(See refersnce &, p. 33

& -

formula of this type wi

ot QD

’] .
~—— = 0.40 + .07 log10RaV/Cp

Turbulent Flow - Rough Surface

For turbulent flow in rough pipes

1 - 1 6 ‘ a
——— = 3,16 + LL,00 logyny =
1\/ é}) #10 ¢

T experimental work in deriving this formula was done
1re 3 - o~ o) s
by Nikuradse. (Sece reference 0, p. 380 and reference 5.)
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REVOLVING DISKS

Symobcls

The following symbols are used in the formules for
revolving disks:

Cyr noment coefficisnt
Cn local drag coefficient at radius xx
DX

) 2
Ry Reynolds number at radius x /éi—
_ /

Taminar Flow

| Wor laminar flow

| and
"
. =
= _"3’8..(’. 2 2
YD . Lz

-5 +2n
Cox = 77 Cy

For the cdevelopment of this relation and for references,
see the section entitled "#xperiments on Revolving Disks"
in this paper.

Turbulent Flow

Tor turbulent flow
1

=
Sy = 0.1Ui6R 7

CONFIDENTIAL
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and

1

=
CDX = 0005333{ 7

The formula for the local drag coefficient CDx is

derived from the eguat

in the same way as for
local drag coefficient

o
as

1

= -2

1/ CDX

The constant -2.05 h

of fizure 3,

ion for the moment coefficient Cu

the case of laminar flow. The
in logerithmic form may be given

.05 + .07 logioRxV/TD

as been adjusted to fit the data

REVOLVING CYLINDERS

For laminar flow

For turbulent flow on

VCp

rough cylinders

2.3 + 4.0 logyg=

The development of these formulas and the references are

[{ 5]

given in the section entitled "Experiments on Revolving

Cylinders. ™
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[£11 propellers have a straight taper in

DIMENSIONS OF PROPELLERS OR REVGLVING RODS

FOR

TESTS

CONFIDENTTAL

TARLE I

AT HICH ¥MACH NWUMBERS

chord and thick-

ness. The tips are rounded as shown in fig. 1l.
At 50 percent At 92 percent
Py 1 , radius radius
FroDe 18T ptrro1l | Piten .
nation | Secticn 1(deg)|chord|Thickness|Chord| Thickness
(in.) (in.) (in.) (in.)
- Circular
B are 0 i1.75 0.31  {1.07 | o0.14
c Blunt nese; O |1.30 .35 .82 .15
irculs : ‘
D CITOUIAT iap.5 |1l 168 11,03 11
- Circular - _
E ape 0 .83 13 | .52 .07

-— , .
8propeller D was twiijted so that approximately-the outer

half of the blade had an anglie of attack.

CCHMITTEE
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HE NATIONAL ADVISORY |}
COMMITTEE FOR AERONAUTICS.
S HHHH _

e

HE

Hh]

¥
e
H

‘Plgure 15.- Theoretical curves of the drag coefficlent Cp against
Mach number for various thickness ratlos far circuler-src airfoils
by Ackeret's formmla.

i
i

=

" NATIONAL ADVISORY i
i COMMITTEE FOR AERONAUTICS. i

R

355

rraes oo }

HiEE
HRE
T el 413 e
1 : - e
Fogrto LHLC = 1
T S AT 2l ISR e R
STy Ses i e f da e < F T IR R e e~
] S AA0ESE 5 1 e L el ok PR 2 0 o [ (R
ana .

Pigure 16.- Values of drag function f(M) as function of Mach number
from analysis of experimental moment curves for propeller E in
figure 11.



NACA ACR No. L4F16 ' Fig. 17

200f—
. - 1000
L 300
- 10 \
R 50\ \\
- 10 \\ q
5 \\\ NN
5 S N
Ho0 \\\\\\ N
.30 \\ \\\\\
| 20k ™~ RN \
10 N ~ e~
- [ .03 ~. N X N
N ~_ N N ™
[ .01 NG N N R
<J - \\ N \\ ‘\\ N
< <N S ~
S8 NN NN NN
Dismeter, ft] \‘\\ \\\\\\\‘ \\\ \\\\\\\ \\
ameter M
’ SN \\ NN RN
BN \\\\\\ NUNTRONININ
. ‘~\ . N »
mnEee | | T \\\\\\\ NN
\\\\\\\ N SN
1.0 N NN I~
. - ~ ~ ~
b AN N N\ AN
S ~_
‘c\} NN \\
N N N
\\\\\\\
= \\\\‘
N
-1 100 ' 1,000 ) 10,000 10,000

Rotational speed, rpm NATIONAL ADVISORY
-OMMITTEE FOR AERONAUTICS

Figure 17.- PowWwer requirement for smooth disks.



18

Fig.

LAF16

NACA ACR No.

) NNA 4
VAR 4NN 7
\ \ / \\\\\m YA/ /
ATV |
4 \
&\\C\\\\\
7717 A VA
8.4 4 Wl 4 B v v
4 YA, a4 VIiVIAA
) yAVAY A4 /
\\\ eIV
A/ Va4 Jdr4
/]

\\\ ] \\\\\f\:\\\\ \\\;\\
Ny
N

Diameter, ft

y, VAR AR A VA T 7
yARYAR4ARD { VAR, a4
/ ¥/ 4 /1 /
AVAWAYAaY4 / I/
VAR VAN ARV, B / /]
AT T 7
A / \\\ \\ \ .
¢ \\\ 209 _
m—“10 0. o o o o [=] o XJ\ \
ﬂ..mm 5&1_‘_»_ 1 _L _. . Mu__. - 4

10,000 Lo,000

Rotationa) speed, rpm

1,000

~ NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS.

Pigure 18.- Power requirement for smooth cyiinders (1-ft length).



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55



