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TESTS O

k]

SPEERES WITH REFERENCE TO

REYNOLDS NWUlBER, TURBULENCE, AND SURFACE ROUGHNESS*

By. S. ' Hoexner
SUMMARY

The behavior of the Reynolds Number of the sphere is
exolained (in known manner) with the aid of the boundary-
layer theorys.

Rear spindles may falsify, under certain conditioas,
the supercritical sphere drag (fig. 3), while suspension
wires in the space behiad the sphere leave no traceable
influence.

Depending upon its diameter, a centrally located rear
spindle lowers the supercritical resistance substantially,
because it induces the flow to adhere, To arrive at a di=
amcter which remains practically ineffective from the
point of supercritical resistance, ig difficult, because
in order to assurc a safe and non-oscillating support, the
spindle must be of & certain minimum cross section,

'he subcritical resistance and the start of the tran-

is not affected by a rear support, thus making spin-
ameters up to 1/4 sphere diameter permissible. Tur-
e measurements with the aid of the sphere as indica-~-
tor are not affected by rear support methods; spindle diam-
eters over 0.2 D are permissible.

Contrariwise, the degree of surface roughness has a
decisive effect upon sphere turbulence measurements, mak-
ing accurately designed, mirror-polished (metal) spheres
a necessity. The effect of surface texture was quantita-
tively determined from experiments.

*"Versgche mit Kugeln betreffend Kennzahl, Turbulenz und
Oberflachenbeschaffenheit.," Iuftfahrtforschung, larch 28,
1935, ppe. 42-54,.
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The critical Reynolds Number of the sphere was arrived
at by an unconventional method; that is, by determining the
critical wind speed at which the static pressure at the
back of the sphere is the same as that of the undisturbed
flow. The method makes it possible to interpret the criti-
cal Reynolds Number with only one test station. Being ez~
traordinarily simple, it londs itself extremely well to
flight testing, Between Pyt and Cor there is a certain

relationship.

The record of boundary-layer effective turbulence
with a perfectly smooth 15-centimeter steel sphere in the
wind tunnel at Braunschweiger, was a critical R = 2,95 X
10°, while the Reynolds Number of R = 3.6 X 105, achieved
with tae same sphere in the l.2-meter tunnel of the D.V.L.
(status, 1935), surpasses any known measurement of this
kinds

lleasurements with different size spheres disclosed a
decrease in effective turbulence with the speed for the
investigated tunnels (fig. 9). The contraction in channel
section lowered the turbulence perceptibly.

In consideration of the turbulence grid the turbu-
lence (vortex street) set up by individuval wires, was ex-
plored in detail through sphere tests.

Proof was adduced that the boundary layer of the
spherc can be acoustically disturbed (through a strong
whistling tune). The drop for the 15-centimeter sphere
was from B = "00E0 Ho "2,40'% '10F;

The critical Reynolds Numbers of various spheres were
explored fu free alr in fiight and towlng testg. In ‘still
air and in wind free of obstacles, the same critical
Reynolds Numbers were observeds R, = 3.95 to 4,05 X 10°,
The boundary effective turbulence of the free atmosphere
is very low (Rk = 3.90 in squally weather). Spheres pro-
tected against external vibrations will probably reveal
still higher figures.

The surface roughness has a particularly great effect
on the supercritical resistance. The lknowledge regarding
surface is applied to the sphere tests in the tunnel.

The deductions from the sphere tests relative to bode
les of low drag are as follows:
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The degree of surface roughness is most important of
a N ARSI rre ity tid form (steps) or roughness is at
the expense of boundary-layer energy; the form drag in-
creases disproportionstely. On airplane bodies, for exam-
ple, offsets, joints, and fittings should be treated mnuch
more carefully than at present. 'The effects of expensiwve
designy Touter ifindshl ctics; rare fnewtinalized fun ‘maniicaisies
by scemingly secondary dcfects. From the practical point
of vicw, the Reynolds Number (above the critical range) is
of totally subordinate importance compared to the degrec
ofsnrfdec Ynoghness, -

1. TRTRODUGTION

a) Generalities

In conformity with the laws of the frictionless po-
tential flow, the flow at the¥bgels of¥a boldNaniEn vilseatd
fluid is recunitcd in the same measure as. it is separated
at the front. The positive (dynamic) pressure at back and
front are the same ‘and the resistance 1ig zZerow

Iniwiscous «fluwid asfrictional orshotdtdary Yayenh Vidod
o layer of diminishediweloecity, forms.glong theibedysur=
face. [ iThe -puzelyif piet tonalvresistonceonnateheisidtiies Telsis
of momentum of the boundary layer due to the friction.

On intcrference bodies the boundary layer has a much
morc significant effect, namely, it initiates, according
to Prandtl's boundary-layer theory (references 4 and 5),
the breakdown of the flow:at the back of the body.

NWegative pressure prevails at the sides of the body,
the amount of which is allied with the flow velocity ac-
cording to Bernoulli's law; so the negative pressure va-
ries,; depending  omthe .body sform:s Oniawvertica llyfiexpoised
thin digk, for example (fig. la), it is very high (infi-
nitely high, theoretically), whereas flow velocity and
negative pressure are low on streamlined bodies.

In frictionless fluid, the surface pressure would in-
creasc toward the rear stagration point from negative,
relative to undisturbed flow, to a positive maximum {dy=-
namic pressure). But, in reality, the motion cenergy of

he boundary laycr,slowed up through friction, is not
quite sufficient to overcome this pressure rise altogether.
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Rather, the baeck prcssure lowers the velocity of the bound-
ary layer still further; indeed, the ailr particles moving
in the layer come at rTegt under certain conditions.

Piling up, they cause the flow to separate at the rear of
the body; forces diverting the flow filaments into the
created air space are nonexistent. The arrested boundary-
layer particles intermingle with the outer flow and are
entrained in separate vortex balls.

The subsequent rise of pressure at the back of the
body is diminished in proportion to the velocity decrease
of the boundary laycr and the breakdown of the flow., The
air space approximately assumes the pressure of the bor-
dering flow filaments. (Compare with sphere in fig. 2.)
The ensuing air resistance is the so-called-pressure or
form resistance. Consequently, the boundary layer stipu-
lates not only the pure frictional resistance; it rather
constitutes the "relay" to the often incomparadly greater
form resistance on real bodies.

The body form of minimum air resistance is the spin-
dle (fig. 1d). Its coefficient of resistance (referred
to maximum section) is cy R 0,05, or about 4 percent of
the disk of figure la. The pressure rise at the back of
the spindle is voided by the consistent and progressive
taper, as prescribed for diffusers; for example, when
breakdown of flow is to be counteracted, The boundary
layer draws the motion energy necessary for overcoming
the pressure rise, little by little, from -undisturbed flow
through intermingling,

b) Boundary Layer Behavior on the Sphere

Figure 2 illustrates the pressure distridution over
he sphere according to potential theory. The negative
pressure at the equator is =1.25 q. The boundary layer

does not, in fact, share the reincrease of pressure to
+1l g 1in the rear gtagnation point; on the contrary, the
flow separates at first entirely from the back of the
sphere (fig. 1d),

Eiffel's (reference 6) and Prandtl's experiments (ref-
erence 7) have shown that for a certain - i.e., critical =
Reynolds Number, the flow very nearly hugs the back of the #
sphere again (fig, 1lc).

The boundary-layer theory links this phenomenon to

R TR FRMEE PR AN MU s U APRMDTM i o (e
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he turbulence of the boundary dayer. . The effiect of this
process on the resistance of plates placed parallel with
the flow direction is known: 'In the critiecal xdnge of R
the frictional resistance changes from the suberitical
laminar flow to the higher supercritical flow for turbu-
lent boundary layer. The reason for this lies in the
strong energy exchange between adjacent layers through in-
termingling in the turbulent flow. In this manner the
boundary layer exerts a marked effect on the external flow.

Coaversely, in the case of the sphere the turbulent
boundary laycer is actuatced more forcefully by the outside
flow, thus enabling it with a larger volume of motion en-
ergy, relative to the laminar flow, to attack the pressure
rise starting from the sphere equator. The point of sepa-
ration at the back of the sphere moves downstream g .

-In the ceritical range of R ' the. pressure prevailing
at the back of the srhere rises from negative subcritical
(relative to undisturbed flow) at around 0,32 qiy! Lopoigt-
tive supereriticals Qw2 to DeBugnifigs 2)5 S sl o~
efficient cy drops correspondingly from about 0.47 to
0.6-0.10 (fig. 13). The breakdown of flow starts, sub-
critically, slightly upstream from the cequator. Starting
at tliis point the flow filaments move tangeantially away
from the sphere, Supercritically, the flow proceeds
largely accordiang to potential theorye.

The arguments advanced concerniang the boundary layer
of the sphere apply, fundamentally, to a number of other
interference bodies, sucih as circular cylinders (refereance
8) and airship hulls (reference 9). Bodies whose profiles
reveal sharp cdges, are little responsive to Reynolds Num-
boers. Thus on a disk as in figure la, the break in pres-
stre to bc overcome betwecen the cdge and the back of the
disk is so sharp and great that the boundary layer is in
no case able to overcome it, making it immaterial then
whethor the boundary layer is turbulent or otherwise.

From among the large number of reports published on
sphere measurenents, the most important are: e

1912 ' Eiffel (reference 6)

1914 Prandtl and Wieselsberger (references 7 and 10)
19280 Walkafwelds { refeorsnss 13)

1830 Bureau of Standards (reference 12)
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1932 Gottingen (reference 14)
1932 A.R.C. (reference 9)

1933 GALCIT (reference 15)

2. EFFECT OF SUSPENSION ON SPHERE DRAG

a) Effect of Rear Support Methods

'Experiments in the United States (reference 11) and
at Gottingen (reference 3) have revealed the marked effect
of the methods of support which interfere with the sphere
in it equatorial =zoune and at ibts fronmt, on the critical
Reynolds Number and the supercritical resistance. The
best method of support, interfering least with the flow,
is that of the rear mounting spindle, because the rod ap-
proaches the sphere at a point where the flow breaks down
in eifher case and is separated anyway, while the sound,
outer flow ig net touched:

Lacking adequate data on the permanent effect of
rear support methods, several experiments were made in the
Braunschweiger wind tunnel (reference 17).

The sphere drag was measured by a special arrange-
ments A sealle beam was Tibtted aboewerthe jet, one rod ex-
tending vertically into the jet. At its lower end the
rod was bent at right angles, approaching the sphere from
‘thie rears Scale beam, rods, and the piece leading to the
sphere were completely shielded with pasteboard and sheet
metal, so that the pure sphere drag (without support) was
measured.,

A hollow copper sphere, 25 cm in diameter, was used
to explore the effect of varying modifications in support
nethod on the drag in the critiecal Reynolds range (fig. 5):

l. The diameter of the spindle was increased from 2
to 5 cm by means of a metal sleeve, which re-
sulted in a perceptible drop of supercritical
dea g

2. An oblique rod mounted from the rear, radially to
the sphere in the air space and extending as
far as the surface of the sphere. The guper-
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critical drag ‘increascs considerably, depending
on the rod. diamcter. . Thus the obligue spindle
disturbs the flow pattern, while the central
spindle actrally guides. the flow;

3. It was not possible to establish whether wires
crossing the zone behind tihe sphere affect the
drag curve within instrumental accuracy, or its
shape in general. " Thus! a radial cross of 2.,2-

‘millimeter gage wires fitted:8 cm aft of the
sphere, disclosed a drag identically the same as
with the simple set-up;

4, Extending the shielding of the scalc rods forward

toward the sphere, up to within 8 cm of e

back, lowers the supercritical drag similarly to
the reinforced central spindle;

5. The above-cited artifices had no noticeable effect
on the subecritical resistance; -

6. None of the tests diselosed any effect on the tran-
sition from suberitical to supercritical range.

It is only when ¢y drops below 0.2 that- the
guiding effect of the centrel spindle or the dis=-
turbing effect of the obligue rods becomes notice-
able.,

This fact is important for turbulence measurements on
sphercse

b) Effect of Spindle Diamcter on Supercritical Resistance

In subsequent tests the spheres were threaded into a
rear spindle, as . shown in figure 4, the spindle itself be-
ing suspended from steel wires of 0.4 and 0.7 mm diameter.
Owiag to the mechanical arrangement, the horizontal force
is deflected vertically and measured on a beam scale. Ini-
tial tension and calibration is afforded by a wirec runninag
rearwvard over a pulley. The air resistance of thec suspen-
sion was about 1/8 subecritically, and about 2/3 of the
sphere resistance, supercritically.

Experinments were made on a l5-centimeter spherc with
support spindles ranging in thickness from 1 ecm (original
thickness) to 2, 4, and 6 cm, by means of metal sleeves.
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When removing the sphere from the spindle with the
object of establishing the air resistance of the suspen-
sion with blanketed sphere, air forces become cffective on
the exposed surfaces of sphere and spindle, he manner in
which these forces are to be allowed for on thick spin-
dlecs when computing the sphere drag, must be analyzcd. In
the present tests the sphere drag was simply defined as
the difference of total drag (sphere + suspension) and the
resistance due to the suspension, - The thus-obtained sphere
resistance is that existing in absence of the sphere when

aec flow pattern remains the same as when the spindle is
present. The static pressure on the exposed rear part of
the sphere would then be the same as that existing at the
front of the spindle. These forces cancel in the calcula-
tion, having, rcferrcd to sphere resistance, opposite
glgng.

The regults of the tests with divers spindles are as
follows (see fig. 5):

l. Agreeable to the arguments in a preceding section,
the rear spindle has no traceable effect in the
suberitical resistance range;

2e¢ The effect of the spindle on the entry to the
supercritical zone is practically =nil, except
for the thickest spindle (exceeding 1/3 of the
sphere diamcter) which scems to usher in the
transition a 1little eariier;

3, The effect of the . different rear spindles on the
supercritical resistance, on the other hand, is
marked; the drag coefficient drops by more than
50 percent.

The D.V.Le. has also made some corroborating tests by
another method. A 1l5~centimeter steel sphere was suspend-
gd from the “top by two V wires as a pendulum into the jet
of the l.2-meter wind tunnel {reference 18). Spindles of
varying diamecter were fitted downstream from the sphere,
but scparate from it. Thec axis of suspension of the pen-
dulum was moved toward the air stream by means of a lathe
support, until the spherec was released from the spindle.
The amplitude of the deflection affords the sphere drag.
However, this method is not wvery accuratc because the
sphere is subjoct to marked drag variations and latcral
oscillations (#5 percent).
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Figure 6 illugtipates the effect of the spindie Versus
the ‘supereritical ISplere Sdras (for temporarily defined
Reynolds Number). The fact that the resistance in the
D,V.L. tests is twice as high as in the Braunschweilg tests,
is attributable to the pendulum wires with their well-Iinown
interference on sphere flow (references 3 and 11).

A spindle of 4 = 1/10 D diameter lowers the super-
critical resistance by 12 to 18 percent. The large diame-
ters of the owxder of d = % D were for the purpose-of asg=
certaining the further shape of the curve; the drag drops
to about 1/4 - the same drag decrease by two different
methods. Two valucs each from figures 3 and 12 fit also
into the curves. For supercritical drag measurements.

figure 6 stipulates a spindle of minimum diameter (d =
Calt U 7).,

As explanation of the effect of spindle/sphere the
following is proffered:

l. A thick spindle shortens the theoretically expect—
ed pressure rise (fig. 2) at the back of the
sphere;

2« The effect of the spindle is approximately equiva-
lent to a tapered offset (streamline form). The
flow soon clings to it and renoves the piled—-up
boundary-layer portions profitably.

3« The development and transverse travel of larger
- vortices is influenced by a spindle, and conse-
quently effects a change in flow pattern,

3., WIND TUNNEL TURBULENCE FROM SPHERE MEASUREMENTS

a) Concept of Turbulence

In a great many cases the turbulence of the air
stream in a wind tunnel affects the magnitude and course
of"Yhetgir fiorcess - For instamce; bhe maximum LifoWer "o
wing is, as is known, markedly affected by the turbulence.
For this reason, the knowledge of the turbulence existing
in a wind tunnel is necessary.

The concept "turbulence" is ambiguous to the extent
that the individual "turbulence balls" formed through
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Jointlyecireling or oseillabting motion, of air . partieles,
may be unlike in extent (diameter) as well as in sequence.,
Rough disturbances in free atmosphere are known by the
name of gusts. But such do not occur in the tunnel flow
because it is guided and straightened, ZEven so, the flow
is more or less interspersed with fine vortices having
diameters of the order of 1 cm which, as is known, act
upon the boundary layer of bodies exposed to it.

And it is of this effective turbulence of the bound-
ary layer that we shall speak hereinafter. The type of
turbulence is accordingly characterized by its effect
without it being necessary to know anything concerning its
nature or mechanism. Yet, obviously, the turbulence is
matched by certain pressure and speed fluctuations of the
flow; and these were measured and recorded in the U.S. by
hot-wire anemometer and oscillograph (references 19 and 12),
Detailed information about the process of turbulent motion
or the magnitude of the oscillating air balls is not given
in these measurements.

b) Test Procedure

From the arguments advanced about the boundary layer
of the sphere in a previous section (1D, Pe 8y .- it 18
clear that in the zone directly below the critical Reynolds
Number, the transition to supercritical flow is prematurely
induced by the turbulence already existing in the utilized
flow. Thus the Reynolds Number at which the drag of a test
sphere drops to the supercritically lower figure is a cri-
terion for the boundary-layer effective turbulence dwelling
within the flowe This possibility has been frequently re-
sorted to for comparative turbulence measurements in the
wind tunnel. Customarily that Reynolds Number is given as
critical for which the drag coefficient ¢y = 0.3. The

connection between the critical R of the sphere and the
air-speed fluctuations is shown in figure 7.

The use of -the sphere as indicator of the turbulence,
originally proposed by Professor Prandtl in 1914 (refer-
ence 7), has the marked advantage from-the point of view
of wind-tunnel practice, in that it indicates the effect
of turbulence on a body directly.

As previously pointed out, the method of support, so
far as it approaches the sphere from the rear, has no ef-
fect in turbulence measurements. Contrariwise, the degree
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of surface roughness of the test sphere affects the criti-
cal velocity to the same approximate amount as the turbu-
lence of the flow, Ffor.waich jreason the sphere must be of
accurate design and perfectly smooth surface if used for
turbulence measurcments,

c) Turbulence at Various Speeds

From sphere measurements of different diameters made
in the Braunschweig &s well as in the l.2-meter tunnel of
the DaVeole, i1t is known that the.ecriftical .Reynolds umbers
for large spheres are perceptible lower than for small
spheress For the Braunschweig tunnel, figure 8 gives the

-

critical B (times 10°%) and speeds v, as follows:

Without honeycomb 9 cm sphere R_ = 2,52 ¥ = 49 n/ s
5 e ] = o W 1% 27

With honeycomb S M L L il i &G M
15 .® 0 [ 3 e [ 2E

The data fior the ls2-meter tunnel o0of the DoValie wermes

15 cm steel sphere Ry = 3,50 ol o Bl ) 8

-~
&

,

Polished 28 em silumin avlhecre i Zr L deam s ol

The few known tests on spheres of varying diameter
from other wind tunnels repeatedly disclose the critical
Reyaolds Zumber for large spheres to be lower than for
small ones as, for example (reference 12), with the 5- and
8e06—-inch sphere in the 10-~foot tunnel and, more recently,
(reference 15), for four different sphere diameters:, as
illustrated in.fisune. 9.

There being no doubt about the validity of Reynolds
law for the critical range of the svphere, the conclusion
is, that the degree of turbulence at different tunnel '
speeds used for sphercs of different diameters, is varying.
Patently, the effective turbulence in all tunanels, cited in
figure 9, is greatest at low speeds; it decreases percepti-
bly with the speed. Defining from the calibration curve of
figure 7, the speed fluctuations on which the turbulence
is based, it is found that in the l«3-meter D.V. L. tunnel
and in the Pasadena tunnel, they decrecasc from 0.3 porcent
at low speeds to O.1 percent at high specds.
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The incongruity of the transition curves of various
sizes of spheres should disappear in towing tests in gtill
water because of ‘the absence of turvulence. The published
reports of Krcy (reference 22) and Eisncr (reference 23)
on sphercs and cylindors do not adduece the oxpected proof,
since in both, the boundary layer is disturbed at a sensi-
tive point as a result of the support method employed.

il

P

From the above, it seems advisable when comparing
turbulence measurements of different tunnels, to take the
sphere diameter and the critical speed range into consid-
eration. For instance, a sphere having a diameter such
that the critical transition takes place within the occa-

1onal speed range of normal modeél tests, could be used.

rom tne point of view of wind-tunnel practice, figure 9
possibly postulates that the speed -should be high when the
turbulence is low.

d) Comparison of Different Wind Tunnels

Figure 10 gives the spheré tests from other wind tun-
nels plotted in the vsual double logarithmic form. The
Braunschweig and D.V«L, tests are in expebtionally close
agreement with the Gbttingen curves (reference 14) both as
to subcritical and supercritical resistance as well as to
transition.

It is generally conceded that contraction of the flow
section insures very uniform test streams (reference 24,

P. 73). Quite obviously, such contraction lowers the
turbulence of the flow in the same manner as local speced
discrepancies are compensated. In figure 11 the critical
Reynolds llumbers representative of the turbulence have
been plotted against the contraction ratio of the tunnels
as established for the sphere in the different wind tun~-
nels.,

In two instances, values are given for the same tun-
nel but for different nozzle length; that is, unlike con-
stractien ‘ratios. In the . l.2-meter tunnel of the D:V.DLae
an extra nozzle was fitted which narrowed the nozzle sec-
Abom ifnem MiGli8r ol 0.2 mBL  The eriticall iRt cordied Swith
thig @29l gonmtraction ratie RBy'= 353 x 106, (fig. 12)
approaches Ry = 3,72 X 105 obtained with the same sphere
in air free from turbulence (section 5).
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TABLE I

Spaere turbulence tests; the turbulence corresponds to
the critical Reynolds Number R 10°

Contraction ratio f = FO/F
2 PR bl L
By Sourece
Wind tunnel Features ;i & (refer-
(10°)| ence)
DeVale le2 m without honeycomb 4.0 248
& B with honeycomb 4.0 3.2 =
i . with extra nozzle {22.0]| 3.5 -
9 2 with extra nozzle,
corrected 22 40.f &a8 -
" . smooth 15 cm
sphere 4.0 345 ~
’ 4 status, 1935 4,0| 3.6 -
thtingen, large | with honeycomd 50 Zad 14
. small " " 2sll 28 14
I
Gottingen, propel-
ler research dmall nozzle e il Bisk 14
thtingen, propel-
ler research large nozzle 2.8 2.4 14
Braunschveig without honeycomb 4,8 2.4 ~
" with honeycomb 4,81 3.0 -
N.A.C.As variable
density closed (1925) 140} 049 il
W.A.C.A. variable
density open jet (1929) 2.5 146 13
N.A.C.,A. variable
density closed (1930) Tal] Lo 13
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TABLE I (Cont.)
Ry Source
Wind tunnel Features f (10°) (refer-
ence)
Hel«Cadis Tunnel
Hog 1 with honeycomb el p Ll 21
HeAsCohAe, vertical| free jet without B | L8 23
RuoheCele ; fRll- jet ceater for
scale 5:01 Bed 16
the rest
Nalls Bulla . il dies
scale Dl G il
|
Bure Standards, !
10-foot long approach 140 B3 12
Bur. Standards
4,5-foot short anproach 1400 3% 12
Bur. Standards
3-foot babt 257 12
GALCIT, Pasadena without honeycomb 4,01 3.3 15
hoIcTn, 7.5“f00t L.IuL- type 1a5! w.l 9
!
el ela; aip towing test - 2 26
Alzron, Guggenheinm vertical, free A2l 246 29
NePolia, variable
pressure no data = 19 30
Tarin HePoeLe type 4,5| 2.0 31
|
DsWalia s Hree alp flight and towiag
test - 4,0 -
GALCIE, free air fiight test = Bia it 155
Figure 11 shows how the gquality of the tunnels from
point of wview of turbulence, incrcases with the con-
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traction ratio. Admittedly, the turbulence established in
the test section is mnot merely coantingent upon the con-
traction, but very considerably also on the quality of the
flow upstream from this contraction (disturbances due to
fan, enlargement, directional changes). Another governing
faeter is the length of the steady flow arecapiin féponits ol
the nozzle contraction.

Tt sl turbulent tunnels the critical Recynolds
Nunmbers: wange ab, RS JdelOk . for2ooid cvumneilss. ofe ibie: i08 nilsis
ér English type (without substantial contraction, long ca-
try) R, = 1.7 to 2.3, for good tunnecls of the Got tingen
type [(donktaction 4 to 521), T = 3.0 to Bubs and'for

nonturbulent air (seection 5) Ry = 3.7 to 4.1 X 105, Th

mecasurenent in the l.2-meter tunnel of the D.V.L. (status
1935} szeels., with Ry = Beb, all other wind=tunnecl wvals

ues known at the present time.

4, WIND-TUNNEL TESTS 0¥ TURBULENCE

a) Critical Reynolds Jfumber by Pressure Method

- According to section 1, the pressure distribution
changes the sphere drag. Consequently, it is wvery natural
to observe the pressure at the back of the sphere by the

. simple expedient of using the sphere as a turbulence indi-
cator, This pressure must, in conformity with the drag
coefficient, pass through a critical value.

The procedure of measuring the pressure at the back
of the sphere is as follows: The sphere is screwed into
a rear tube having four holes where it touches the surface
of the sphere so that the static pressure existing in the
angle between sphere and tube is carried through the spin-
dlea

Figure 13 shows the drag and pressure for two spheres
plotted against the same Reynolds Yumber. Thec pressurc
curve (Pr“'q’ is the reflected drag curve <(c. ). The

conncction between p.li and cy 1is accuratecly estab-
lished through concurrent measurement and plotted in fig-

ure l4. Although the curve is, strictly speaking, valid
only for the perfectly smooth 15-centimeter sphere in non-
i turbulent flow (nr = BebR 105), it may, nevertheless,
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be presumed that in turbulent flow, for instance, the same
relation exists between ¢y and p.Y. In the graph the

test points range themselves below the curve computable
fron the pressure distribution. This discrepancy has not
been cleared upe

The critical Reynolds Number is, conveniently, that
for which the pressure at the back of the sphere changes
from negative subcritical to positive supercritical; that
is, where Pl = O. The thus—defined figures arce slightly
nigher (about 2 percent) than those obtained for
015. j

Cw

The critical dynamic pressure gy 1is very accurately

dofined 'ia the measurements, & d-perecent change in g,

either upward or downward, causes Dyl to deflect about

B pereent from zero, so that even the least differcenecs in
turbulenece are sharply recorded. The pressure method ob-
viates the cumbersome sphere drag measurement. It suf-
fices to find the dynamic pressure at which p .= 0; By
is therefore obtained with one single test point.

b) Turbulence Due to Individual Wires

In many dnsbances it is advisable . to use turbulence
grids in wind-tunnel tests; that is, in cases when, through
generation of artifieizl turbulence, ciritical zones of
Reynolds Numbers (as on an airplane wing, for example) are
skipped and precritical conditions are avoided. (Sec ref-
erence 32, p. 188,) To supply data for such turbulence
grids with respect to wire thickness and wire spacing; the
D.V.Le. eXplored the viortex streets of individual wires,
using the sphere as turbulence indicator,

Figure 15 illustrates the effeect of warious. gage
wires stretched, exactly centered, across the jet at a
number of distances upstream from the sphere. The thicker
the wire is, the lower the critical dynamic pressure bve-
comes. :

The wire turbulence exerts at first a startling ef-
fect on the supercritical sphere presgsure Ppfy» accord-
ing to figure 15. Small gage wire (about 1 mm) causes :
the pressure, at first, to rise to +0.37 q. 4According to '

e el e L e e e
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that, the insertion of a thin wire must lower p.i. The
effect of thin wires was also the same at substantially
higher R. An explanation for this might be found in the
fact that a single wire nalies one certain plane of the
flow turbulent and thus influences the arrangement of the
vortices in the wake of the sphere.

The growth in supercritical sphere drag (correspond-
ing to the abatement of rear prossure) due to enhanced tur-
bulence (thicker wires) is attributadle to the "appareat-
ly" greater viscosity of the moving air caused by turbu-—
lence. The apparent viscosity effectuates supercritically
a boundary-layer lag similar to that kanown subecritically
through actual. viscosity. This fact is important for the
application of turbulecncc grids in model tests. 1o be
sure, an artificial turbulcnce creates a "superecritiecal™
condition. But this condition is unlike that afforded by
increasing the Reynolds Number because of greater effec-
tive viscosity of the flowing fluid; that is, a third con=
dition is reached, .

Figure 16 -shows the turbulence effect of wvarious
wires mounted at varying distances upstream from the
sphere. Right next to the sphere tlie effect is small; ev-
- idently the much lower flow velocity at that point (indi-
cated in fig, 16) permits no large vortices. Similar ex-
periments with turdbulence grids may be found “‘in retcrence
. 9
The effect of the lateral posi thc turbulence
wires on the sphere (fig. 17) is. indicative of the spatial
expansion of the vortex streets aft of the wires. Thin
wires in particular (1 mn) have an expressed directional
effect. The very fact that this effect disappears almost
altogether when moved a millimeter away from the sphere
axis, proves the importance attached to the introduction
of turbdbulence into the boundary layer through the exact
stagnation point. Thicker wires have a substantially more

expansive vortex street whose turbulence then also pene-
trates the boundary layer of the.sphere when the wires are
placed laterally from the sphere axis.

Figure 18 depicts the turbulence effect of two paral-
lel wires. At a certain short distance their effeect is
% conparatively small. Ostensibly, the adjacent inner sides
q of the vortex streets emanating from the wires cannot re-
ally develope.
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As the distance is increased, the ensuing turbulence
reaches a maximum (q). reaches a minimum). Upon still
farther removal the effect of the wires disappears because
the vortex streets produced by them pass externally on the
gapheres

c) Effect of Acoustic Air Vibrations

on Boundary Layer

According to experiments in the United States with
hot wires (references 19 and 15), the critical Reynolds
Number observed on a sphere is definitely tied to the
speed fluctuations of the flow forming the turbulence
(fig. 7). This seems to indicate that the effect of acous-
tic air vibrations on the boundary layer of a moving body
is the same as that of the measured speed fluctuations.
In order to clear up this point, various sphercs were ex-
poscd to a loud whistling tone and observed.

The tone of around 3,000 Hertz was supplied from a
steam whistle (1.5 to 3 atm. at the whistle) through a
funnel mounted obliquely 1 meter upstream from the sphere.
Figure 19 gives the pressure of the 1l5~centimeter spherec.
For the rest, the eritical Reynolds Numbers for the whigt-
ling tone (figures without tone given in brackets) are as
follows:

28 cm sphere Ry = 3.04 X 10° (3.13)

4 S . 8. £ 2540 %L (3:50)

1

T sy B = 2.74 X 10° (3.24)

The tone affects all three spheres; the Ry are re-
duced from 3 to 31 percent. The acoustic interference of
the boundary layer is gsimilar to that of the turbulence
grid. The 28~contimeter sphere has the least tonal inter-
ference; its Rk changes failrly littles For the "-centi-

meter and 1l5-centimeter spheres the effect of the acoustic
vibrations is marked. The oscillation frequency (3,000 Hz)
is perhaps better suited to the smaller spheres than to the
larze one or, better fitted to the high than.to the low
spceds,
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The boundary-layer effect of the acoustic oscilla-
tions was also observed cxperimentally on a model airplanc
wing; the maximum 1ift change was negligible.

According to present-day expcrimental data, a bound-
ary-layer effective wind-tunnel turbulence is caused by

l. Rough interference of tunnel flow due to enlarge~
ment, faulty directional changes, etc.;

2. Vortex streets emanating from honeycomb walls, de-
flector vanes, and turbulence grids;

3. Air oscillations (audible) which correspond to the
blade strokes of the fan. Such oscillations
have been previously recorded (referonce 25).

5« TURBULENCE TEST IN FREE AIR

a) Generalities

On the subject of boundary-layer effective turbulence
in free air, the following sphere tests have been pub-
lished:

In 1922 the W.A.C.A. made a series of drop tests from
great altitude in which the drag forces and the speed were
neasured (reference 11).

In the 1932 flight tests at Pasadena, the sphere was
fitted on the airplane while the drag forces were record-
ed with a special hydraulic instrument.

In the 1934 tests at Pasadena, a large sphere was
towed in a closed hangar (reference 26). The drag was re-
corded by an instrument fitted to the sphere.

In view of the wide divergence of critical Reynolds
Humbers in the first two experiments, the D.V.L. decided
in 1933 to make its own sphere tests in free air. The
aim of thesc tests was to establish the critical Reynolds
Number in air free from turbulcnce, with a view to obtain-
ing a criterion - a "zero point" for the tunnel turbulence
tests and to measure that turbulence in free air, which
nmay be anticipated as boundary-layer effective turbulence
on a real airplane.
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b) Test Procednre

Weighing of air resistance was abandoned in favor of
pressure neasurerent as described in section 4a. It is a
particularly advantageous method for flight testing where
the installation of scales is very difficult, whereas
pressure measurements may be made quite simply.

~The sphere is screwed into a rear spindle, pivoted on
a: small mast, and £itted with guide wane, as shown in fiz-
ure 20, The mast was first mounted on a towing car and
subsequently fittcd on top of an airplane, as shown in the
photograph

The dynamic pressure gq is recorded through the ori-
fice in the front of the sphere. The pressure Bl at

the back of the sphere, is recorded in the bend betwcen

sphere and spindle, while the static back pressure B is

measurcd on thec spindle about 4 sphere diameters aft of the
sphere but upstream from the guide vane, It was found

from wind-tunnel tests that the static pressure downstream
from the sphere returned very soon from its negative (sub-
eritical) or positive (sunorcritical) to . that of suhe Po
value corresponding to undisturved flow. Subcritically,
this takes place at a digtance of about 3% sphere diame-
ters from the back of the sphere, supercritically, after

2% diameters already.

The flight tests revealed that the pressure field of
the airplane mostly evinced a value at the place of the
sphere which was slightly unlike that at the more rear-
wardly located test station for Po e The pressure differ-
ence was established for different flight speeds and flight
conditions (full throttle and gliding) by conparison of
Pspindle with a static pitot tube mounted in place of the

sphere, The sphere records were corrected conformably to
the calibration curves.

The airplane was a Junkers type W 34, powered with an
SH-20 engine; speed range, 56 t0:130 m.pehe The automo-
bile was an old-type touring car having a speed of 52-53

mePelle The Reynolds Numbers were obtained from tempera-
ture and air-pressure readings (with sensitive altimeters
in flight tests). The pressures were rec¢orded on two
Askania differeatial manometers. These recording instru-
ments, fitted with soft metal capsules, are especially
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practical for readings on disturbed pointse They are sim-
ple to read, sensitive, and free from inertia to within 2
percent; and fairly insensitive to location and accelera-
tion.

fhe records for two spheres are shown in figures 21
and 22: Subcritical, both curves follow the parameter
Bl = = 0.32 g  mneasured in the tunnels; supercritical, the

curves range within p.y = + (0.25 to 0e30) g« The free-

air tests are plotted in figure 23, while figure 24 illus-
trates the data for the same spheres as obtained in the
leZe=meten tunned of the DsVils

¢) Surface Roughness

The 28-centimeter silumin sphere shows the highest
Reynolds Mumber in air free from turbulence according to
table II. These spheres of identical nmanufacture (gilumin
casting, expertly machined snd polished with shellac) have
about the same degree of surface roughnesse Owing to the
fact that the remanent surface roughunecs on swmall spheres

pears greater relative to sphers diameter, it may be in-
fe“rcd that this very roughness induces lower critical
Reynolds Iumbers than on larger spheres. Being relatively
the ‘ﬁoot}cst, the Z28-centimeter sphere shows as maximum,

R = 4.03.
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TABLE II

T

Critical R(10°5) of Different Spheres in Free Air

Sphere SH1ll,  free airt lMowing air 1.2 m tunnel
7 em silumin| full throttle, - ghiae R 1g"
3,48
14 crn silumin| full throttle, - e
3472
28 cm silumin| automobile, street, wind | 3.20 X 10°
4,03 Bis 10
full throttle, | rough weather
3,92 Be85
15 cm steel Z050 % 18"
gliding, 4.00 2irpery. 360
Based on this turn of the results, the 1l5-centimeter

sphere was prepared and flight-tested.

1% dis. the ball

bearing described in section 6. The R, obtained with
it is fairly the same as that for the 28-centimeter
sphere.

In view of the almost perfect polish of the silumin
spheres, the influence of the surface roughness on Ry
was observed to be unusually pronounced. It is likely

that a carefully polished sphere safeguarded against od-

cillations reaches

tained in the present experiment;

Ha

figure 25 seems to point toward 4.1.

d) Results

values even higher than those ob-

the extrapolation in

The experinments with the 15-centimeter steel sphere

ranged over a series of flight tests at altitudes of 6,500
to 135126 feet 1m lewel £light, elimb at full throttile,
and glide power-off under various weather conditions, in
which the critical dynamic pressure (at which pr& = 03

RN 1Y N ESTLY T .. RN
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were determined,

and the correlated RF

There 1is no 'systematic change of Rk with altitude,

e titwmig gasyif avy a8 we ciondd ascertain.g The eriblecal fici mee
for the atmosphere ranged between 3,85 and 4.05 X 105;

he figures for the glide are, on the whols, 0.1 higher
thasti for flight with full throtsles s An emplieanation for
this 4 loocked: foy in the engine vibrat ionss

The value for full throttle in gusty weather was B
3485, or in other words, the boundary-layer effective tur-—
bulence in squally weather is very small. The tests with
the open touring car in still air disclosed By = 4,00 % 3P
for the tree-bordered street in side wind it dropped to Ry
= 2.7 X 10%, on the airport surrounded by dbuildings (16
feet over the ground) with wind, it was Ry = 3.6. Conse~
guently, there is a boundary-layer effective turbulence
behind obstacles in thec boundary layer of the earth's sur-
facew.  Tais faech conforms with the Pasadens flichbt tests
(reference 15), with Ry = 3468 1in calm weather, and Ry =
3+45  1in gtorm a fiew fech above greun

o

The discrepancy of the Pasadena data from those of the
D.V.L. is prohably due to the sphere vhich they used.s More
el

.

recently published data (reference 26} for a large rubber
. - - 2 5
sphere towed in a closed hangar, show Rk = 2 X w07 s

The J.A.C.A, drop tests (reference 11) were made with
las spheres and, of course, without engine vibrations.
(Steacv condlitiony in. free dron? Variable air density?)

If the test points plotted in figure 10 are to reveal-a
critical Reynolds Number, it would possibly lie between 4
and 5 X 10%,

6. SURFACE ROUGHNESS TESTS

a) Effect on Ry.

It is a well~known fact that the surface rounghness in
pipes and on flat walls favors the transition from laminar
to turbulent boundary-layer flow gquite considerably. It is
therefore, self-evident, according to section 1b, that
roughness or irregularities on the surface lowers the Rk
value of the sphere.

The Braunschweig experiments included among others,
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(¢]

hollow copper and sheet brass spheres with fine circular
waves and bulges running along the welds. For the rest,
they were smoothly polished. In contrast, the stcel spheres

were oxactly round; they were 9-, 12-, and l5-centimeter
ball bearings surnlled by the Fischer Company of Schwein-
furt

Figure 8 reveals the varied resistance curve of the
different spheres., Compared to the steel spheres, those
of sheet metal showed the critical transition throughout at
perceptibly lower R, values. Thus, for a 10-centimeter

sheet-metal sphere, for instance, it is Ry = 2 [ 105
against Ry = 2.38 for the l2-centimeter steel sphere
(ideutical chaannel condition), and Ry = 2.52 X 10 for

the 9~centimeter sphere.

On the 25-centimeter sheet-metal sphere, having along
its weld in the equator a circular bdbulge of about 0,4 nm,
it was noted that at a certain spced the resistance re-
veals a sharp break without intermediate stage from sub-
eritical to supercritical, and jumps just as suddenly from
supercritical to subcritical again when the speed is the
same (fig. 8).

Result: The waviness of the surface induces a sub-
stantially earlier critical transition, besides being er-
ratic and at times, discontinuous.

The effect of surface roughness (without waviness)
has been explored on cylinders, Unfortunately, the Eng-
ligh source (reference 8) does not give the grain texture,
thus leaving the degree of guestionable roughness unex-
plainecd. '

In support of the surface roughness in free-air tests
inferred from section B¢, we made a number of systematic
tests with the 28-centimeter silumin sphere, which had
been coated with a shellac solution and sprinkled closely
with sand grains of a certain screen size.

Figure 25 discloses the rate at which the R, value
drops with the degree of roughnes

% = Q0 gives approximately BRyp = 4.1 X 10® < for air free

. The extrapolation to

bk
h

Hgs the R¥ value of the perfectly
i
1S .

is
r free from furbdbulence applicable to
The plot also includes the data for

smooth sphere in

o
fram turbulence; t
a
car—test condition
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different silumin spheres with an egstimated roughness of
1/100 or 1.5/100 mm.

b) Relation of the Supercritical Drag

The boundary layer governs the drzg even beyond the
crelttameal SR, The greater its lag cn the sphere front,
through surface roughness, for example, the higher the
form drag.

According to accepted conception, a surface acts aero-
dynamically as smooth when protuberances in the laminar sub-
layer of the boundary layer next to the surface, which alse
exist in the turbulent boundary layer, are wholly imbedded.
In fact, it is only by virtue of this premise that super-
critical, aerodynamically perfectly smooth spheres can be
manufactured. For flat surfaces exposed horizontally to
flow, supercritically the permissible grain size or tex-
ture, becomes consistently smaller with the Reynolds Number.
The extreme condition for grain size is.the approximately

fhe ; 2 g
constant Rgrain = ¥ == 1,808 18 (reference 27). The
end registance then in the turbulent rough frietien is
conitant in relation to grain size (squared resistance
law) e

Supercritically, the resistance curve for the sphere
is basically the same as for the plate. The frictional
resistance appears "raised to a power" as form resistance,
so that Cyw should continue to decrease with the Reynolds
Number for very smooth spheres (fig. 27a). The technical
preparation of surface smoothness necessary at high R
(over 5 X 10°) should prove very difficult. The grain of
the 28-centimeter sphere would then have to be considera-
bly smaller than 1/10000 mm, As figure 27 indicates, rough
spheres reach, supercritically, a certain end resistance,
as actually recorded in the variable-density wind tunnel
(fig. 10). Adequately rough spheres never leave the sub-

critical flow pattern according to figure 26 (%'= 0004} ,

so that the c_, supercritically, with about 0.47 also
| may Dbe assumed constant (fig. 27d). Spheres with such a
degree of roughness are; therefore, insensitive to R; the
separated gutcritical flow is not abandoned when its bound-
ary layer becomes turdulent,

The remarkable fact is, that for a given surface, the
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turbulence increases the supercritical resistance three
times as high (fig. 28). This may, on the one hand, be
attributable to apparently intensified viscosity, while on
the other hand, the pcrmissible grain size is, without a
doubt, smaller in turbulent flow. On the premise of
smooth surface, the criterion for turbulence is, accord-
ingly, not only the Ry, value but also the supercritical
resistance. In fact, it seems one-sided to confine always
the investigation to the influence of turbulence on the

By value. The majority of flow processes are supercriti-
cal, whence it is very desirable to know what supercriti-
cal effect the turbulence has.

c) Application to Wind-Tunnel Tests

The Rk values obtained for the various spheres in
air free from turbulence may be counsidered as calibration
for "turbulence = 0" for these spheres. The lower the
wind-tunnel figures below those for free air, the greater
the wind-tunnel turbulence. According to figure 25, it is
possible to extrapolate to % = 0, when the free-air fig-

ure for a sphere is known. If, due to roughness, the Ry

value of a sphere in free air is 10 percent lower, the
figure measured in turbulent flow will be too low by about
the same percent.

Figures 9 and 11 show the values corrected in this
manner according to figure 25. Thus, bthe corvesponding
curve in figure 9 gives the Reynolds Numbers which would
be obtained at different air speeds, with perfectly smooth
spheres (of wvarying diameters). The decrease of turbu-
lence with the tuunel speed is so great for the explored
tunnels that through it the influence of the relatively
greater roughness on small spheres is exceeded.

As regards turbulence and surface roughness the
sphere-drag tests should be interpreted, according to fig-
ures 27 and 28, 'as follows:

1. Roughness shifts the resistance break toward lower
Reynolds Numbers, although the transition takes
place equally steep (fige 27¢);

2. Turbulence also forces a premature break, although
the transition curve is, inherently, flatter
(fig. 28b);
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.

Supereritically, “thewdEagicoe

fficient for smooth
spheres drops consistently (f

igs 27a)3

4 ""Thigwshonuld hold ‘true fow “urbulent T Low as fwelils
although the curve lies “1bnpr, the permissi~-
ble roughness is less (fig. 28D);

5, Roughncss preveants a temporary drop in gunercrit-
ical drag (fieg. 27b)y with sufficient roughnes
the drag increases again until. it reachesg the

o
£

constant supercritical end drag (fig. 27c¢);

6« There is no critical rcsistance brocak whon the

roughness is coarse; o remains at ‘around

0.47, Like all bodies having sharp edges, the
sphere ig then WQGGQ“lthe to Reynolds Number
(T35 2740) «.

Pranslation by J. Vanier,
National Advisory Committee
for Aeronautics.
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various air-speeds.
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Figure 12.- Sphere drag curves
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tunnel.
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Figure 15.- Effect of different
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Figure 16.~ Turbulence of wires
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720 ‘ ‘ T T

Nozz/: rfie
A S sl v
-— Wind &
!
2 without| " 350
5 4 ;/%W/'re
Elle b
ro-?z/d / /-
0 / g
w0 20 =
4 No— AimmPwire
20 =
’T T
0 7 2 v 4 & 6 & om §&

Figure 18.- Turbulence effect
of pair of wires.
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Figure 23.~ Pressure curves of
various spheres in
air free from turbulence.
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Figure 22.- Pressure curve of
15 cm steel
sphere in flight.
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Figure 26.— Pressure curves of
28 cm sphere with
varying degrees of roughness;
1.2 m DVL tunnel.
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