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ABSTRACT

A dovico has been doveloped to messure loocal skin friction on &
{lat plate by measuring the force excorted upon a very .small movebla
part of the surface of a flat plate. These forcen, which range fron
ebouy 1 milligram to ebout 100 milligroms, are mocsured by means of
a reluctance ﬁeasuring device., The apparatus was first applied o
measurazonts in the low-speed rangze, both for laminer and turbulent
bowndary lavers. The measured skin friction coefficlents e-how g
gollont agreoment with Blasius! and Karman's results respectivoly.
Tho devico was then applied to high-gpeod subsonic flow and tho tur-
bulent skin friotion coeffioclants were detormined up to o Mach nuzbor
of about 0.8, A for measwrements In suporsonic flow wore also reda.

Tho paper desoribes the design end construction of the device

ond the results of tho measurements.
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STXBOLS

loeal skin frietion coeificlent

logal skin friction coefficient in inocompressible low
Bilagivs valus for the local skin friction coefficiont
= C»“ - Cfa

specific heaet at constant prossure

- specific heat at constant volumo

enthalpy
= 576 , ratio of displacement to mamentum thiclkness
ratio of displecement to momentun thickmess in compressible

flow

ratio of displacement to momentum thickness in incomproessible

flow

local Mach number

froe gitroam Mach musber
looal static pressure

totel hoed (impect pressure)

local total head

. o
Prandsl mumbor 277

= é Pw‘Jz = dynemic pressure of fres ghream

hent f1low per unlt time per unit area through the surface
gas constant

Uz

- Reynolds mumboer

gtabic temperature of the fluid

static tomperature at outside edge of bowrdary layer

stagnation tomperature
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Coo

wall temperature

velocity cocmponent in the boundary layer perallel tc the
suriace

effective velocity obitained from Stanton tubo reading
volooiby at oubtside edge of boumdary layer

value at the wall

oubtput of transformer in volis

coordinato elong the surface ia direction of flow
coordinate normal to the surface

= Cp/C? , ratio of s;Jecific heats

boundary layer thickiess

displacement thielmess

height above the wall

y/ \F' - dimensionless coordinate normml to surfaco
mementum defect thickness

momentun defect thickness in incomprsssible flow
hoat conduobivity of the fluid

coofficlisnt bo:‘{‘ viscosity

= ulp = Finemabic coofficient of viscosidy
coordinate along surfaco in vici.nity of gap

fluid density

£luid density at outside edge of bowndary layer
fluid density of the wiform {low

shearing stross at the surface (skin friction)



I. INTRODUCTION

An object moving Ghrough e Pluld exmporionses a drag forge which
can be docomposed into pressure drag and skin friction. This divi-
slon is the pamo whe'hhez; the body»mévéa with supersonic or subsonié
speeds. At present, wave drag end induced dreg are by far better wn-
ders*éooﬂ both axperimanﬁally'é.rxi theoreticaily fshan skin frietion end
boundary layer separstion. This iz particularly tm'za.roz' supersonic
velooities but it is also ouriously encmg,h truo that experimental ine
vestigations of skdn fric‘bs.on in the aubson:lo range and in ineompraa-
sible flow ere exceedingly mre.

Rmmt advences in the esuaign of high-speed airoraft end missiles
‘have shown that a more exact mzeaga ot sida f.‘rict.’s.on (end heat
transfer, which is rala.tsd) is of gx'«_sat imporﬁanoc.' ‘fhsory of the
J.emi.nag{ boundery layer and oé 1minar akidn friction both in low-speed
and high-speed flow has been mr@@-oub to & aonaiderablg extent in
the course of the last decede. In spite of the laok of detailed ex-
‘ peéis;aaﬁs on lenimar em frié‘hion, it is generally ‘ii’elt ﬂxgt the
ﬁwomﬁic&l rosults are adsqinte and tmmr%y up tcyﬁach nmberé
_ of the order of four. Beyond this range, for hypemonin velocities,
new effeex&a such a8 eliasouta.tian. variable Prandtl mmber. eta. ap=
pear and the preaent mmory doas not seem o be &dequately explored,
" Turbulent siin friction, on the ‘other hand, presents & much more
gericus problem. Our mﬂeraﬁenﬂing of t:wbulent ghear mcm, mn S.n
ineompreasible flow, ia &.mdeqmte and it 13 ab present not possible
%o formulate & cmmpleta theory without recourse to empirieal con-
sbants. E‘ven if it is aasmmﬁ that lcw-apeed turbulent skin I‘riotiion



is Imown, say from %}ma:n‘s logerithmic lews with empirically deter-
mined constants, tho questlion of how to conblmue these laws 4o high
valociblecg and 4o supersonic flow arises.. This question was firast
discussed by von Karmen in his Volta Congress paper in 1935 (Rer. 1)
and hag sinoe then attracted a large number of invgstigatiﬁm, for
exrmple, by Frankl and Voishel (Ref. 2), Perrari (Rof. 3), van Driest
(Ref. 4), Li end ¥agametsu (Ref. 5), eto. The net result of all
these ima;stigﬁtiona is a se‘a ‘of skin friction versus Mach muber
curves (at constant Reynolds Tumber) which are bounded by vor Kafmin's
results for incompressible énd'dompregaible flows. That is, the gen-
oral trend is & deorease of skin friction with Mach mmber as in
lmar ﬂgw. Bcwévar, “u“his decrefs.sev mAy ‘be Mgér or smualler de-
pending upon the aam@timsvmée'm the analysia., Nons of the as-
’awﬁgtimg mede have a'thaoretiéa‘lly convineing reason, due to the '
. pregent ?.ack of knowledge of turbulent flow. It turns out that von
Tarmants original assumption, which is slso the simplest, gives so
‘far the largest decrease in skin friction with Mach number; for ex-
ample, the ratio of compressible to incompressible skin friction
cocfficienf: at a Mach mmber of two and a Reynolds number of ons
,mllicn is approximately 0.66 aceoraing to von Earmen.
| Henoe, 1t is evident that the dlfferences betweon various theo-
rios ere anything but minor, In fact, the differences at Mooh mumber
of tha order of two are so large that performance computations based
upon the one or the other of the theorstical sidn i‘riction cooffi-
»cieizts result in very large and sometimes declsive, differeﬁees. i%
is clear, therefore, that besides the fundamental interest in



turbulent bounﬁary layers, the determination of high-speed skin frig-
tlon 1s of parsmownt technical importence today.

- The presont investigation was undertaken with the aim of develop-
ing an instrumenﬁ capable of mﬁaaﬁring sldn frictlon in high-spesd
flow. The progran consisted of four parta:

{a) A mur%ey of possiblé mothods of determining aldn friction
with the aim of selecting the most promising one for further
dqvelcpment.

‘The result of this stﬁdy suggestoed dirsot measurement of loocal
skin friction. This is carried out by measuring the sheer force ex-
orted upon = small movable part of & solid boundary by means of a
reluctance plokupe ‘

{b) The deamign end &onstruc%isn of the deviss, inoluding de-
tailed sﬁu&ias 6f neQessary tolérancos énd sensitivities.

{¢) The application of the device to skin friction meagurenents
in incompressible {low whers the results can be compared
both with measurements by other means and with theory,

{a) ?hé measurament of skin friction coeffisients in high~gpeed
and gupersenic {low.

The second part of (d) was, wnfortuately, not completely nocom-
plished. Only a few mesguremants in supersonic flow with doubtful
 flew conditions wers carried out. This is due to purely exterﬁal
reagons end not dus tp a failure of fhs device. The main aim;of the
investigation wag the development of the apparatus, a determination
of its asccuracy and a demonatiation of its applicability. Further

messurements using this type of appafatus are In progress now, both



&% GALOIT end at the Jot Propulsion leboratory.

The research was spongored by the National Advisgory Commitiee
for Asromautlcy and. mnductegi at GALGI‘I' ag part of a long range In-
vostigation of bowndary layer phenomons at hlgh spoeds.



II. EXPERIMENTAL METHODS OF SKIN FRICTION MSASUREEENY

Under the asgueption of continuum flow end po~slip at the solid
surface the Inbensity of sldn friebion 7, abt sny point on 2 zelid
surface in & flowing gas is given by

%= {}l :_L;’-}y;o

M = goeffiolent of wiscosity

vhere

u = velooity oomponent in the boundary layer
parallel to the surface A
vy = coordinate wormal to the surface _ ‘
“For the flow of gases at tmmﬁﬁzfes, and pressures a% which the mean -
. froe paths of the gas molecules aré' mu sompared to the physiocal &:a
mions of &he sysw, the slip at £he aélm' boundary is ngglﬂ;gﬁ.hlé;
The foilowiﬂgidiscuasiéns will apﬁiy to osses where these conditions
are realised. | | | o
The above exgmaaioﬁ for skin friotion is valid for laminar and,
because of the axistenge of ‘the sublayer, also for turbulent bomdary
layers. In gonsral, experimental attempbs at measurement of the skin
fristion may be clagsified into two main typoes: |
(2) Thoss which endeavor to determine the compoments of the
 right hand ai&g of the é%bova‘ eqmﬁion'
(») Taoso which m}.y on @ bulk measurement of the skin friction
i.'hsélf, or ‘sem o&ar physiual quantity related to'it'._

1. 8kin Friction by the Velooity Profile Method

In the first type of measurement the physical quantibties to be



meagured are tho viscosily u and the velocity in the boundery layer,
‘u+ FKinebtie theory and exporimeant indicate the viscosity coefficiens
to De & funchion of the absolube tomporaturs alone. Thus a local
measurement of the wall temperature (with, say, a sensitive thormo-
couple) is sufficlent to define (u) y=o0 ¢ Ine meagurement of the ve-
locity as a fwmection of the normel coordinate y is, howsver, a more
complicatsd procedurs. Honsurement of tho local velocity in moving
fluids is extremsly difficult and up «éc the present time no reclly
patisfactory direct methods exist for application to the observation
of high-speed fim. The only lmown published measgurements of local
velooity of interest to fluld mechenics are those of Fage and Townend
(Ref. 6) who used an ultramlcroscope with a rotating objective to ob-
aerve boundary layer flow in a water channel. For most aercdynamio
‘i‘mstigations the l_c;dal velceclity is not found directly but related

- quentities like dymamio preasufe, mss flow, density, ebto. ere meas-
ured. To obtain vslocity from such measui'emants one requires addi-
tional information about the flow,

For sxample, consider the three most oxtensively used insbru-
monts, the pitot tube, the hobewire anemometer and the inberferometer.
~ In order to obiain velocity from the reading of & pitot tube ono must
Imow the local static pressurs and density. For the hot-wire ane-
rometer the local denaity is r&quire@d, ‘while information about the
locel temperature is necessary f‘ér. the im‘:arferoﬁeter. In the case
of the boundary layer, theoreticsl considerations borne out by experi-
mén%s, éhcm that the vaeristion of pressure normel to the surface is

negligible, (n this assumption the experimental determination of



static pressure in the boundary layer is aimplified to a loocal meaz-
uremen’; on the surface. (Sinee the pressure is measured et the wmall
and its verlation is smell the assumption of constant through the
bowdery layer introduces only second order errors in a skin friction
menguremont.) However, for the instruments mentioned above, for each
" determination of véloai‘ay one would still have %o make ab least ono ,
addisional moagurement apart frem the reading of tho instnmn%‘itsali‘.
In determining skin friction from the slope at the wall of a

meagsurad velocity profilée, errors in meaaur@ant of the profile di-
rootly effect 7, . A method which is notk so sensitive to the portion
of the volocity profile in the inmmediate naigh’borhooé of the wall is
provided in prinociple by Farmén's momentum integral. The basic con-
sideration undariying this is the faot thai the frictional force on
tha surfoce must appear as a momontum defect in the rest of the bound-
ary layer‘.‘ For the case of steady two~dimensional flow past a flat

surface one obiains

To .-_- ﬁ'+9 (_§_+z>_/__d_U_+LiP_:
p Ut dz 6 U dx  p dx

where p , U are the density and velocity Jjust outside the bowndary
layor and O and § are defined bys

o9
' u
6 = momentum dofest thiclmess = S —P—J(/ —‘i) dy
o e

5 = digplacement thickness = S (/— ﬁ-} dy
o I

end x is the coordinate in tho direction of the flow. Several pro=
files in the region of determination of 7, would now have to be

measured go that the derivative of ¢ with respect to x ocan be found.



This method, whlls nolt zensitive to errors in U close to the wall,
involves the added complication of knowdng U , p and € as functlons
of x. I%s applicatian ig more practical in the cass of unifora flow
past % fat plato when the prossuro gradient in the x-direction is
slgo gero and the above expression redusaed o

T, 4o

o U d%

Tho use of this method doos not, however, eliminate the difficulties
in the determination of veloclty froum a pressure .or monentun measure~

ment.
Hotes on Instruments used in the Measurement of Velooity Profiles

A. The Pitot (or Total Head) Tube

The specialized form usually used for bowndary layer measursmsnts
consiets of a small bore tube (of the order of 0.05 inoch dimﬁex‘)
with its mouth flattened out to form a narrow rectangular opening.
The impaoct prsssure at the mouth ié proportional to puz and 1s Ausu—
‘ally measured on a mercury or alcohol manometer. As mentionsd befors,
in order to obiain velooity from the reading of such en instrument one
needs & lnowledge of elther p or 7 . For non-dissipative flows with
gpeods belcw» the speed of gound , the assumption of isentropic deceler~
ation at the tube mouth is olosely fulfilled and the velooity u is

related to the impact pressure p by

| 7-1
u= ZCp A {/- (%) ! }



- here

7, = stagnatlon ‘ampera:'b“are

£ = local gtatic pressure

¥ = g—’: , Cp and Cv beinz the specific hoats at con-

gtant pressure and congtant volume respectively
The stagnation temperature 7, may be measured at some oconveni-

ent reference point in the flew, for emample, in the cass of a wind
vmmné}., in the reservoir or settling chamber. At supersonic speeds
& shook wave appoars in front of the tube mouth and the entropy loss
through this must be taken into eccount. By assuming the shape of
the shock wave to bo straight and normal to the flow directicn the ve-

locity can still be caloulated by use of the wall=lnown Rayleigh
pitot tube formula

B+ L+

P - z
I+l 2N 3-1

(Z)

where M is tho local Mach number just ahead of the tube (in front of

. : /
25 - 37
( Mz kA /)X/

the shook wave) A  4he impaot pressure reading of the tube (bohind
the normal shook weve). The two pitot tubs formulas become identicel
atMel, . | -
For a skin friction dotermination with a pitot tubo one would
then have to lmow the followings | :
{(2) The impaot pressure indicated by the tube as a function of
y within the boundary layer.

(b) The static pressure at the point of measurement.

(¢) The temperature distribution in the bowndary layer.
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By asguming tho total tempereture to be constant through the
boundary layer i:ho‘ tenperature measurcment is very chh, gimplified,
but such en assumptlon cougos some error in the valus of the shearing
stress. This assumption amownts to taking the value of ¢he Prandil
number A = —’f—Zﬁ =/« Sinoce for e.c*\.:uall gases A. </ ( for air 0.724)
the error is not large &bt low speesds bub inereasss rapﬂ.dly‘,wi‘%:h in-
oreaging Mach number, An approzirmte estimate of the error im 7T,
canged by such an assumption may be rosdily obtained. For points in
the boundary layor verydose to the wnll the flow may be considered
incompressible 8o tha’t.?the'v_pitat tube reads 4 = p +% pu’+ The pres-
gure p is meesured on the surface and is approximatoly constant

through the boundery layer. From this

RT
_ kT, |R (” -1) CAl
-2 _}l _ /) dy 2T
P .
For vy —0, (% —/) — 0 and the second term on the right hond side
is negligible as compared to the first. 'Elzefafore, for small values

of y

Also tho viscosity coefficient 1s approximately

po T

8o that the shear stross at the wall

_ duy
,’C°_(/ud—yw~ Ty
How

UZ
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)
where £ (Fp) is nearly A & for leminer and A /s for turbulent

boundary layors. Hemos, by using 7, =4 the shearing stress would
bo direetly in error. For the typical case of an insulsted flat
plote at M & 1.5 this error would amount to approximately ES,"??a A

" higher Mach nunbers the errors would be evem gronter.

It is interesting %o nobe the improvement in acouracy if an acw
tual moasured value of the wall temperaturs 7, is used for the doe
termination of 7, . The errors in ;’_uj‘ W dus to temporabure are
practically eliminated. Tho main limibetion now is in the determina-
tion of Z—Yh—] w; Due to the finlte size of tho pitot tube, / cannch
bo measured right up to the well, Another error introduced by the
finite sizo of the pitot tube in bowndary layer measuremonts is due
to the 'bmngvaraal total pressure gradient in the boundary layer. The
average indicated by the tube does not correspond to the vaiocity»at
the center of the tubs bub £§ that at some polnt which is shifibed.
i‘r;om the center tmdg the regien of higher wolooity. In o meesure-
mant -of" the volocity profile in & given boundary layor, this error is
emphasizeﬁ'for points elosé to the wall, For a tube with a rectangu-
lar opening of 0.005" this shift is of the order of 0.001" in & vew

locity gradient 5—“—

& 10% pu./sec. por oot {repressutative of a
typical laminar boundary layer at Mach number & 1.4 and Reynolds num-
ber based on a 10 om. longth = 106). In actual use the shift can be
approximéﬁely aocounted for (ses Ref. 7 for details).

Be The Stanton Tube

The Stanton tubo .S.s' e modification of the pitot tube which gives

en indication of the shearing stress om a surface. It consists of a

——
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small bubs with o hole in its side (soe skoetch). The tube projects
a gmall distance (of the order of 00,0057} fron the surface on which

the friction is to be measured

and the opening in the side of u
J
1
the tube faces the direction of .
e ——
flow, The end of the tube is S—d
v I
.~
ground flat to form a ragor [
7777 F77 77T T FEOrTrTTTT7T7

sharp 1lip with the opening.
For @ disbance € very close

to ths gurfece (this would

hava}v to be within the laminar

sublayer in<ﬂows with turbulent boundary layers) we have approxzimately

Ty = P % = (P Ue®) —%)

whers ué is the effective wvelocity corresponding to the tube pressuro
readins end the subacript w demotes conditlons at the wall. The sur-
faco tube may thus bs ugefully employed for indlications of changes in
7, {sec Ref. 8 for example of use). Howaver, because of tho unpre-
cise definition of the quantity ,‘ Ug as 'masurad.by the tube and the
sx;breme sensitivity 'bov € , the hoight of the tube above the surfoce,
this method is not recommended for absolute measurement of 7, .

¢. The Hot-Wire A;qemo@ater o

The hpt-wiré anemometar depends for its meagurement of velooity
on the heat loss i‘roﬁx & very "smll diameter (of‘ the order of 0.0005%)
wife which is hoeated alectricaliy. For a given temperature differ-

once between the heated wire and the surrounding air the amount of



heat transferred iz p&opor*‘cicnal to the squars root of the mass {low
pu « In order to find the veloclty u from the mass flow ono umush
knew the deﬁsity P+ For the mecsurement of mean velecity in bound-
ary layors et low sposds, whore the offocts of cgmpreasibiliﬁy can be
noglocted, the hot-wire esnemomster is used as & calibrated iéstrument,
The calibratioﬁ is perfcrmed under ééntrolled conditions, for oxample,
in a wind twnnel with e low turbulence levol. In this range the sen-
sitivity and'decuracy of this insbtrument are woll establighed. AL
high speoeds the law of heal btransfer deviates considerably from the
ono at low spedéds. In particular, the effects of temperature and>denm>
sity pradients on the reading of the instrument under thess conditions
are not vet establighed (see Ref. 9 for some recent work on this sub-
ject). Sinco & hot-wire has bo be callbrated under condibions which
cannot be exactly reproduced during boundary layer mﬁasureménﬁs guch
effects may cause larye changsa in the ealibration constants. Unkil
the vbeahaviér of hotewires in higb.—-sp@eci,_ Particglarly superscnic, flow
is woll established it is fel that this instrument is unsultable for
procise measurements of boundary layer {low at high spesds.:
- D, Interferometer | J

This instrument measures directly the change in densiby with ref-
srence to somo known value (see Ref, 10 for an eccount of the theory
of operation of this instrument). Since the interfarometor leaves the
flow undisturbed, it sesms, at first sight, to be t}_xé ideal Instrument
for two~dimensional boundary layer measuremants.. Tﬁere ars, howaver,
sorious limitations to its use for such work. These are due to:

(2) Errors arising from the refraction of the light traversing



the koundary leyor. '

(v) Presence of side wall boundary layers in wind tumnels.

{0) Transverse oontemination of laminar bowndary layers.

The errors dus to refraemon are quite complex. As a ray of
1&@211: tmveraes the boundary layar it troces a ourved path instead of
a straight one due to the existence of density gradients in the bound~
ary ié.yer./ Thus two #ypes.ofvam:s are introduced as & result of re-
fraction. Tho first is in the optical path langth of the rey and tho
‘sooond in th position to which the indicated density correspords.
Fumep'éﬁors result fyom the faot that dus. o z‘éf:‘aaﬁon a ray of
1igh which enters the ‘turmel at right—e.ugles to the side wall leaves

 the bogh sea‘t:icm at an aztgle to the exit window or wall. This causes

_rsfrae‘aion thraugh the window, 80 that the Ioeatim of the apparent
B ox'igin of ‘ahe my 11 i‘nrthar in mor. A more aomplste disoussion of
these errors may be ronnd in Refs_. 11 and 12. lit iz suffioclent teo
nobe here that investigations of the megnitudes of the refreotion er-
ror show that the indicated density profiles in boundary layer meas- -
_ urements with an inﬁérfai‘dmﬁeﬁ zaay be in error to the extent of |
epproximatoly 10%. | ’

The mecond 1im1tation, tha.t of the pmsmoe or tunnal wall bmmd
a.ry layers, a.ﬁ‘ecta the measured density ainoa the m*carf‘erometer beam
b'b:'a.voraes bath the wall density fiald us wall a8 the one heing studis&.
tne met:hod of minimiﬂng this error 1ls to pass the referance beam of -
the interferomster algo through the test seotion and thus cancel the
effect of the wall boundary 1nyq§'a (Ref. 13).

The third limitation is of primary consequence in laminar boundary
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layor measurements, It is woll kmown (Ref. 14) that external distur-
bances cen causs transition of laminar flow to tho turbulemt type.
Obsorvations of laminar boundaryilayers on flab platss ghow that dus
to transverge contamination of the sides thers are elways rogions of
turbulent flow. Again the in%erfercmetér bean integrates the density
in thege rezions as part~cf the laminer boundary layer and hence gives
erroneous indications. | |

Tho above disoussion shows that acourate measurement of density
in & boundary layar with an intorferometer is far from simple., Ap-
proximate mothods of cérvactian have been devised by various workers
(Refs. 11, 12 gnd'lS). It is felt that the techniques so far developed
are inaéeéueﬁe, partioularly for taking the rather serious refraction
error iato account, In addition to these difficulties in the measure-
ment of denaiﬁy‘ona’still hag tho basic problem, mentioned befors, cf
obtaining velooity fruim.ktha reading of the instrument. Knowing p,
one still needs the distribubion of tho static tamger&tu#é through thoe
bowmndary layer for & calculation of u. ‘One may pz‘obcced to use theo-
retically caloulated tempefatgre diptributions in the boundary layer
{for example, in Ref. 18) or alternatively use a pitot tube to supple-
ment the interfercmeter. In thia connsation the use of a totel head
tube is considered %o be an improvement over the first method of as-
suning thooretical diétribu%ions of tompereture in the boundary layer,
~ and using the intarferom&ter as o primary measuring instrument. The
roading of a pitot tube (apart from errors due %o finite size) is pro-
pér%ioﬁal to eu? and, for all practical purposes, is independent of

thooretical assumptions. Hence thls, with an accurate independent



neassurement of e should give a fairly ralieble determination of tho

valooity.
2, Hsosurezent of Skin Friotlion by Direet Mothods

Tha above discussions show that exporimental determination of
skin friction by the indiroct method of velocity distribution meas-
§romanﬁ in thin bowmdary layers is subject %o many errors, The shear-
ing otress T, has *Z:o' ba determined by differontiation, either of
neasured velooity profiles or of slowly varying paramoters (the loss
of momentum in the boundary layer). Even when the quantitics to be
dii‘f’eran‘f:iatad are ﬁaemselvea measurgd couparatively accurztely the
rocults of differentiation can be gquites inamccurate.

The second type of skin friction measurement, relying on a di-
rect or bulk measurement, may be performed in principle in two waye:

(a) By & heat transfor meagurement. |

" {b) By a direct force determination.

A, Sikin Priotion by a Heat Tranefor Heasurenent

The first mothod depends on Reynolda? amlqu betwogen the trans-
port of momentum end the transfer of heat, If ¢, is the heat flow
por unit time from a wnit area of the surface, end £ is the hee;t

conductivity of the fluld, then

g, =k {3_7}
re 3)" y-.-.-o )
where 7 is the loecal temperature. The analogy with the expression

for tha intensity of skin friction is at once apparent, | For the case

. Cp
of twowdimonsional flow with the Prandtl musber k'u =/ the
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tomperature 7 is a parabolic funchtion of the weloelby u« alone, In
such & case the heat flow ¢ sand tho wall shearing stress 7, may be

explicitly related by an expression (Rof. 17} of the form:

S
y=0 !

whers

7 - temperature of free stream, /v = wall temperature

U = velocity of free siresm

M o= Hach numbor of frec shrsem

In the above rslation assumptions of laminar flow and equal or-

ders of mgnitude for the viscous end thermal boundary layers are in-
herent. It is eesily ssan that esbimates of skin friction can be ob-
tained by weagurement of g ond the othar gquantitiss invelved. For
eeses when the Prandtl numbor differs from wnity bub is constant and
the flow ia bturbulent, similar pelations bobweeon the heat trensfer
and the skin friction may bs derived (Ref, 1.8). Thase relations, how-
ever, are not exach and slthough they do indleabte the exlstencs of &
roelationship between @ and ¢, , they ere by themselves not reliable
anough to form the basis of mensuroments for %, » In such cases sali-
bration procedures have to be relied upon. H, Ludwieg (Re. 19) has
suscessfully used this principls for tho meamsurement of wall shearing
gtregsos in turbulent flows at low speeds. His instrument conslsts
of a small elesotrically heabted slement flush with the surface on vhioch
the measuremendt is to be mads and thermally Insulated from it., 9% is
measured by the amount of slechbrical energy supplied %o ths element.

The bomporatures of the slament and the froo gsbream arc measured by
e
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tkzertmcouples. It nust be pointed out that in this case the genersl
relation betwoen g, and 7, must be modified to account for the fact
that the thermal layer end the» f‘riz_;tion layer do ndt originate at tho
seﬁe point. Ludwieg calibrated his instrument by measursments of g,
with Inown velues of the friction foﬁoe, 80 .tha“u his measurements are
not affected by thepretice.l assumptions on the reletion between 7
and g « The use of this type of instrument for hizh-~gpeed flow in-
vestigations has, however, one sarious drawback. It is extremoly dif-
ficul*b. to provide knewn shearing sﬁmaées for calibration purposes.
For instanoe, it is no longer possible to use the known relation at
low speeds bebween pressure drop in a two-dimensional charmmel and the
shearing stress on the walls. Furthemdre, it is open ‘«:6 guestion
whother a heat trensfer ingtrument calibrated in flows with fully de-
voloped turbulent boundary layers ocan be used for the meesurement of
sldn friotion in laminar flows, snd vice versa., On ecoount of these
dif‘.(‘iculjbias it was feolt that a method ﬁaaauring the shear fores di-
réotly would be superior to the heat trensfer matho&;
| B, Direct Force Moassuremsnd

In prineiple this method is very simple. The f‘ric‘t:icmalA force
is allowed to move & small element of +the surfece in the direction of
the flow, and egainst some restoring force. This movement i cali-
brated to indicete the megnitude of the force. Thls method wes used
by early investigators lile Froude and Fompf in determining the fluid
rosistance of bodies in water. A more recent eppliocmtion is that of

Schulte~Grunow (Ref. 20), who used it for measurenents ol 7

> in @

low-speed wind tunnel. Since thig method dves not roly on amy
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physical asgumptions ragnrﬁiﬁg the neture of the boundery leyer {low
it is inherently very sulteble fcr surfece friction measurencnis.
There are, however, several difficulties and possible sources of er-
ror in the aei:ual usa _c‘)f this principel, especially for applicetions
%o supsrsonic flow. The moving element has to be soparated from the
rest of the surfa.ée by small gaps. These may cause changes in the ve-
Jooity and pressure distribution in their immediate vicinity and so
distort the measurementss Again, for local messuremsnis the foroe
elemont has to be very small compared to tho dimensions of the bedy
on which the friction meaéuremn’cs are to be mede. This is of spec~
ial importance in cases wher_e there ere large pressure gradients in
the direction of flow. The mgniﬁuﬁe of the friction forces on a
anall element ars bowund to be s:nalrl sc that the ferce meesuring moche-
anism has to be extramﬁlj' sensitive. Investigations of thesge diffi-
culties showod that neverthsless the direct force measurcment method

was quite feasible emd prastical,
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IXI. DEVELOPHENT AND DPESIGH COF THE SEKIR FRICTION INSTRUMENT

Although the principle underlying the direct measurement of skin
friction (es outlined in the last seotion) is quite stralghtforward
ite sctual application to flow measurcments is far from simple. This
is especially,‘crue f‘or.‘ measurements at high speeds. An ins*‘oﬁman‘a
based on thig princiéle can be used with confidence only after rether
extensive investipations and considerations of the features likely to
infz*qduoe errors in the méasuremen‘c. This section will be concerned
with the investigations migertaken t;: -evaluate the applicebility of
the direct skin friotion measuremént method and the design of an in-
sﬁnment baged on the reaulﬁs of thgsa investigations.,

The main features to be mveatiga«z:ed in determining the actuel
feasibility of the method. m.e.y be briefly summed up as follows:
(a) Effect of the gs.p?z in the surféce on the skin frietion meas-
urement. ‘ |
~{b) The practicability of accurately meesuring small forces with
apperatus having extrewely small physieal dimensions.
(¢) The effect of external vibrations and temperaturs changes on

the instrument during measurement.
1. Effect of Gaps

That the gaps bebween the surfree of ths flet plate and the force
element may have soms effect on the force measured is guite cleszyr fron
the fact that in the gaps the condition of no-slip et the gurfece is

no longer satisfied. The break in the continuity of the boundary may
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be regarded 2a a su&den disturbance in the slope of the velocity pro-
file et the wall (thet is, tho shearing stress 7, ). The magnitude

. of this disturbance evidently depends on the dimensions of 4the slot
as well es tho charmoteristics of the flow in its vicinity, The fmch
that for small surface gaps the disturbance in pressure is negligible
forms the basgis of the well-known method smployed in the measurement
of gtatic pressures in moving fluids. Bince pressure and velocity
disturbances are related, it is roascnable to expect that for smll
geps the essociated velocity disturbence would also be smell. In or-
der to substantiate this heuristic reasoning end to arrive nt a some-
whet more precise idea o_f the “emallness® of the gaps which would nob
disturd the v;gloci";y profile, tests wore made on flat plates with
‘slots in the surfece. A slot width of 0.01" was used for the study
in su‘peisonio flow. This slot dimensicn was chosen as being & procti-
cal onae for actual usze in the instrument to be developed. The flow
&ver the plete surface was obsarved by msans of Schlieren photogrephs.
Figs. 1 and 2 are typloal Schlieren photographs of the flow past the
slots with laminar and turbulent boundary layer respsctively. It was
found that the plate surfece end the slement hed te be in the seme
plane %o almost an optloal degres of flatness before the shock waves
dis,;apéeared on the Schlieren. The laminer boundary layer photograph
(FPig. 1) indicates no detectable disturbances due to the presence of
the slobs. In the Lurbulent cese (Pig. 2) (thoro being o steeper ve-
looity gradient at the plate surface) very faint waves can be seen

. originating et the gap locatlions. In order 4o estimate tho sbrength

of thesoc waves, an attompt was msde to measure the pressurs rise



through them by means of & 0.04" dlameter static pressure probe and
an alcoliol manometer. No indicatio;z of pressure variation could be
ocbtained. . Since expafisnce wiﬁh.similar prebes bas shown the instru-
mant to ’bé en extremely semnsitive one, it was concluded that the ef-
foot of the slots was negligible, This conclusion was further oon-
firmed by & detailed exploration of velocity profiles in the vieinity
of & sample slot. The profiles on a flet plate with a relatively
large slot of about 0.2 ecm., wers measured with & 0.0005" diamster
platinum hot-wlre. Since the boundary layers at high spoods are too
-tbin to ellow accurats profils detammatioa, these measursments wers
carried out in 2 lowegpeed wind tunnel, The boundary layers were
reletively thiok (about 1 mn.) smd tne hol-wire measurements quite
acourate, In order to reta.;.n some mesure of dynamical aimilarity
with the alot in the 1ligh speed tunnel, the Reynolds number based on
the gap widﬁh and free stream velocity, density, end v‘isoos:?,t;} was
lept approximetely thes same in the two omses. The results of these
meegurements are shoﬁm in Pig. 8. The slope and shape of the veloocity
profiles in the viecinity of the slot, end hence the shearing stress,
ig geen to be easentiallv vzza.ltered by the presence of the slot. It
ie interesting to note the profile measured in the pgap itself. 4

- gmell finite velocity is indicated at thé well level but the slopes of
the rest of the profile is not sensibly affested. The profile immodi-
etely behind the slot does not indleate any trace of the distuwrbance.
The velocity profiles shown in Pig. 8 are fer a turbvlent bowndery
leyer on the flat plate. The effect of the gap on a surface with

leminar boundary layer would bo ove: less.



2, lMeasurement of Small Forsges

Almwst all the usual mothods employed in the measuresment of
small forces have ome ocomraon feature in that they all utilize e small
linear or angular movement produced by the forge being memsured o-
rainst soms mechanicel restoring force. i‘ha‘principai motheds avail-

ehle are:

(a) Mochanical devices ufilizing the torsion of & thin wire.
(b) Optical methods.
(o) Resistance wire gagea.

(d) Reactance gages.

The mechanical torsion wire is essentially very simple end is
utilized extensively in laboratory measurements of emell forces (for
exemplo, surface tension of liquids). Considorable effort was ex-
pended ‘in an abtempt to er«#ploy this method for the messuramenty of
- gkin friction foroes. 4 tevét setup, however, showed thet i could
not be used to advantage with ccmplicated lover s;mteﬁé which would
destroy the simplicity and accuracy of the method.

Among the opticel methods, the uss of inberferometry for the so-
curate measurament of small displacements is well lmown. The exirome
senpitivity of this method, hmér, requires almcst perfest vibra-
tion isclation of the optionl eloments and tﬁus ankes & practienl op-
plicetion in a cese like the present eitremely difficult. Two othor
opticel methods were investigated. The first of these emploved opti-
cal levers to magnify smell enguler changes, while the second used

the foct thet the width of the diffraction pabttern from 2 nerrow



rectanguler slit is proporiional to the width of the aiit. ¥hile ex~
tremoly simple in their epplication, thess methods were found to be
not accurate enough.
| The résiétance‘strain gage, extaonsively used in experimentel

struchural analysis and recently a‘lg;) in wind tunnel belence syshtens,
works én the principle that a change in strain in a thin conducting
wirs is acdompanied by & chenge in eiectricai registance of the wire.
Since the pereentage change in resisﬁance is of the same order of
megnitude as‘the peroantage strain‘and the wire material cannot be
stressed beyond its elastic limit, rathar elaborate alectrioa‘). sguipe
mont is necessary for presision measuréments with this type of goge.
Its use i8 further somplicated by the necessity for temperature come-
‘ pensation, for changes in tempsrature would directly affect the rosis-
tance of the strain gage wire. A teost apparatﬁs employing the wire

strain gage showoed that this method did not have the mcouracy or ste-
bility required for the measuremsnt of small forces of the qrder of
100 milligrams. | |

~ The reactance type gege is similar to the resistance geze inag-

mucﬁ as it also employs é meoh&ﬁieal movement to produce a corres-
ponding change in an slectrical guentity. In this oase, however, it
is possidble -for the peroentage change in reactance to be several ore-
dors of magnitude larger than the percent mechenioal change. The
change in reectence can thus be easily and aceurately measured. The
particular form of reactance gage or plck-up chosen for the present
epplication is a small 5/16" diamétar, 7/16" long variable difleron-

tial transformer menufactured commercially (Scheevitz Engineering
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Company, Camden, New Jersey). It oonsists (see Fig. 4) ossentially

of three coaxial colle, one primary and 4wo secondarics. A small iron
core x’omav the controlling element of the transformer. The primary
ooil is emergized with high i‘reqizenéy (20 ) A.c.‘ so thet the sole-
noidal foros on the core is ef’fec‘{:ivély eliminated. The outpub of the
seéondﬁry coils cor'mqoted in opposition is a function of the oore posi-
tion (Pig. 5)¢ The sensitivity of the transformer is of the order of
0.03 volts per 0.001" core displesement at 5 volts input to the pri-
rery. This corresponds to a full-soele deflection on a Hewlett-Peckerd -
Veouum Tubse Voltmeter. The output ohé.nge is large snough for measure-
ment of core movements less then 1/10,000 of an inch to epproximately

1% accuracy.
8. Effect of Extornal Vibrations end Temperature Chenges

Binoe the ekin frietion instruz;xent wes intended for use in wind |
tumnels which are always subjeot to vibrations, actual measurements of
the frequencies and smplitude of the tumnel vibrations were made with
& standard vibration enalyzer. Thase‘maasments showed that the
predominant sxbornal frequencles wore at epproximately 200 cycles/ses.
a.nd 20 c_yeles/see. The maxime amplitude of vibretion wes ébout
0.001" at the lower freguency. In view of this the core suspension
systen of the instrument wus deaiéned with a natural freguency much
lower (aboudt 5 cyaies/&ec.) than the external vibrations. Since the
extornal ’v'ibmticns eotually have a conbinuous frequency spectrmm
raother than just discrete frequencles, i¢ is im:ossiﬁle to entirely

oliminate the affect of _theae vibrations. A4s a result the transformsr
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core may oscillate to a smmll extont sbout some mean pesition or may
be éi‘feotively displaced frcm S;ts rest position. It is therefore im-
vportant to cperate qiz & part of the ouwtput curve {Fig. 5) such thet
the oscillations do not make the core cross the minimunm or "éero“
poin’%; of the curve. Tho effect of the extamal vibre.tiona wag further
minimiced b,y viso_oua aamping and distribution of the mass of the oe-

" oillating system so that its cenmter of gravity and center of percus-
slon were apperimtely coincident.

The transformer pickup m# testéd for émpemture effects and it
wag found that temperature changes of X 209 have mo effect on the oub-
put, In the actual design one further precaution would be required;
~ The link systam carrying the cors m\mt be so designed that thermel
',changea leave the core position unaffoected. |

To summrize the sbove investigations the following design re-
quirsments were set ﬁp for the shearing instrument.

(é)' ﬁm ingtrument is to bo uveed primarily for two-dimzis;eml
mesgurements. in the GA@IT 4" x 10" Transonio Wind Tunnel (aeé Ref.

21 for dosoription). The amall sige of the test seotion demands that
» the ingtrument be of extremely small dimensions. | _

{v) The mvinb element and the {1st plute must et ell times be
et the same level. Even amall inclinetions {of the order of 1/50th
of & degree) of the element would Introduce large errors in the
noasured forees. The gaps between the i‘orce element and the plate
surface must be as small as possible.

(c) The foree measuring system nust be sensitive enough to moas-

ure akin friction foreces in both leminar end turbulent bounda.éy layers
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in the aveilable .ra:xge of H¥ach number and Reynolds number (¥ = 0 to
1.5 and Reynolds number = 194 to 10%). This corresponds to shoaring
sbtressos ranging {rom approximately 1 milligrem/eq. cm. o ebout
1 grm/sq._ om. |

{da) The instrument readings must be lmnune to vibrations from

the tumel and to temperature changes.

4. Description

The instrument déveloped je showm schematically in Fig., 7. The
ﬂat"plate'uaed for tho measurements 1s supported from the cgiling of
the ‘tu’;r\.‘nel. The small 0.2 em. x 2.0 cm. moving element is supported
by a spesially designed four-bar linkage which allows it to translate
i_nvtha piane of the plats without rotation. The r§ctangular slot in
the plate thru which the foree element is exposed to the flow has amo-
ourately lepped sides. ﬁze gaps at the leading and trailing edge of
_‘che element are appraii@tely 0.004" and 0.008" respectively. The
' element is lepped flush with the surface of the plaﬁe efter assermbly.
The degroe iof‘ fletness is checked by means of interferencs frinpes.
The flexurs linksA in the suspensicn system can be replaced.by links
of various thiclmess (0,005", 0.01%, 0.025") thusz providing a large
range of variation of the restoring force. lovement of the force ele-
ront is conveyed to the core of the transformer by & non~conducting
rod and motal yole afrangem@nt. The transformer is hsld in posii:ioni
by & brass cage which can be adjusted for position by moans of set
serewsd. The linkage aséembly seats in recesses in the flat plate sup~

port which also sorves es a strean-lined windshield. The damping of
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the force element is obtained by two dampers which are eai'ried by the
voke of the flexure 1ink‘assemb1y and ero irmersed in Dow Corning
Silicone Fluid of 500 centistokes viscosity. The ares of the surfece
ef the dampsers was adjusted to provide slightly less than eritieal
damping o tho oécillating syster. The mass of the dumping system is
also utilized to obbain coincidense of the center of percussion and
centor of gmvitj of the linimgé. - The effectivencss of damping and
vibration isolation cen be seon from the semple calibration curve in
Fig. 8. Calibration of the instrument is obtained by moans of & pul-
lsy arrangement with jewol bearings. The pulley was constructed from
magnesium (for lightness) and balanced in rotation so that it intro-
duded no errors in calibrﬁtione The frictional torgus of the jewel
bearings is of the ordor of 10°% mgm.-on. end hemco is negligible. A
single fibre nylon thread provided tho means of attaching smell frac-
tional 'aveighfs to the linkage during calibration. Sample calibretions
indiceting the repeatibility end lineerity of the force moasuring
systen may be seen in Plgs. 0 and 10. The entire force linkege and
coll system ia encloaeﬂ in the windshisld which has a fronbtel area of
1/4% = 2 1/2". When in use, the inside of the windshield is sealed
off from the flow, excepting for the gaps eround the force olement
itself., These g&pé serve as _vents for equalization of pressure be-
twoon tho inside and outside of the force element., The electrical
leads are likewise semled. During operdation, the pressure across tho
gaps could be observed on sn alochol manometer. One lead of the
mancmeter was cormected to a static piessure orifice on the plate Just

ghend of the element aund the other indleated the pressure inside the
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windshleld
6. Elsctronio Equipment and Clreulit Debeils

&4 dlook diagrem of the manner of use of the skin friction instru-
ment is shown in Fig. 6. A precision Hewleti-Peckard low frequency
" oscilletor acted as the power supply for the differential trensformer.
~The output from‘the sscondaries connected in opposition was read on e
HewlottPackerd Vacuun Tube Voltmeter to an acouwrasy of £ 1%. Since
the output is directly proportionsl to the input, the latter wee al-
woys kopt at the same fixed velue before taking a skin friction recd-
ing. In order to avoid errors introduced by switching, & second
vaouum tube vblhaeter was used to read the input to the primery ocoil
of the transformer. Th§ wariobls 'mgis{;ance of 20,0000 (sixwm in
'Fig. 6) seross the secondary coils of the transformer mit wes found
useful in reducing the magnitude of the output at the "balanse point”
(symetrical earevpoait:!.on) ta‘ approximtely 0.001 volts. This ef-
| fectively increased the range of readings on ﬁhe voltmoter éoala.
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IV. INCONPRESSIBLE FLOW IEASUREIRETS

At low speeds the essumpbion of insompressibility of the air ig

a close approximetion end leads to conaidemble simplification in
'cheoreticaljreatmnt of the boundery leyer equations. This i.s O8pPOs~
' ielly importent for the cass of leminar flow past a flat plate at gero
incidenoe, for in this case an exact solutipn of the Prandtl eguaticns
is possible. This is the well«lnown Blasius solution. For the mugh
more complicated oese of turbulent flow, theoretical salutioné_ of the
equations are not possible. Howaver, es shown by Prandtl, vﬁn Kamn
and others, even for turbulent flow important theoreticel dedustions
regarding the skin friction and nature of the boundary layer flow cen
be made. The logarithmic lew for skin friction at 'high Reynolds mume
bers is & wail-lmown oxample, ' '

| 15 order to egtablish the general validity of the present method
of meamement, the sl:ih i‘rin%ion ingtrunent wes adapted for ressure~
ments in low—speéd ﬂoﬁ‘ Two types of flow were investigated, the so-
called Blasius flow and fully developed turbulent flow past & flat
plete. It 1s believed that the rogults of this investigetion, apart
fron confirming the escuracy of the method of messurement, have some

intorest and wvelue of their own.
1. Experimentel BEquipment and Sebtup

The genersl experimental arrangement for the low-speed moasure-
ments is shown in Fig. 11. The GALCIT "Correslatiorn” tuunel wae used
for this investigotlon. This is @ specielly designed wind tumnel for



~ turbulence meusurements, with & very low free stréam turbulence level
(u' /U of thoe order of 0.05%).

Sinee the mgni‘.;uﬁe of the shecring stress 7, at the low speeda.
and Reynolds numbers (U & 400 cm./sec. tc 1600 cm./sec. and Reynolds
rumbers ebout 6 x 10% to 6 x 10%) ie extromely amnll, being of tho
order of 1 milligram/sq. cm., the smmll (0.2 x 2,0 cm.) element of
the instrument wes repleced by a larger one meeswring 1.15 om. =
6.3 cm. Phosphor Bronze 0.005" thick by 1/4" wide flexure links were
used instead of the reguler 0.01" thiock links. This increased the
sensitivity of the force measuring system by e frotor of epproximtely
4. Tho instrument was abteched to the flat plate by means of e mebal
voke, as shoem in Fig. 11. The surfece used for the low-speed bound-
: ary layer messurements wes a sherp nosed 12" x 36" flat plate made out
of B/16" thick plastic material, The surface of thias plate had a
highly poliched £inish. There'was, howeaver, some 1rraguiar5.ty pz;eeen*b
in the form of waviness in the surfnce. No ettempt was made to remedy
thia beoause the amplitude of the suriace waves W&s“"soo small (of the
order éi‘ 0.005" in a length of 2') to be of eny significance. The
shearing sireoss instrument could be _Iccafed in two elbtetrnative ?osi-
tions on the plate. The ohange in position allowed an additional
veriation in the Reymolds number (that ie, in eddition to the change
mode possible by free strecm velocity changes). The messuring elo-
ment consisted of a smrll plece of the plestic (identicel with the
plete material) rectanguler in shape and attached to the force linmlk-
epe so that the. lower surfoce 63‘.’ this elemont was flush with the sur-

rounding plate surface. The element was separeted from the rect of
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the surface (on all four sides) by a 1/52" wide gap. That the elemont
was really flush with the plate surfsoe could be checlked accurately by
means of en optical arrangement oconsisting of & rei’ledting surfnce and
& n‘agniijring lens, The foros linlnge system was shiclded end secled
off from the flow by a stroamlined brass ehiold. Total head profiies
could be measured et either losation of the ghoar stress measwrement
by mesns of & total head tube and a pc:;mbla micrometer head with e
least count of 0.0l ems. The total head tube dimensions are shown in
Fig. 12, A precision aleohol merometer of the Zahm type wes used for
the m&e@m‘h of pras‘aﬁres. Total heed or static pressurs tmmmaé
gould be mﬁe in the direction of flow by means of & motorized tro-

VOorgde
‘2. Experimentel Method

A. leminar Boundary Layer |

In order to establish the type of boundery layer flow, velcoity
profiles were measured on the gurface of the plate for a rance of ve-
locities covering the Reynolds number range ovor which the shearing -
foros wes tc be measured. These profiles (Pig. 12) showed éeéd egres-
ment with the ﬁheomtibal Blagiue profile. That the Llow was indoed
laminer weg further substantm‘sed by observing lawinar bowmdary laoyer
ogciliations (?ollmicn-échiiehﬁing waves) by means of a 0.0005% die-
moter platinum het-wire placed near the surf‘acs‘of‘ the plate (approxzi-
matoly et a distonce of 0.1 Ce ) The regular laminar oseilletions
could be changed to randem turbulent fluctuations by introdueing dis-

turbancee in the boundery layer shoad of the point of measurement. In



addition to subsbantieting the pressure profile measurements, this

| precaution served another significant purpcse: it removed any suspi-
aion that the foroe of friction measured by tﬁe shearing stross in-
strument was due to anything other than purs laminer flow. It is
Imown that lmimf flow does not break down ot & definite {tims-inde-
péndent) distence fyrem the 1eadihg edge. Transition to turbulent flow
is evidencad by the aﬁ;gearcmoe of "burets” of turbulent fluctuations
(se? Ref. 22) superposed on the laminar ooillatibns. In cese such
"burs.'hs"wex‘a present, the foree maﬁre:mnﬁs would not correspond to
purely leminar fricticn.

The ectual shearing force measurement consisted of taking the
difference of voltmeber resdings with end withous flow for ewch point
moasurad. This process eliminnted eny posgible errors due Lo zero
shift in the mauring systom. In the earlier sgtages ¢f the experi-
mente , the instrument was calibrated befurs and alter each set of
shearing force measurements. Since the calibration (Fig. 9) did not
perceptibly changs, tfxia process ‘vm;s leter roplaced by cne of making
periodlc cheoks. The calibration remeined consbtant during the entire
duration of the messurements to better than 1%,

It was not possible to Tulfill exsctly the condlition of zero prec-
sure gradient requifed by Blesiuvs flow. However, the devistion from
%‘ = 0 wes small (—%E less then 1%) in the range of the mOBSUrO~

ments reported, and it wams possible to adjust the plate in pitch to
give mpproximately & constant favorable prescure gradient. This wos

actually measured and the force meagsuremonts corrected accordingly

when malking the comperison with theory (ses page 36).
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Since'the,forcc measuring system of the skin f{riction instrument
is essentially e suspension it is affected by tilt of the instrumap .
In order to determine and mcocount for the error introdused by changes
in the a‘_;’citude of the ingtrument due to deflection of the .i'lm‘s plate,
‘the i‘dllcwiﬁg procedurs was adopted. The element was covered with a
gtresml ined ehield which left it free %o move but shielded it com-
pletely from the flow. The difference between tho "no flow and "with
flow® resdings then gave the effect of the plate tilt. This error was
determined for iﬁe entire range df velocities since the plate deflec-
tiqn is dependent on the air loads of the system. Fig. 13 shows the
effect of plate tilt on the instrument. The mean curve of Fig. 13 wus
then used to correct the instrumsnt readings. The maximum correction
was less than 10%., The scatter in Fig. 13, at ebout 1300 em./sec.
free stream vélooity, is due to excessive vibration& indueed by reso-
nance ﬁith e natural wmode of oseillatioﬁ of the twmnel. The above
proosdure of corrsction was neosssary.only for thé measurements made
at the forward looation (x = 28.6 ams.) of the instrument. For the
reer location (x = 58,0 cms.) the plate support was modified to in-
crease its rigidity. This effeotively eliminated any plate tilt.

48 will be noticed from Pig. 14, the scatter of the experimental
points 1s congiderably less at the rear location than in front. Dur-
ing all tho measurements precautions were pakan %o ensure thet there
was no flow thru the paps between the forecs element and the plete.
This waa done by seeling the windshiecld cnto the pleto and checidng
the prossure difference betwesn its inside mnd the plate surfece on

an alcdhnl U~tuba.
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B. Turbulent Boundary Layer
The experimental procedure for the skin friction measurements on

the flat plate with turbulent boundary layer was essentimlly similer
to that adopted for the leaminar case., The boundary layer was tfipped,
that ls, made turbulent, by a rouchmness element at the llead.'mg edge.
Thetype of flow was identified by tho shape of the velcoity profile
(sse Pig. 12) as well as by the random fiugtuations shown by & hot-
ﬁm _placed close to the flat p}.ate surface. That the partiocular
manner in which the boundary layer was tripped ﬁas of no essential
importance to the skin friction memgurements was ascertained by caus-
ing the transition in different viaya (for oxample, raising the i-‘rée
strean turbulence level with the help of wimv soreens in the tumel;
or alternstively by adjus‘cing ‘Ehe plate orientetion so that the stag-
nation point on the leeding odge was located cn the side opposite to
_the surface of meesuremaent). In ‘ali the momsurements reported here
the boundary layer was tripped by a single roughness element, & wirs,
at the lsading 'edg,e' ‘mi‘ the flat iplate. ~ This method wes adopted in
pmf’era:wé to the otheors because it gave & convenlient method of fMue-
ing the point of transition aimost at the leading odge of the flat
plate., Thus, we oliminate any erbifreriness about the length entor-
ing into the calouletion of the Reynolds mmber of ths turbulent
bouwndary leyer i‘lcm‘. That the bowmdary layer was really turbuleni
closge to the londing edge wms confirmed by e totel hend tube curvey
in the direction of.f.‘low with the tube touching the plate. The
change from laminar 4t;o turbulent flow is then indiceted as a sharp

rise in btotal head loss by the total head tube.
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8. Results and Discussion

A. laminar Boundery layer

The direct skin friction measurements are shown in Fig. 1¢. They
cover a range of Reynolds numbers from about 6 x 10% to 6 x 105, 1In
comparing the experimental valﬁes with theory, the values of the
shearing stress, as indicated by the instrument, wers corrested for
exporimental error due to plate deflection and the effect of presém'e
gradient., The method of correction for plate deflection has been dis-
cussed before. It applied only to the measurements at the forward lo-
cetion (x = 28.6), since at tho resr location there was no deflection
of ’*bhe plate and supports. The effect of pressure gradient was talen
into account by use of Karmen's integral relation for the bowndary
layer. - Since Z—Z— wes not exactly sero its magnitude wes sscertained
by sotual memsurement. Fig. 15 ahowa- these pressure gradient measurc-
monts. It vill be noticed from Pige. 15 thet at any given waluve of

fres stream velocity at the point of messurenment , hes very nearly

9P
S dz
e constant value over the entire length of the flet plete., Using this

fact, the momentum integral relation ‘my be writton for a given point

as:
aCr  H+2 dp
Cs, g dz

whers
¢ = ¢, ¢

is the difference of the locel sidn friction scefficient from the
Blesius velue (g

H w ratio of displacement to momentum thiskness



g = 7/ p. U? = dynamic pressure of free streen
dp

=" constant pressure gradient over the flat ple.*‘e
Thus for & fixzed walus of’ x and g , Imowing the pressure gradient
end using the Blesius value of # = 2.605, the effect of prsssure
gradient can be estimated. That ﬁhe use of the Blaeius value for v
is justified for the purpcse of such ealculations may be seen i“rom\
‘t}w,pmii‘ilas of Pig. 12, ﬁhioh ahqsr that for the small values of S’%
the departurs from the Blasius profile is aligh{:. All the measured
values of (; shown in Fig.‘lé_ have been sorrected for the effect of .
pressure gradient in the manner outlined above. The magnitvde of the
naximm correction was of the order of 8% in ¢; . The agreement with _
the theoi‘etical straight lines of Blasius is seen to bo excellent, |
The exporimental -poin‘bs shorm in Pig. 14 aro the results of sgeveral
observations taken at differcat times and to soms axtent indicate tho
repeaﬁability of tho mesagurements. Also sh:wm on the sams figure ars
values of obtalned from the profiles of Fig. 12 by measuring the
slope at the wall end correotirxg for i‘;— offect.

From the discusslion it is evident why the few sc«atﬁsred experi-
rents on flat plaue skin friction often give too large wvelues of C; .
The reagon fer this i1s the extreme sensitlvity of the laminer leyer
to pressux?o grédien_ts. 1If the pressure gradient is slightly negative
the layer is stable end laminar, but the skin friction too high. If
the pressure gradient is slightly positive, turbulent "bursts” erc
likely to eppear end (¢ is measured toc large sgein,

B. Turbulont Boundary Layer

The measurcments of local skin {rietion with turbulent boundery



layer on the plate were also corrected for pressure gredisut effect

| in a mamer Eimj;lar to‘the ong adopted for the laminar case. For

ﬁq»a purposes of this correction, values of H and 6 were obtuined by
‘agsuming & power law veloéiﬁy profile in the boundary layer with a
power index of 1/, The megnitude of the corrections in this cese
was of the order of 2% in G . Fig. 14 shows the excellent egreement
between tho emperimontel values end the theoretical curve given by
Farmén for the skin friction on a flat plate ’with turbulent bowndary
leyor. This agreement is believed to be fortuitous to some extent,

for the constents in Karman's logaritimic relation

‘72—7 = A+8 tog,, -\[Fc?

are not predioted by theory but have to be dotermined from experiment.
%e velue of A and 8, as found from the pregent experiments,b wag
-0.91 and +5,06 respectively es compored te 1.7 erd 4.15 in Karren's
fomla; This differsnce in the constants is perhaps to be attribubed
to the fact that 4 and 8 erc not sbsolute constants but depend some-
what on the conditions of experiment, for example, on Reynolds number,
ato. One can only &onelude ‘{:hat the logerithmic formale of Kermom is |
a fuir sppreximation for incompressible flow. Due to the limited
range of the tunnel turbulent boundery layer flow at Reynolds numbers

higher than 6 x 10% could not be studied.



V. CONPRESSIBLE FLOVW HEASUREMENTS

It was origloally intended to investigate two simple represente-
‘tive types of viscous compressible flow, namely the éteo.dy lominar and
turbule:nﬁ flows on en ingulated flet plete with zero pressure gradient.
It has already been pointed out that even in the incompressible flow
nmsuremonté §onaidemble dii‘i‘iculf_ies were encountered in obta:m.’z.xig
experinental conditions vhich olosely epproximated the conditions form-
ing the bagis of theoreticel an#lyses. In the caso of the compressible
~ flow maurMs, the additional limitations imposed by small size ofv
the wind tumel and by the effocts accompanying compressibility werefl
somsbimes so aevere that they resulted in either changing some of the
original aims_ior even abandovuing‘them.' For ingtance, it was highly
desirable to obtain sldn friction measursements for the oase of & lami-
nar boundary layer, for whioh rather extensive theoretical information
is av_a-il:&ble. Experimentally, however, it wes found impossible o
min‘baiu laminar vflow without ra_tiwr strong favorsble pressure gradi-
ents (éae pags 47). Bence, the measm.'emlents. in the laminar case had
to be restricted tc a single set of meagurements of skin friction with
known pressure gfadien‘ts._ If the following peges indicate a lack of
oompie‘ceness and continuity 1t is largely & result of featurss in-

herent in the phenomenon being investlgated.
1. Renge of Wind Tunnel

The investigations were carried out in the 4" x 10" GALCIT Tren-

sonio Wind Tumel. This is & eontinuously operating close return typs
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tunnel equipped with air filter, silica gel dehumidifier, and a flexi-
ble nogzzle (Ref. 21). The Mach number range of this wind tunmnoel exe
tends fyom é,bout Mo 0.25 to B = 1.57 Sinse £ll the skin friction
meagurorents were carried cut et a f}l.xeé location of the force meag-
uring eleoment, the possible means of Reymolds number control were
iim'cgd to: - ) |

| () Veloeity changes

o (v) Stagﬂafion temperature changes

" (6) Stagoation pfeasure changes | |

0f these, tho last two leave the Mach number wnaffected and henos are
very suitable for iscla;ting\ Reynolds number effects from Mach marbor |
effects., Unfortumately, tho range of ﬁeyz'mlds»number variations pce-
sible by those meuns wes extremely limited in the présent caso, and
for ell practical purposes changes in Reynolds number were possible
only through Mach number changes. The available renge of Reynolds
nmbe'rs wos thus ocnfi#ad’ to apprqximtély R = 3 x 10° 4o 1.2 x 105,
Since oxperimontal limitetions soverely limited the investipgation on
laminar bowndery leyers, the main port of the compressible ficm‘ meas-

uremonts were oonf'ined to turbulenit boundery layer flow.

2. Dxperimontal Procedurs. Turbulent Boundary layer (I = 0.2 %o
M & 0.8) '

The size of the flat plate and the general arrengement is shown
in Pig. 7. It will be noticed that the flat plete has a sherp lead-
ing edge, one side of the plate (the measuring surface) being parcllel

to the flow. For the ocase of the hizh subsonic flow messurements,
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this coui‘iguration sarved to produce turbulent boundary laysrs siarte
ing at the leading edge of tho plate, the stagnation point in this
xfé::g@ being on the surface opposite to the messuring surfece. How-
evor, in order to remove amy ‘doubt regarding the nature of boundary

' layar flow for most of the‘ turbulent boundary layer measuremants, e
0.005" diametoer steel wire cemented about 0.2 om. from the leading
edge of the plate was used as & trip. Pig. 16 shows that the experi-
ﬁental ;:Lc::!.n;txsj with and wiﬁmut the wire "trip agree very woll. .Aa
shown in the skwtoh (Fig. 7); the flat plate does not quite span the
width of the wind tunmel. Pravious experiencs in investigatinz high-
epeod flow phenomenon hed indicated that tho side wall boundary layer
offects were minimized by shortening the span of two-dimensional
models an amotﬁt equal to the displacement thiclmess of the bowndary
layer,v." In the préﬁent case this anounted to approximabély 1/4" on
either si.de of the flat plate. Dotashable side pisces ocquld be in- -
stalled on the flat plate so that it effectively spanned the entire
span of the ﬁm;xel. As a mattar of §recaution » 8kin friction measure-
ments wore made both with and without these side pieces. Fig. 16
shows the agroement beiwsen these measurements. Fig. 17 shows repre-
senﬁatﬁ.va‘veloeity profiles measured with a Sotal hesd tube end oom-
puted on the bagis of constant energy per wnlt mass through the bownd-
ary layer. The turbulent boundary layoer skin friction measurements
ghown in Flg. 16 are the resgl’ce of some olght separate gets of obper-
vations. During these measuraments every effort was rode to eliminate
or agcount for Verrors'whiah might affect the relisbility of the ro-

svlts. The following points wers especially lmportant.
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A. Pregsure Gradients

Fig. 18 chows representetive pressure distributlons measured with
a gtatic pressure probe end an alechsl micromasnomeber. Since the
probe travel wa‘s linited, 1% was not possible t? obtain the preasurs
distributions over the ertire length of the plate, Nowever, it is
kmown from previous celibration ohecks of tﬁe flow in the tunnel that
the flow 1s quite smooth, so that the pressure distributions shown in
Fig. 18 extend continuously in either direction, As seen in PFipg. 18
the pressure gradients are gquite small bubt not zero. To estimabte the
_ effect of these gmall pressure gradients on the measured skin friection,
use wes again mede of the Karman momentum integral. It was assumod
for these computations that the turbulent boundary layer profiles
oould be represented by a power law, Justification £“or *bhi‘s is apper-
ent from Pig. 17. The nomentunm integral relation for compressible

flow may be writben &8

49 [, s*|[ @ dp
G = 2 o {e-mt s e =)

where tho symbols have their ususel mesnings. It is well lnowm thad

es & first spproximation 6, the momentum thickness, muy bo said to
be wnaffected by compréssibil&‘cy efi‘eq‘aa {equivalent to an e—.ssmmgi:ioﬁ
of  pu = constant). Using this and neglecting the offect of pressure
gradients on 6 end ~ one may write

Hé = H; {/-/- *XT-/'MZ (/+~;/‘_)]

*

where H,= {—5—

) } compressible is the shmpe paremoter for compressible

flow end 4; the same for inoompressible flow. Assuming a 1/7th power
v ¢ >

" velooity profile we cen use the incompressible flow values of 6; and



A; given by
s

6, = 0038 (Z) =

1

H = 1286
The effect of pressure gradient then may be epproximately determined
by writlng the integral relation as

6; dp
=-{(2-m*? e
acg = {(2 M )+H¢} 7

where

acy = {c;-z %}

and using the approximete valuss for Hc snd 6; from above, and
!/ dp

7 ax from Pig. 18. Those caleulations show that the maximum erver
in tho looal skin friction coeffiecient is less than 1%.

B. Temperature Equilibrium

In order to roslize the condition of gzero heat transfer on the
flat plate it is extremely important that thormel conditions be shabls
_during operation of the wind tunnel, The method of supporting the
flat plete along its centerline by é, thin atrut minimiaéd any loeses
duc to conduction. In addition, the measurcmonts were carried ocul
with the stagnetion temperature of the alr in the neighborbood of the
roon temperature.v The stagnation temperaturs could be maintained con-
gtant to epproximately X 1°C. The usual time taken by the skin fric-
tion instrument reedinss to steady down was of the order of two min-
utes or so affter the tunnel flow amd the stagnation temperaturs hod
stebilized. That oconditions on the flat plate hed really resched the

sbato of sero heat transfer was confirmed by a ealibrated thermocouple

probe touching the surface of the plate. The thermoocuple cutput wes
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reed by a precision Leeds and Forthrup potenticmeter on which temper-
eture changes of about 0,019C could be easily detected. It was found
that if eny chaagee in sbagmﬁion temporature wore made, thermal equil-
librium on the plate wes att&ined afber two or thres mimx{:es of stab-
iligation. During the period of stebilizstion the effect on the ekin
friotion was observed o be strikingly lerge. It is for this reamsocn
that tlaése preeauﬁiona are sti’cmgly gtressed here. As & point of ine
torest, the temperature recovery on the plato, &8s indicated by the
thermoecuple probe, is shown in Pig. 19, Also shown i’of somparison
is the usual empiricel relation for temperature recovery on a fMat
pla't:e with a turbulent boundary layer. The results in Fig 19 are to |
be regarded omly as of a qmliﬁa‘ca.vs naturo, sinoe ne account is teken
of the effeot of the probe itself on the temperature recovery. The
min reason for these measurements was Lo confirm that thermel equi-
1ibrium had been reached on the plate. On the basis of these experi-
ments, the usual procedure f'ollowo& was to let conditiona stabilize
for over ben minutes or so before reqo'rding the skin friction read-
ings.

C. Gap Flowsg

During ell the moegurements éeporﬁed here there wes no Tlow
shrough the‘p;aps gaparating théforoe,eleiaant from the plate. This
wes aascertained by means of an alechol U-tubs which, for ell the re-
portod measurements, indicated less than 0.5 en. of alechol differsnce
in pressure aoross tha geps between the inside of the shield and the
outside flow. In order to determire ths degrees to which the skin

friction readings were affected when there was flow through the gaps,
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s best sotup was erranged. Any desired pressurs difference could be

mainbained soross the gaps by means of s suetion pump srrangement con-
neoted 4o the inside of the sealed windshield of the skin friction in-
gtrusent. It was found ‘that with no flow in the twinal, prossure dif-
Porances of about 5 am. of a.leohoiv caused an error of sbout 3% in tho
reading of the instrument. This was true regerdless of the dirostion
of the pressure differende. 0f course these values would be somewhol
different under actual [low conditions. But they certeinly would nob
change by an order of magnitude and since during the measurements the
preséure difference wes alweys less ‘chan l/ﬁ)om. of alocohol, only
nogligible errcrs could imve baen caused.

| D, Efrors Due %o Defieetions and Vibrations

 These effecta were checked for in e wanner similar to ono adopted

- during the insompressible flow m&asmnts;' The force slemend was

covered up with a streamlined shield protecting it from the flow but

1eav5ng it completely free to move. If any ﬁéﬂection of the é’qr'uc»-— l
ture supporting the ingtrument ccourred it wowld show up as & reading.
A sinilar effect would ba pzﬁduood irn the cnge of imperfect vibration

jgolation. It wms found that the installation of the instrument in

-the wind tunnel was perflfeetly rigid and that the vibration isclation

and damping quite adequate, so that no errors were indroduced on these
eocounts.

E. Ocourrence of Transonic Reglons and Sﬁmck Vaves

Tho upper limit (approximately M = 0,8) of Maoh numder for the
high subsonic flow msasurements reported here was set by the appear-

ance iof.‘ shook. veves near the leading edge of the flat plate. It wag



found that with the appearcnce of & transonic shock et the leading
edgo of th@ plato no sudden chenges could be obseﬁsd in the skin
friéﬁion at the point of measurement. Zieﬁ'er‘bhelasa, in order to re-
tein clean experimental conéitiané it was deecided to restriot the
moagurements to flow without shook waves.

F. All@men‘b of Force Elemont _

Durmg the courae cﬁ" the experimemé reported here the eligment
'of the foros olement with the rest of the plate surface was periodi-
cally checled opticallﬁr by méans of interference {ringes. During the
ontire pericd of measux;smen‘h the alignment remained the same to within
211 x 107%inches ‘(oor‘re'spm’ding to a fringe movement of one fringe
width of Cedmiua light). | SR

8. TResults of Moasurements for Turbulent Bowndary leyer at High

Subsonic Speeds

-

The experimental values of local skin friotion coeffipisn‘a: es
measured by the ckin frictlon instmment are shown in Fig. 16. In
computing the skin friction coefficlent and ﬂx@ Reynolds mumber, froe
stroar valucs of density and visoosity have Abeen veged. As geen the
experimental points lie quite olose to (bub definitely below) the
curve for incomprossible flow, showing thet the ’effect of compregsi-
bility in the range of Mach mumbers up to B = 0.8 is guite small bub
in the expected diroctlion. The experimental scatter is of the ordey
of X 5% about the mean.

Az briefly nwnt.ioned before, tho effeet of hoat trensfer on the

skin friction was found to be quite importent. GQuentitative
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measurements of this effect were not possible with the present equip-
ment, bub in genoral the following was observed: If after equilibrium
conditions had boex sttained in the wind tumel the stagnation tem-

- pe'm‘ﬁurc in the settling chember wo.g lowered, the slkin friction read-
| ing sWed a marked increase. The magnituds of this increese seemed
ta dopénd on the rate of heat tranafér for it could be controlled teo -
some extent by gontrolling tho rate of cooling of the air in the
se'i:'&:iing chomber of the tumnel. Roughly apeaking (for no precise
measurenenty ooul& be obbained), during the period of hest transfer

' tho skin friction changed by about 50% of the stesdy state (zero hent
tréhsi‘ei')v velue. Raising the stagiotion temperaturs resulted in lower
skin friction resdings. On reattainmont of steady conditions, the
skin friction alwnys fagained its goro heat transfer value. A4s indi
eatéd by thess o‘oseﬁntioﬁs. the resultant effect of heat transfer
from or %o the -f'la'b plate is the opposits of what one expects from
theomtiéél ccmeidemtién&. Fo explémtién_ has been found for this

ancmalous behavicr.
4. Leminer Boundary Layer Moasurcments

| Pa' hag been mentioned before tha’t due 4o experimental diffioul-
ties it wup not possible to obtain laminer boundary loyers o'f suffi-
cient extont withoubd i‘.avomble pra}séure gredients. There ziro geveral
roasons for this. Lammar bcmmdamr lavers are notoricusly sensitivev
to looding edge conditions. For supersonic flow meosurements it is
" necessary tc usc the type of "half-wedge® laadltzg edge employed in

the present experiments (esee Ref., 23). This type of lesding edge is



not very suitable for subsonic work, for it requires the stagnation
point %o be on the side of the auz?‘faae of messurement, In the present
getup this would peguire fhe flat plate {:p be et a relatively .lerge‘
pesitive angle of atback. This wé.g not feasible. For the cese of
superscnle flow with an ebtached bow wave this difficulty would ba
obv;mtad (actually; in fhhe‘ supersonic flow meaguraments other effoobs
provented any relicble meesurements of skin friction with leminar
bowmdery layers, gee ez 35}. 4s an alternative for obtaining lawi-
nar boundery laﬁrs on the flat plate, a spocial attachnent wes méde
for modifying the nose shape. &3 geen in the éocompanyimg skeotach,

this served the eerlier mentionsd purpose of fixing Tthe stagnation |

' , Circular Arcs
Nose Attechment [ o :
ey & AU
' | \ | .‘ : \ Measuring Surface
B ‘ of Flat Plate

Stegnation Point

po‘lnf whore deslred. With this attachmént laminar boundary leyers
could be obtained on the flet plate; et low subsonic Mach numbers
(about ¥ = 0.3), At higher subsonic Mach numbers, however, the dige
turbance caused by the joint between the nose attechnent and the
londing edge of the flat plate was sufficient to cause transiticn
ahead of the point of measurersnt., In spite of all efforts to mke
the jqint szooth, laminar boundery layers could not be mainteined pest
the force element., The only way laminar boundery layers could bo ob-

tainod with this configuration was with the help of stabilising pres-

 gure gradients in tho direction of flow. The fevorable pressure
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cradient was produced by eltering the shape of the wind tumnel well
opposite the flet plete with the help of & tapered hardwood block.
The scheme is shown in the aécompanying skotch. The pressurs grad-

ients preveiling over the flat plate were then meesured for each Mach

3 }
. § ' X 3
Tunnel Ceiling ' ’ Skin Friction
? ——t Insbrument
— Flow — HBardwood Blcock

Tunnel

=R

number at which the skin friction wes measured. Representative présw
sure distributions on the flet plate are shown in Fig. 20. The skin
friction msmmts é,re prosented in Fig. 16, As a point of inber-
esd, the skin friction coei'ficivanfts'am also shown eftoer \e.pproxi.mtgly
allowing for the messured pressure gradient; these points are seen to.
be ‘apprcximtely 15% ebove the Blasius curve for M = 0. The %
effact caleulation wes carrled out in e menner similar to that for
the turbulent cese. Although these meagurements cennot be used for
compurisoﬁ with the cases computed by theory they are believed to be
of soms vaelue. It will be noticed that in epite of ’:-;he.lax’ge devia-
tion from the condition of gero pressure gradient and ‘ﬁhe ocrudo method
for allowing for pressure gradient effect, the éxperimanta.l valuss

follow the general trond indicated by laminar boundary luyor theory

roasonebly closely.



5+ Transition lMeasuremonis

During the etbempts to produce laminar boundary layers a fow
mezsurements of gkin friction were made with transition te turbulent
flow ocourring on the flat ple;te.' Po £ho author's Inowledge dirsat
meesurenents of locel skin friction in tho region of transition have
never been roported. The measuremonts presented hers are gquite quali;-
tative énd do not conclusively demonstrate any results. Thes,a‘ meag-
ursnents were made under ecnditiona of negligible pressure pgradianis
with the flat plate leading edge adapted for laminar flow (see pege
48). .Schliaren cbsem‘cion of the boundary layer snowed that at low
Haoh numbers (ebout 0.28) 'the‘boundary layor was lsminar from the
leading edge up o approximately a digtence of ona centimeter past
the force element. The corresponding skin friction was quite close
to the Blé.&ius curve vf’f’o’r inccmpressible flow. Increasing Mach nunber
(nd benos the Reynolds mmber) hed the effect of rapidly Inoreasing
the skin friotion urtil £t about ¥ = 0.6 the maasurementa,a‘ppz‘»oached
the turbulent veluss. At the samo time the appearance of the bound-
ery layor in the neighborhood of the point of messurement could be
seen to change graduslly from the typicel thin, sharply defined lami-
nar boundary layer to a thicker end loss sharply defined turbulent
one. Thess mossurements ere shown in E‘ig; 21. & little reflection
will ghow that the rise in local .ekm friction as messured by the
ingtrmiment and indiecnted by "F’ig. 21 cannot be explained even quali-
totively by_the ooncept of steady transition at & critiecal Reynolds

mumber, even if one considers transition %o coour over a rerion end
]
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end not et a poﬁ.nt,‘ Ono reasonmble explanation may be sdvansed if
 the tronsition phenomenon is regarded as éhe result of e statistical
appesrance of énrbulen‘f; spots. This point of view, that is, thet
\{‘;!g‘ere_ is no "transition boundary layer" but that the observed transi~
tion region consists of internittently occurring laminar and turbulent
- flow, wes ,ﬂ‘rst,mentio'ne& By_Dryden b(Ref. 2¢) end further subshan-
tiated by L»iepmxm»(ﬂef._zs). The ocourrence of trensition from this
Viewpoint hns recently been discussed by Professor H. W. Emmons of
‘Harvard University, who related the intermittent transition phenomencn
‘%o Charters' cqﬁmmzmtim and developsd from there s phenomonologiosl
theory of the transition zome. Turbulent spots oocurring in & random
~ »i“aahion. may be regarded to ba always presanﬁ in any type of flow. In
mlly developed turbulent flow the probebility epproaches wity. With
this pioture of tranaition the follcwing explanation of tbs praaen‘\:
measuremen‘!:s seemg to be plausible. When ’che foros element ie in
leminar fiow there are har&ly any turbulent "bursis™ in the fow end
i thare are, the chances of one travelling across tha slement is ex-
oeedingly sll. Asv’che Raynolds nmbér increases the rate of appear-
ence of the 'burbulen‘t spots ahead of the elemont increases rapidly
and with 1t the number passing over the force element, - Due to the
considerably higher shearing forces associeted with turbulemt notion,
the instrument indicates greater skin friction. It may be montiomed
th&t.during the transition mensurements reporbted here the readings of
tho instrument were quite steady and repeateble. This is to bs ex-
poctod since duo to the inertia of the force olemont end linkege, the

instrument rendings would not follow rapid fluotuations but indicats



an eversgo.

6. Measuremenbte in.Superscnic Flow (i = 1.24 to ¥ - l.44)

ﬁn_e to experimental d:!.fﬁoulti_es it was possible to make measure=
mente of skin friction in supersonlc flow only for the case of tur-;-
bulent iayera. Sincs lamitw.r boxmdary layers could not be donsig- -
tently meintained over ‘the maauring element, no msm'amsnts of
lamimr skin friction at euperaonic gpeeds are repcrtea heres. The .
inability to m_&-:kztain lamimr boundary layers over the {lat plate wau
due i)rincipally 'to the »ama.l‘lbs&se_ of the wind tumel and does not re=-
flect in eny mammer on the skin friction instrument. |
‘ ‘Evm in the cass of ths me-bmmdary_layer mossuremsnts

the mnge of mperaonio ﬁo.ch nmnbera with attached nose shock weve on
the plate wes limited to u & 1.87 to ¥ & 1,44, Bolow a.bou'b H o= 1,368 |

& detached bow wave formed ahoad qi‘ the leading edge. m‘ f;aw con-
flguration in the neighborhood of the nose with a detached shook wave,
was such that an expanaian occurred aro\md ths leading edge followed |
by a cmpressiom simu!:. F’ig. 22 is a spark Schliewen of thisg cenfig-
'uratian. The second compression shook wave near the laading edge of
t&a plate is due to the 04008" diemeter wire used as a trip for the
‘bowndary layer. - That thers were no sudden changes oaused in skin
friction due to the bow wave dotachmont moy be seen from Fig. 25

vhors the skin friction mecsurements are shown in the form of ratio
G
=5

Ct,; the :l‘noompmssibldmlue for the same Rey:;olc}s mumber. Some of

where C; ie the locel messured skin fristion coefficient and

the subsonic metgurements nure also shown on the same figure. During



the mwasurements in supersonic flow shown in Fig. 23 it wes not. posei-~
ble to cbbein conditions of zero pressure gradients in the dimo‘bion‘
of flow. The Mech number dietz'ibution over the plate departed from
the required wiform one %o such an extent as %o render the results
guite unmliable for compariaon wlth '%;b.eory. Ea.rmn's curve for tuz-*-.:
bulent skin friction in compressible boundary layer over a fiérb plate
“is included in Fig. 23 only f‘or the sake of interest, &ltho\zg,h the
experimen’bal points lie quite close to this curve, it ocannot be oﬁn«
oluded that compressibility lowers the local skin friction ocoefficient
by an emownt given by Karmen'e empiricel curve. The siin friction
mossuroments presented do, however, represent the notual surfaoce

chearing foroes present under the conditions of meaguronent.



CONCLUDING REMARIS

. It hos been shown thet aen instrument for tho direct mescsurement
of local skin friction can be sucoessfully developed if sufficiont
cers is teken. |

Measurements of laminar and turbulent skin friction on a flat
plate at gero angle of at%aok-and low~gpeed flow gave excellent
agreement with Blasivs' and von Kermen's skin friction lews respec-
tively. | '

?ﬁé@s@mﬁa of turbulent skin friction on s {lat plete in high-
spesd flow showod that for subsonic flow tho skin friction did not
ﬁep@nd mach on.ﬁaeh‘uumber,thnugh e slipght, expected, decrense of (g
is hoti§eaﬁle. ' ‘

The fow messurements so fer made in suporsonic flow (M ~ 1.4)
v}ere talon in the praééncé of a pressure gradient and hence aro nob
“ag easily and reliably compared with theory as are the other measure-
menté roported here. Tﬁe‘very notieéable decrsase in skin friction
is belloved to be real. The debermination of exact quantitative

velues, however, requires a thorcugh check under both conditions.
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Flow from Left to Right
lanminar Boundeary layer M & 1.4
Fiﬂv 1 i

Flow from Left to Right
Turbulent Boundery Layer 214
Pig. 2
Effeot of Slots in Plate

(Arrows Indicate the Position of Slots)
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VELOCITY PROFILES ON FLAT PLATE WITH
TURBULENT BOUNDARY LAYER AND SLOT
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EFFECT OF VIBRATIONS ON CALIBRATION
OF SKIN FRICTION INSTRUMENT
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CALIBRATION OF SKIN FRICTION INSTRUMENT
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CALIBRATION CURVE OF SKIN FRICTION

FIG. 10
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LOCAL SKIN FRICTION IN INCOMPRESSIBLE FLOW

(M = 0)
BLASIUS —
Mm‘ .
\ ;}7"’0—0-‘_\‘

\& KARMAN

3 ¥ 00
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3,

¢ FROM PROFILE MEASUREMENTS

o DIRECT SKIN FRICTION
MEASUREMENTS - X = 28.6 cm.

o DIRECT SKIN FRICTION
MEASUREMENTS X = 56 cm.
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TURBULENT BOUNDARY LAYER VELOCITY

PROFILES ON FLAT PLATE

FIG. 17

16
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REPRESENTATIVE PRESSURE DISTRIBUTIONS ON

FLAT PLATE WITH TURBULENT BOUNDARY LAYER
SUPERSONIC FLOW
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TEMPERATURE RECOVERY ON FLAT PLATE WITH

TURBULENT BOUNDARY LAYER
ZERO HEAT TRANSFER
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REPRESENTATIVE PRESSURE DISTRIBUTIONS ON

FLAT PLATE WITH LAMINAR BOUNDARY LAYER
SUBSONIC FLOW
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TRANSITION ON A FLAT PLATE

M=0.24 TO M=0.6

0.005

T~

0.004 L1 ==1

TURBULENT ko

M =0 il k.

0.003 1 ==

0.002 .

0.001 ’>\ B

LAMINAR
(M=0) ™~

i
/

00005 >~
2x10% 10°



75

ate

=3
i

d
v

a8t Fla

>
123

E

£ Flow

ograph of

oM

9




76

EFFECT OF COMPRESSIBILTY ON LOCAL SKIN FRICTION ON A FLAT PLATE
TURBULENT BOUNDARY LAYER
REYNOLDS NUMBER = 106
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