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A HOT-WIRE SURFACE GAGE FOR SKIN FRICTION AND SEPARATION BETECTION MEASUREMENTS

HMorrly W, Bubesin,® Arthur F. Gkuno,*

fletrys 0,

ke [
Mabteey, and Awviel Jraosh

fmes Reseurch Cenbew, MASA, Moffert Fleld, callf. 9ho3s

Ametrast. A heuted-element, shin-frlcetion gage
emploving a very low thermal conductivity suppert is
deseribed, It is ghown that the effeetive dimenszion
of the gage in the strean direction is only 0,06 mm,
{aneluding the effevcts of hent conduction in the sun-
porting material., Because of ts small size, the
calibration of the gage is independent of the kind
of boundary-laver {low - whether laminar or turtu-
lent - and is insensitive to pressure gradients,
Further, construstien tolerances can be maintained
g0 that a single universal calibration can be
applied., W¥inally, multiple gages, suffleclently
¢losely spaced so as to lnbterfere with each other,
are shown to provide aceurate determinations of the
locations of the points of bowndary-layer sepzra-
ticn and reattachment.

SYMBOLE
T
ey loeal skin-friction coefficlient, --—3L——E?,
dimensionless (1/2)peue

o diameter of cylinder, m
h amplitude of surface waviness, mm
i current, A
M Mazh nuwiber, dimensionless

Ha Husselt number, dimensionless
Pr Frandtl nusber of fluid, dimensionless

T static pressure, N/m?

R resigtance of heateér element, 4
Re Reynolds number, dimensionless
8y lengbh of separated reglon, m
u velogity of fiuid, m/s

) width of heated element, perpendicular to
streapwlse direction, m

A temperature rise of heated element above
upstrean surface temperature, °C

Ax length of heated element in streamwise
dipection, m

Sy boundary-layer thickness upstream of
disturbance, m

] angle from stagnation point, deg

U fluid viscosity, Ns/m?

P riuid density, kg/m?

Ty surface shear or skin-friction stress, N/m?

*Senior Staff Scientist.
tHesearch Seienbist.
tTPostdoctoral Research Assoclate.

Bubgeripta

2] based on dianeter

5 wh boundoarvelaver edpge

alf effentive, refers to length of henter
elemsnt

FE sorresponding to 8 flat nlute

% total condition 4n o flow field

W wall eendition

w free-ghream condition

INTROMICTION

Recent developments in compuber techuslogy
and numerical technignes have asdvanced the field of
somputatl-nal £iuid pechanics to such an extent
that it can be projested that supplerental comouta-
tions will permit major reductions in the smount of
wvind-tunnel testing required for future alreraft
develepment (1), Problems in aerenautics that were
intractable by methemetical analysis are currently
being solved routinely through numerical computsi.-
tiong, Involved in thése compubations ave such
features as three dimensions, cemplex configuri-
tiong, large pressure gradients along and normul to
body surfaces, and even extensive regions of sepn-
vation where there are strong interaetions bebveen
the viscous and invigeid portions of the flow.

The mein thrust of the computations has been
in leminar flow problems because the physies and
governing mathenmatical deseriptions of such flows
are well understood, Fer turbulent flows, howvever,
even the best of computers cannot be expected to
resolve the turbulence to the seales of the smal-
lest significant eddies where the besic equations,
based on moleculer processes, still apply. Approx-
imations to the turbulence mechanisms, or "turbu.
lence modeling" {2), must be introduced to permit
low spatial resolution eomputations consistent with
computer capabilities. Historieally, turbulence
models evolved from well-controlled fluid mechani-
cal experiments, and the need for such experiments,
extended to the complexities of the flow fi=ids
mentioned above, is as critical as ever. Moredwver,
as the durbulence models become more scphisbisubed,
they require increasingly complex measuremenis ln
the experiments,

Improved turbulence models and continued prog-
rass in computaticnal fluid mechanies at realistie
perodynamic Reynolds numbers will be poced by a
broad range of fluid mechanical experiments. %he
experiments will include detailed probing of the
mean and fluctuating flow-field quantities, closzely



sraced measurerents of the surface skin friction,
wnd determinabion af the pesitlong of polnty of flew
veparation and veatiutlaent, when these latber
phenomena ogeeur, «t is thege surfoce measurenents
that are the subjlesv~ of this paper,

The methods avedlable o3 moesguring lezal shin
riction ut a surface fncluwile the follewine: {u) o
momentws balence cbtalned from veloeliy end tempera-
ture profile measurenents at two stations cepurated
by a shert distance; (b} extrapolation of mean
velocity meagurements very nsar the surfece to pre-
vide ei accurate veloeity derivative at the wally
{¢) & surface pitot tube; {4) hob-wire nmeasurements
of leeal turbulent shesr stress estrepolated toward
the wall; (e) a floating element of suyfose mounted
on a balance; and (ff) & heab-trunsfer surface
elenent,

Method {a) iz well sulted to £lows over flat
plates; for flowe with large pressure gradients
aleng the surface, however, the inertia forees in
the houndary layer so dominate the friction forces
that small experimental errors in the velocify and
tomperature prefiles couse lavge evrors in the sur-
face skin frietion evalusted by this method.
Methods {b) and {¢) were shown by Bradshaw and
tregory (3) to contain inhersnt problems of calibra-
tion, even in flows with rather gentle pressure
gradients, In particular, the metheds showed
inherent differences when used with laminer or tur-
bulsnt boundary layers, and these differences would
be sgzgravated in high Beynolds number tasts with
small scale models such es those usunlly used In
£1uid mechenica, The differences muke methods (b)
and {c) less generszl and, in addition, complicate
the probe callbration process. These probes are
usually celibrated in duects, vhere the pressure
gradients and the skin friction ere intimately
related through the effective duct diumeter. Appli-
cation of the probes to other cenditions, e.g.,
adverse preasure gradients or very large Reynolds
numbers, requires relisnce on an sssumed universal
character of turbulent boundary leyers well outside
the vistous subleyers, a guesticnable procedure,
Finally, intrusive probes generally are not suit-
tble in fields of transonic flow or flows neay sep-
aratien becguse such flows are perticulerly sensi-
tive to small disturbances., Crossed hot wires,
which have been employed in methed (d), are suffi-
ciently long to ericompass significant portions of a
boundary~layer height at high Reynolds number. The
measurements of shaar stress are then not truly
local in distance from the surface and contain sig-
nificant errors caused by rapld chenges in turbu-
lenee thet oceur over the length of the wire near a
surface. Extrapolstion of these data to the sur-
face, especislly in regions of pressure gradients
where the total shear varies rapidly with diastance
from the surface (4), cannot be accurate,

Of the swrface measurements, method (e}, the
floeting element balancge, measures the shkin-rrietion
force directly snd 1s preferred whenever it can he
employed. When omall senle models are used, the
gize of the floating elemznt, over which an sverage
skin friction is measure?, and the Wulk of the
instrument that must be contoined within the model
becoms serious drawbacks. The precision of their

P e e e s R G S oS s B e et

conutruckion mukes the balnp~es wo co5ily g b
preclinle the age ot miny elemanta avon withds buses
sogle pedels, egvecielly whon cfned foratley Lo
piven to their delioate nature apl need Por yepeobed
repair,  Flually, and seilmes moob feesetanf ) the
flosting element puge 1 gensitive Lo 4 sursnse
prosoure gradient thal acty ag n baedan iy Yoo
the pap around the flostine elewent wnl oo the sune
porting beams within the rave in u seaner Indistine
gulphnble from the skin-frietion deay Sarew. Tu
gotme desipns in whieh the pap widths vary vith the
loed on the elemsnt, the srrsr due $0 reedsie:
pradients smnst even Le eutimated,

A skin-fricotion sage, uwbilloelnyr the honte
transfer method - method (F) - Lhat {0 -pee 0¥ cepe
of these shortcomines wng eoncaived ordpinglly |
B, Ludwieg (5), Whe wrinciple wnderlying this seee,
illustrated in figure 1, requives the surfasc.
heated element to have o dimendien in the stresp-
wise direstien, &x, thet is small compered to the
woundery-layer thicknezs. Then the heat trans-
ferred from the heated element, insulated frem the
surface material, forms a thermal boundary layer
that lies within the visoous sublayer lmmediabely
adjzcent to the surface. Here the transport proo-
esses sre moleculsr and knewn, even vhen the bound-
ary laver is turbilent and contains buffer and
fully turbulent layers. Sinee the flew-field
veleocities which convect the neat in the viscous
subleyer ave predominantly proportionsl to the
loenl wull ghear, the rate of hent lost from the
haeated element becomes a peasures of this wall ghear
{see, e.p., vef. 5). Surfece pressure gradients
alge affect the veloeity distribution here, bub
thege effects are shewn %o be small in a properly
desipned gage.

5

The original Ludwleg gage was ade of an
electrically heated 2x9xfomm block of copper. The
2x0-mm face was cemented 4o a cireular dlsk of cel-
luloid, 0,1 rmm thick, that acted as & low thermally
gonductive support., The diaphragm was mounted
flush with the surfsce of the model over o hole
that housed the copner bleck and was orlented se
that the 2.mm dimension was in the direction of the
slr flow., A vent egullibrated the pressure across
the diaphragm, The gage was mwounted in a flat
plate nodel and was calibrated against boundary-
layer surveys, methed {a). The results possessed
the character expected fvom Ludwieg's theoreticeal
caleulations, execept the data were ghifted in e
menner to suggest signdficant conduction losses in
the heater leads or thermosouple wires detecting
the block Yemperatures. When calibrated, the page
wes then used to neasure the skin friction on the
figt plate, but with nonzero pressure gredients
imposed (6). It was asswied in reference 6 thot
the pressure gradients did not affect the gage cal-
ibration, and the conslstency of the resulis tended
4o support this assumpbtion. A drawback in using
thisz gege in other applicationg is ite size, nob
necessarily of the hester block, but of the support-
ing disk. Another drawback is the complexity of
its design which is Aiffieuwdt to miniaturiZe., On
models with pressure gradients, differentisl pres-
sure lomds on the thin supporting disk can also
poze a problem.

"




Tdepmunn and Skinner {7) stwplified the desipn
gt the goge while ubillzing 1ty busies 1dea. They
merely buried a 12, Tepi=3iametoyr platinum wire {n a
prosve in the ourihce of an sbonite (beltelite)
plute, with the wxis of the wire msunted normal to
the atream divestien, The vire was heated eleotri-~
wullvy the power supplied and the wire temperabure
vure deduced frow cwrrent wnd resigtance measuree
rents, The wive gape was ealibrated with a het-
uire flov-rleld prove, method (b), on a f.ot plute
smodel and, signiflcuntly, it was found that au
{dentical calibration resulted wheo the #low in the
boundary layer over the wire wau either laminay sr
turbulent, One dissdvantage, olted by the suthors,
wag the affect of the direct thermal econtact of
the wire with its substirate, 7The conduction in the
substrate appeared to have broadened the effective
diameter of the vire to S rm firom Lhe actual wire
dimmeter of 12,7 wm {see fig, 2). An ideal gage
would produce a stepvise digeontipuous surfoece tem-
perature, whereas the Liepnann-Skinner gage appar-
ently produced a long gradual temperature rige in
the ebonite far shead of the gape.

Later, the basic idea of the heuted element
gage was uzéd by Bellhouse and Schulbz in a zeries
of experimente {swe, e.g., refa, § and 9). The
gage design they empleyed waz a platinum €ilm beked
inte the surfuce of e Pyrex glamss substrate, Such
4 gage hasg the advantage of producing & rather
smooth surface, Gages based on this desipgn were
mads and tested on eylinders, the axes of which
were normal to the stream, and on small movable
probeg that eould be celibrated in channels and
then mounted within specific modelg. One disquiet-
ing finding was the fact that the gage results dif-
fered when the houndary luyer measured was laminar
and when it waz turbulent; this suggested more
extenzive cenduction effects than even with the
Liepmann-Skinner design.

The objective of the current investigution was
to develop a gage design appropriate for use with a
small-scale alrfoll model in a high Reynolds nunber,
trangonic flow to investigate the mechanisms of
shoek~induced turbulent Loundary-luayer separstion.
The measurement of loeal skin friction at closely
spuced stations iz o key element of this investiga-
ticn. At Heynolds nunbers of 30x10% |, based on
30.UB~cm chord length, most of the methods duseribed
previously would not apply. The possible methods
were reduced to the heated-elemeént skin-frietion
gage; the deslgns of either Liepmann and Skinner or
Bellhouse and Schultz were favored beeause of their
gimplieity. We were concerned, however, about the
aspparent large conduetion effect in the plastic eub-
strate of the Liepmann and Skinner gege and about
how thie effect would be even larger on a glass sub-
strate, assuming the Bellhouse-Schultz design was
chosen. Liepmann and Skinner did not give the
length of the wire they used in their gege so that
their computation for 4x.pr could not be checked.
The authors had reservations regarding the egtimated
magnitude of the conduction effect becsuse it did
not seem reasonable that conduction in a plastic
subatrate would alter the effective heated element
width by a factor of 5 mm/I2,7 pm or LOD, and that
if such & large effective width had resulted, thet
the laminer end turbulent boundary-leyer deta would

hnve departed freom each other. fo alavf Py thess
pointo, g proseas win adonled t5 wecomnlish the
folloving:

1. Censtruct 2 heatad wire pape baged sn either
the Liepmann-Skinner or Eelllimeeohatts desioas,

2, Determine 1f the sare van be poproduesd
through tight construeiion Selepancss to avold L
need for galibrating ench mieze.

3, Test the gases in laminer and turbulent
boundary lavers,

L, Tegt the gare with presgure grodients,

. Test o seguance of olocely snacsd pupas to
lewrs if the intersstion between the papes can be
used to detect the locatisn of boundurv<laver coruoe
ration unavbiguously.

HEATED-ELEMERT SKIN-FRLCTION GAGE DEEINN CRITERIA

An early design conslderation for a heatoed
wire or Tilm gage 1s the chelee of the asubstrote
materinl acting as the wire or film support. To
keep the effective streamwise dimensien short, the
material should poosess the lowest possible thermal
conduetivity so that the surface temperature in the
vicinity of the heated element spproaches the Idesl
{see fig, 2}, Pyrex glass, used by Bellhsouse and
Schultz, hes o conductivity of about 0.011 W/ew®
{°C/em), wherens the ebonite used by Liepmenn end
Ekinner has a valus of approximstely 0.0078 W/on?
{°C/em): The materisl used here was styrene
copolywer with a codductivity of k = 0,0015 W/om?
{%C/om), One difficulty with the use of low-
sonduetivity plustic, however, is its low melting
temperature which eliminstes the pousibility of
buillding the gage by peinting the surface olement
with o platinuwn salt and firing it into o metallie
film, ag was done by Bellhouse and Sehuitz. The
authors tried to vapor plate or to spubter metallic
filmg onto the plastic substrate, but met with lit-
tle success when the stresrwise dinension aecross
the filin wag kept to the crder of 0.2 mm or less.
Despite considersble care in plating these films,

& large fraction contained, or scon develeoped,
open circuites when the films were thls narrow, To
avold these difficulties and still retaln s narrew
gage, the Liepmann-Skinner approach was adopted,
but with platinum-rhodium wire, 0,0025 em in
diemeter, as the hester element.

A second design consideration was the allet-
eble waviness or gurface "roughness" that could be
introduced by the heater element, Turying the wire
in & groove waiz found to be dlfficult beenuse the
milled grooves, neminally 0.0025 em deep, proved to
have varying depths, up to a factor of 2, sc that
there was no assurance that any cne wire was bu-ied
to the seme depth mlong its length er +hat 4i{ffer-
ent wires were exmetly at the zawe depth, It was
decidad to lay the wires on top of the plastie
surface between two previously mounted leads that
came up from the inside of the plastie, A thin
laoyer of epoxy {< 25 um) vas cast between edjacent
wires, snd the entire surface was hendworked to
yield a surface suech as that indicated in the
sketeh in figure 3. The allowable waviness, indi-
cated in the sketch with an h, was established by
requiring that
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h <5 {1}

Hy
i.e., keeping h less then the viscous sublayer
thiickness, For example, at a Reynolds nuiber of
16x10% on o model 7.5 en from the leading edge, the
value of h sotisfying eq. (1) ds 2.5:10"9 ym, The
wavinous of surfaces wsetually fabricuted was foeund
te be 2x1077 mm over twe representative samples,

Lieprann end Ekinner developed the conditions
thut the dimension of the heater elsment should
sntisty:

1ve My o AL {2)
2y

The Lower limit enusures that the element is suffi-
ciently large so that boundary-layer theory ean be
applied over the surface of the element with an
ideul stepwise discontintous surface temperature
distribution {see fig. 2). This condition ofters
little constraint even for dimensiens as small as

ax = 25 um at the high Reynolds nurbers of turbulent
boundary layers. The upper Xmit 18 get by the
requirement that the gage behave the sume in o lam-
inar or furvulent boundary layer, This limit can
be re-expressed in e more precise form utilizing the
detailed thermal analysis of Spalding (10 and 11),
as shown in the appendix. A turbulept boundary
layer yields skin-frietion results within 10% of the
results of a laminar boundary layer if

YT
L 1 < h3s {3)

W

for air with & Prandtl number of 0,7, This cendition
is comparable to the LiepmannwSkinner condition of
eq. {2), and limits the power dissipation from the
heated element to
2
bR < 1.1 Wm °C {4)
in air.

One other factor requiring eonsideration is the
effect of pressure gradient along the sitrfacé con the
instrument's readings, Liepmann and Skinner first
anelyzed this effect neer a point of separation
vhere -y -+ 0, Later Bellhouse and Schultz extended
these caleulations to eccount for the loeal shewr aos

well., Their result can be rewritten in the form
T du
W 0,02 1 Ax e
m ] 4 et JL . (5)
szjFP Nu  (ep/2 FP v, dx

For turbulent boundary leyers, Hu = 10 and
(chQ)FP = 0,001, vhich mokes the factor shead of

hizfu, (du,/dx) in eq. (5) equal to about 2. For
example, if u = cx, as on a blunt forebody, the
term accounting for the boundary-leyer acceleration
is equel to 2{Ax%/x). Thus, guges with effective
widths, aAx, that are small compered to the length of
run, can be expected to be relatlvely insensitive to
boundary-layer accelerations, This requirement
further supports the need for a low conductivity
substrate.

CALIBRATION oF THE GANK T A TUREHLENT
BUANBARY TAVER

A plug centalnime fonr pgapes, constructed ag
indiented in figure 3, vas made to test the reproe
ducivility of the consbrueiion technlingue, te rre-
vide a multiple set of ratipratl-n cpeeleens, and
to pormlt investipnbtine the fetorastian Letwesr
wire gages that ave eleselr spaced, The Jdistunce
between the gages in the flew directisn iz O35 #n
in the test plug, ‘The plug wee mounbed as shewn in
fipgure b in the wull of a wind tunnel nloniolds a
flonting element gape, wsed sz a colibretion otus..
dard, The floating element page wuw 2ulibrabad Ly
attaching known velghts to the balence element:
because the pressure wag unlform on Lhe tasnel wall
in the reglen of the balances, accuprate readines a®
the shear forces were expected from this instrument, f
It should te noted that the {loasting element hus a B
dlaneter of 0,94 om, and ihe contrast in stremwice '
distance covared by the floabing elepment and indi-
vidual wire gages 1s dramatic. A stundard constant-
temzaratuve hot-wire power supply and oubput ampli-
fier was attached to the wire gagoes. It was found
that overheat temperatures of at least 20°C weve
needed to make the heat lozt from a wirs wropor-
ticnal to {ts tempernture rise, or 12R/AT & i
constant, The wind tunnel was operasted at stugna-
tion gressures that produce Reynelds nunbers of
50x108 /r1; the Mach number of the stream was main-
tained at approximately 0.7, The boundary layer on
the wind-tunnel well wag fully turbulent,

In the first series of tests, enly one of the
four wires was heated at a time. The results of
the calibration ol 4 single wire are shown in fig-
ure 5. The ordinate ieg the power dissipated within
the wire par unit tempersture rise, The abscisse
iz the cube root of thé wroduct of the locad wall
ghear and the nir density evaluated at the surface
temperature upstrean of the wira, These coordi-
netes are used because the theoretical formulutions
(10) of an idesl gage performance {stepwize surface
temperature discontinuity, laminar transfer mech-
anisms) indicate that a straight line should result,
The cholee of wall properties, py, was suggested
originally by Liepmonn and Skinner from analysis,
end demonstrated by Bellhouse and Schultz te hold
under a range of Mach numbers, Teo a first order,
the data lie on the straight line as weuld be
expected since the criterion expressed by eg, (W)
1s satisfied, The ealibrations of the other wires
on the plug agreed within 22% with the rasults
shown, indloating good reproducibility in the
construction technique.

A test with the four-element plug was made to
determine the interference tetween adjacent plugs,
This wes accomplished by heating two elsments to a
specified temperature simultaneously, and then
noting the change in power required to maintein the
same temperature in one of the wires when the ofther
was turned off, The results showed that it wes the
downstream wire that was affected through the inter-
ference, indieating that it is the heat carried by
the airstream, rather than conduction in the sub-
strate, that produces the interference. This
cbservation is consistent with the smell Ax.pe
noted later. When the wires were 3.2 wm aparh, the '




hieat from the upstrean wire redused the power loot
from the dewngtyens wire by LU, o value that would
be vepresented ag u 12% error in ghenr by the wire
salibration, Wnen the wires wers twice as far or
6.4 1 spurt, the corresponding error in the shear
mensuremont of the downsireas wire would be 4,24,
At 1 yeparation distance of 9.0 rm the ghenr srror
in the downstyrenn wire reaguremont is reduced to 35,
Fait skin=rrietion tests at shear streszes within the
galibration range then, spaoings of sbout I om
between succesgively heated wires are needed to
elinlnute inberferenca of the upstrs @ pages on
these downstrews 0 a modol with a series of skine
friction pages. The interference effect, however,
enti e exploited in 8 flov separation detector
describad later,

Fo compare the different gtyles of guges, rig-
ure £ ghowo the current calibration results and
thoze of Ludwlieg and of Bellhouse and Schults, The
Liepmann-Ekinner ghags calibration is nét shown
because the gage length aweross the flow, ', wag not
specified in their report and thus their data could
net be replotted, It would be expécted, however,
thet the Liepmann-Skinner results would be between
the present results and thoge of Bellhouse and
Schultz, In this figure, the ordinate 1s divided
by the gage width, W, in order to meke the sloves
of the lines depend enly on the effective length of
the gage in the stresmwise direction, In this coor-
dinate system, the intercept iz a measure of the
quantity of heat conducted into the substrate; u
larger slope means a larger effective length of thq

gage in the strewmmvise dlvection (slope = (&xbff)? 3,

Az expected from the design criterla discussion in
the previcus sectien, the Eellhduse-Schultz gage
utilizing the Pyrex substrate ghows the highest heat
conduction effects by having the largest intercept
and the greatest slope, The present gage has sig-
nificantly lower hest-conduction lesses and the
{ax)epp tTound from the aslope of the ealibration
line turns out be be 6x10°2 mm, or only about 2.5
times the wire diameter. This finding iz 2o differ-
ent from the chne quoted by Liepmunn and Skinner
{Axgpeftx = 350) that thelr results are inexplic-
able, even when considewation is given 4o the dif-
farences in the substrate thermal conductivities,
The Ludwieg gamge results fall between the present
results end those of Bellhouse und Schultz, again us
axpected from the design of the gape. It iz noted
that the Bellhouse-Schultz gage violates the cri-
terion represented by ea. {4) aad, indeed, the
suthors report somewhat different ealibrations in
laminar snd turbulent boundary layers in their work.

SKIN FRICTION IN THE LAMINAR BOUNDARY LAYER
OF A CYLINDER

Becsuse the ecalibration of the houated-element
skin-friction gage indicated a very small Jdx pp, 1%
would be expected that this gage would be suitable
for use on very small models and where pressure
gradients exist along the swiace - seé eqg. (5).
Alsoc, the gage satisfies conditien (4) so that it
would also be expected to periform the some with
either leminar or turbulent fiow,

In using a gage on a wind-tunnel model, calibra-

tion of the particular gange employed is generally

required, Helllowss and Cohalle giented the fespe
nique of vulldine n mowable enee that sonld 3.
fbrated cne plase and then poved be 13y and toe e
inte a medel. The wresent desion 15 aloe 1 bable
fer guch an approseh, The anbhorn, bavewis, aere
interested In leavnine 19 2urevdl contral of the
eonstruction of the sore 2oald slevlate the el P
salibrating each pape, To tegt thig lden, bat ba
avoid bullding many capes, o modal wan ~hssen +hat
enn yield well-resglved, skin-frletion {inrcrention
vith o single gape; nomely, a clveuler wmrlinder
with 1ts axis placed normsl te an airsrsewen aed

nble te rotate about this axic. A sinele 2t 1~
prossure tep wag slgo placed in the rodel.  The
test ovlinder {5 1% mm dn diarater apd sule oF
shtalnlesy steel, The pape was mede on o oty ons
insert to close tolersnces relative to the nalia
brated gages., For example, the esld resistunse of
the gage 13 2.61 $, which is within 29 ef the =a1d
resistance of the calibrated gapes., The pams,
mounted in place, is shown on the eylinder 1n fic-
ure 7 and in grester detall in figirve #,

The test with the eoylindsr was run in a uwall,
low-speed wind tunnel at M = 0,3, The air is
drown into the wind tinnel from the labovitory room
g0 that the stagnation pressure s 1 atw and the
témperature iz 21°C, The Reynolds number thus
uchieved on the cylinder, based on dimmeter, is
1,2%10% which places test conditions in the oube
eritical range priocr to the onset of turbulent #lov,
The nrespure distribution around the cylinder ig
shown in figure 9. The pressure drops with uneulsy
position from the stagnebtion wednt Yo n minimum at
about 68°, recovers some to about B2%, and then
levels off, The shape of the pressure distributicn
suggests that the boundary layer has separated Jusi
shead of the 80° pesition.

The corresponding skin-frietion measurersnts
are shown on figure 10, The cireled data polnts
represent the heated gage skin-friction measure-
mwente based on the ecalibraticns mude in the durbue
lent boundary on the wind-tunnel well {£ig. 5).

The solid line represents the skin frietion caleou-
leted with a finite difference boundury-luayer pro-
gram utilizing laminar transport properties (12)
and incorporating the pressure distribution of fig-
ura 9, The agreement of the laminar boundary-layer
resulty with the measurements, based on o previous
calibration of similar gagrs, is remarkebly good up
to an angle of 4§ = 509 from the stagnation polint.
Beyond this point, the massured points show o pro-
gregsively inereasing departure from the laminar
boundary~layer theory; at 0% and 70° the date are
11 end 72§ iower than the theorstical results,
raspectively. Since the prineipal departure geeurs
at 8 = T0°, vhich is & point where the local pres.
sure gradient iz not large {it is near a minimum in
the pressure distributicn), the cause for the
behavicr noted is not understood. The agreerient
noted at & = 10°, vhere the level of shear is
sbout the same ag at 6 = T0°, exeludes o basic
calibration error,

SEPARATION DETECTOR

An adaptation of the skin-friction gage was
used as n flow directien indieator to identify



positions of separated flow, In references 33 nnd
1k, Kool and Vidal et al. point oubt that sepurated
flow fields (leeal flow reversols) often O QMmN
the interaction of a normol shoek wave with a turbu-
ient boundary layer, sud that these replons ean be
very thin and difficult to define using present
techniques {(pltot tuben, oll flsws, erifice dams,
ete, }.  Bellliouse and Sshultz (9) used the presence
of an [rrepuler responise of n slngle heated »lerment
Az an fnddcation of separation in Inminar low,
This teehnique, however, can be confused bv the
presence of perisdic transition to turbulence., For
fuily turbulent flows, careful harmonie analyois of
the dynamie signals from the gages could pasgibly
distingaisl the presence of separasticn., A con-
pletely unmribiguous end mueh simpler approach, how-
ever, Lz to exploit the internction of multiple
heated element gages vhen they dre clese teogother,

The expaeriment was conducted in the lABA-Ames
Research Center's High Heynelds Number Facllity
with the test secticn and flow conditions ag indl-
cated in flpgure 11, Wall stabic pressure taps
were spaced on a line at 25,4 mm intervals in the
upatream portion of the test section and 50,8 mm
intervals dewmotrems. The separaticn detector
ports were locafed on a line at seven positions
glong the tube and at UEY arcund the tube from the
line of static pressure taps, To prodwse the sepa-
ration, & normal shook wave gould ve posliloned at
any station inzide the test section by means of a
hollew, cylindricnl, shock-wave gensrator thet was
inperted into the exit, The separatien detecter was
constructed in a manner similar vo the skin-frietion
gages, but oo a surface with transverse curvature to
fit the wall of the cireular test section, Detsils
of the geparation detector plug configuration are
shewm in figure 11k, The nenner of operetion of
thiz detector was to heat the center detector wire
to rether high temperature, The adjacent sensor
wires vere maintained at low overheat temperatures,
Just high enough to permit power loss messurements.
In thiz made of operation, the sensor wire loeally
downstream of the heated detectsr wirs requirss the
lesser power for a spesified overheat temperature.

THe results of this investigation are presented
in figures 11 and 12, ¥Figure 11 illustrates the
response of the goge to passape of She shock wave,
The sbscissa represents the position of the debeotor
relative to the shoek wave, with negative values
indicating that the detecter iz upsiresm of the
shock wave, The upper curve is the wall stotic
pressure of the detector location, and the remeining
gurves mre the bridge volbages to the upstream and
downstream (relative to the main siresm) senser
wires and their difference, The lowcal flow reversal
essociated with the passage of the shock wave over
the detestor iz dramstically illustrated by the
opposite response of the upstrean and dowmsiream
wires., As the shock wave passes, the temperature of
the flow surrounding the wires decresmses on the
dewmstream mnd incersases on the upstreanm side of the
heater, This indicates that heobted £luld is locally
being transported toward the upsiream senscor wire.
The difference curve amplifies these effects and
can be used to define both the separation (5 = 0)
and resttachment (R = 57.2 cm) points,

The effect of Boynelds nubor on the length -t
agepareted flov 1o shewn on fleors 13, Bore the
lemcth of separatien, Ta, 48 normalised v the
undisturked bouadnry-layer thicknese, Ay, fust |
upstrean of the interaction, and ie plotted as a
funetion of Reynolds maurber buged en Sy, Alen, &
comparison iz mede with vrevieas inveptimationn
{rels, 13 throwph 18) for norsal shask wawe, it te
lent beundurv-laver inteeackirns shere pltet e
were ubilized, The pousite af Iubn fedien 1L sory
diffieult to eotahlish frends *weii e previcuys
results, The rregent duba whizsh wore ohinined ooep
ecosantinlle the aame Mach and Sewnsldn puvber pape:
indirate that the lencth 28 the sacaprated low
field seonles Airestly with the o o fary-Taver thicke
ness mhewd of the interactisn. Aloo the leneth af
separated flov is wuch luresr when meapured by the
pregent technigue, Clearly, asdditional data are
needed pver o widsr Hewnolds number range to
corroborate the trends thund of the present
investigatien; hewever, {t dees appear that intru-
sive pitot probes or thick oll £ilms used by the
other investigotors may serdcusiy dizsturb thess
types of flov fields.

CONCLUDING REMABKS

The study described hes demonstrated the Sise-
fulness of ap individusl heated-film pape in reasur-
ing skin friction and, in clogely spaced groups, in
reasuring the locabion of zevaratiecn mnd restischi-
ment without disturbing the flow, It vas showm
that & key element in making the skinofriction page
universally opulicable, i.e,, inderendent of lami-
nar or turbulent flew and imsensitive to pressure
gradients, is the uge of a very lew thermal cen-
dugtivity mount or substrats to support o fine
hented £ilm or wire. For senaration detestion, the
uge of rultiple elements eliminates the need for
corplex flustuabing ciposl processine and permits
unanbigusus interpretation of the results, The
ranner in bulldineg these paces, of laving vires
cnto the substrate, filling betwveen with plsstie,
and handworking the surface iz admittedly complel,
bub was manapeshble beeause of the fine ranual
gkills of the authors’® technicimn, Mr. Fred Lemos,
0o is evidenced by the reprodneibility of the eapes.
“he styrens substrate proved io be incompatible
with vapor plating or sputterdinp Films less than
0,03 mm wide nt thickneszes of less than 177" no,
at lemst with the laboramiory technlgues snd Llirdted
effort used by the authors and some fairly exveri-
eneed technicisns, Pleting has distincet advantacss
of achieving smuoth surfaces (b < 107" rm) end uni-
formity of eonstruackion and this work is not
intended to dAiscourage that epproash. In fast,
the authers bthemselves have initiated sontactr with
the micrcelectronics industry to ses 1F the skills
developed there in plating circults ean be
exnlolted in the preduction of thege esicen,
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APPENDIX

Upper Limit of Gape Dimension In Streamwise
Direction

If the extant of the zage in the streamwise
direction is w.ificiently small, it behaves the same
in either o laminar or turbulent boundary layer,

The limit of this extent can be evaluated from
Spalding's theory (refs. 10 amd 11) for the heat
transfer into a turbulent boundary lsyer downs*resm
of a surfoce temperature jump. Near the stepwise
discontinuous surface temperature, the local Stanton
number and skin-friction coefficient can be related
by the serics

%; u 0,157 83+ 9.01x10°7 &7 « , , . (Al)
where
g fepl2
x* af E'-’E-W’i—dx' (A2)
3
eélz _
§ = g (A3)

£ = station where surfuce temperature jump oceurs
Pr = Prandtl number of fluid

St = local Stanton number

er = local skin friction coefficient

u, = logil veloeity at boundary-layer edge

X = station dewnstream of tempesature jump

v, = local kinematie viscosity based on surface
temperature

The first term in the series results from heat
exchange totally within the laminar sublayer and
agrees with the result corresponding to a fully
laminar boundary layer. The second and subsequent
terms introduce the effects of turbulence in the
buffer region and outer parts of the turbulent
boundary layey, We now seek the value of dx=12-x
where the turbulent contributions are small. To do
this it is first necessary to evaluate the average
Stanton number over the entire gage, where

— A
St = El?c' j; * (stydx? (A4)

In terms of & in eq. (A3), the mean Stanton
number is

+ +

§_="1_ b3 /c_ff 2 dx*t = fcf72 X dxt A5

T 5 X - = (A5)
X" ¥y X )

when x*'_is small and the mean value theorem is
invoked with ey evaluated between & and x, with
Ax <2< £, From eq. (A1)}

dxt = Pr{0,47 &2 + 6.59%1076 §6+, . .}ds {AB)

With eq. (A6) substituted into eq. (A5), the average
Stanton number over the gage is found directly to be
,/(.:f? 2

St=
<F

(0.165 82 +7,68x10°7 564+ . . .1 (A7)

for Pr=0,7. From eq. (Al} ana Pr = 0,7
x* o 0,01 8% 4 6.89x10°7 67+ L L, (A8
From eqs. {A7) and (A8), the value of x* where the

vaiue of St 1is 3.2% larger thon for a laminur
boundary ayer is

<+ a upfep/2 Ax o Yiubw AX

4%8.6
" bw

Since 1t ~ §t3, at this valwe of x*, or less, the
gitge will pive skin-friction results within 10% for
a given St if the boundary layer is either lumbnar
or turbulent,
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