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P/ Abstract

Experimental data on the errors introduced in
wall shear stress measurements when flush-mounted
hot-film sensors are not properly positioned in
relation to the test surface are presented. These
data leed to the establishaent of acceptable
tolerance limits when positioning sensors in a
calibration fecility and elso in the subsequent
relocation of the sensor to where actuel
measurements are to be taken. Considerstion is
given not only to errors in sesn values of wall
shear stress, but slso to RMS end instantaneous
values. Results show that the hot-fila sensor must
be positioned within close tolerances for accurats
shesr stress seasurements. Even though all testing
was conducted on a 5 cm diameter pipe with fully
developed turbulent flow, results are also
spplicable to other flows such as that over flat
plates and in pipes of larger dismeters. ..4(_7
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Nomenclature
[ mesn voltage
EpmMs RMS Voltage
1 stresmwise length of hot-film
Pr Prandtl number
dp/dx pressure drop
R pipe redius
y distance from wall
y{S)  height of viscous sublayer at R
y Lew of the wall distance variasdble
Ty mean wall shear stress
D_" mesn velocity across pipe
Uq_ mean centerline velocity
Us friction velocity
v kinematic viscosity

I. Introduction

Some of the earliest investigetions using
flush-mounted hot-film sensors, similar to the type
commercially svailsble today, were in the
seasurement of mean wall shear stress (skin
friction) in the laminar end turbulent regimes of
both internal and externsl flows, Sellhouss &
Schultz in 1966 (1) and Brown in 1967(2).

Subsequent to these studies, meny investigators
extended the application to numerous sress of
exper imental fluid mechenics. Some of the more
recent studies include the measurement of
instantaneous wall shesr stress i Srmoiont.
pulsating flows, Remaprisn and Tu(3), and
investigations of the nesr-wall bursting phenomens
utocﬁsw with turbulent boundary layers, Chasmbers
et ol .

Throughout that time, others developed
calibeat ion procedures for the eccurste
determination of sensor trensfer function

- viscous sublayer {linear portion of velocity

(calibration curve). Geremia(5) showed that
sensors calibreted in fully developed pipe flows,
using differential pressure measurements to
determine mean wsll shesr stress, could be
transferred to other flows such as that over a flat
plate ’tin seintain their sccurscy.

Sendbarn (6] developed s method whereby the :
non=1ineerity of the sensor transfer function could '
be sccounted for when calibrating sensors in
turbulent flows where large fluctuastions in wall
shear stress were present.

o “ar—=a—)

Unfortunaetely, little information is available
on the error induced in the wall shear messurements
a8 s consequence of the probe not being m?ﬂ
flush with the surfsce. Bellhouse & Schult:z
have stated that no errors were introduced in the
seen output of flush-mounted hot-Ffilem sensors when
reised or lowered 0.0762 mm from the flush position Py
in a direction perpendicular to the surface of a
flat plate. However, no potentially important
charscteristics of the flow (such as the height of
the viscous sublayer in relation to sensor
protrusion into the flow) wers given. Since under
many opersting conditions a linear fe&ntionship
between sensor heat transfer andT, /3 is assumed
to hold for leminar flows and turbulent flows when
the thermal boundary layer is much thinner than the
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profile), correlations with such information are
desirasble.

This paper presents experimental data on the
errors in wall shear stress measurements that
result when flush-mounted hot-film sensors are not
properly positioned in relation to the surface.
These data lead to the establishment of acceptabdle
tolerence limits when positioning sensors in a
calibretion facility and also in the subsequent
relocation of the sensor to where sctusl
measurements are to be taken. Consideration is
given not only to errors in mesn values of wall
shear stress, but also to RMS and instantaneous
velues.
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1I1._ Approach ;

A commercially available flush-mounted hot-film 1
sensor was calibrated in water at various sensor v
radial mounting positions relative to the inner O

wall of a 5 cm diameter cylindricel test section.

The sensor, as commercially availsble, consisted of a
8 quartz-coated 7.127 mm long !stresmwise .
direction) by 1.00 mm wide  spanwise direction) —:
platinum film mounted flush in the end surfsce of a A
cylindrical quartz rod encapsulated in s stainless ..o
steel cylindrical shell. The overall sensor

diemeter was 3.175 mm and the sensor surface was

smooth and flush to within 0.0254 mm. This

particular sensor was chosen since: (1) the

dismeter is rather large and therefore should have




ter mounting error then sseller sensors, end
2) the sensor is complete in itself end suitadle
for immediate use as is.

Tests were conducted in e water flow facility
having & 5 ca diameter cylindricll test section and
s seximum flow rate of 0.012 m3/sec. The axial
* locstion of the hot-fils sensor was in the fully
developed flow portion of the test section. All
tests were conducted in the turbulent flow regime.

The hot-film sensor was considered to be flush-
mounted when the spenwise center of the sengsor was
flush with the inner wall of “he test section es
shown in Figure 1. This resulted in the spenwise
edges of the sensor surfece being recessed into the
wall by 0.05 sm. Howsver, since the platinue film
itself was only 1.0 em wide in its spanwise extent,
its edges were recessed by only 0.005 am from the
pipe rediue. The sensor wes located 8 cm upstream
of a flanged connection 30 as to allow easy
verificstion of the flush position. Othsr sensor
positions, whether recessed (into the wall) or
protruded (into the flow), were measured externally
with a disl indicstor using the flush position as a
reference. Positioning sccurscy was estimsted to
be +0.0075 mm.

For esch redial position of the hot-film

sengor, a cslibration was conducted over s
substantisl flow range or shear stress range. At
essch calibration flow rate, voltage output from the
hot-rile anemometer was digitized at a rate of 20
Hz over s 2.5 minute period snd stored on s digital

' computer. Mesn and ”MS values were subsequently
computed.

In sddition, mean wall shear stress at each
flow rate wes obtasined by messuring the
differential pressure between two pressure taps
located 193.2 om apart in the vicinity of the
hot-file sensor. The following reletion was
spplied:
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Fig. 1 Flush Mounting Position For Hot-Film
Sensor.
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Ospending on the sctusl differentiel pressure,
one of several differential pressure traneducers
covering verious renges was utilized to obtain
incressed accurscy. Transducer output wes
monitored on an integrating voltmeter. Accurscy
for the measurement of mesn wall shear stress wes
estimated at -1.0%.

During several of the calibrations, a Laser
Doppler Velocimeter was used to messure centerline
velocity in the test section vs wall shear stress.

The resulting curve agreed well with t s obtained
from the Moody chart when the relation
ﬁq.s U+ 4.0M, (2)

was used to calculate the corresponding centerline
velocities for the sverasge cross-sectional
velocities of the Moody chart.

I11. Resylts

Tests were conducted with the hot-film sensor
mounted in the flush position and at recsssed and
protruded tedial positions of 0.0254, 0.0508,
0.0762, 0.127, end 0.1778 mm from the flush
position. Each calibration covered s wall shear
stress range of 0.26 to 64 Pascal, corresponding to
centerline velocities of 0.240 to §.70 w/s and
centerline Reynolds “umbers from 1.2 X 104 to 3.3 X
109,

For esch data point of the calibrations, values
of mean voltage (E), mean voltage squared £2), and
RMS voltage (Epyc) were calculsted from the
digitized hotcmn snemometer dats slong with
calculations of mesn wall shear stress from the
differentisl pressure measurements. Calibrations
in the flush position were conducted at the
beginning and end of the recessed tests and the
protruded tests. The resulting good agreement
verified that the sensor calibrstion curve hed not
changed during the test progrem as s result of
contamination of the hot-film sensor. Temperature
variations over the calibrestions wers negligible.

Dets for the recessed lount&n% tests are shown
inF res 2and 3 for €2 ve T and Egus /€ va
?1 , respectively. It should be noted in these
.nd 011 subsequent figures thet an upper scale has
been included. This scale shows velues of distance
from the wall y(5) in mm which corresponds %o the
point at which the law-of-the wall verisble y* is
squal to 5, the sssumed edge of the viscous sub-
leyer or linear portion of the velocity profile.

Figure 2 shows that the calidbration curves for
the flush-sounted tests were linear f?s the
relatively large rsnge tested. Brown suggested
that this linesr relationship would hold in
turbulent flows as long as the thermsl boundery
layer was smaller than the viscous sublayer or

u.l < 6aPr 3
v
which is based on 8 viscous sublayer height of y* =
12. Ffor the present set of experiments, this
corresponds to
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Fig. 2 Calibrations At Recessed Mounting
Poeitione.
T3¢ 23 (pe) /3, (»)

The mtupondin’ criterion for s viscous
sublaysr height of v 3 9 ie

ug 1 < 5.6 Pr
v 5) °
which gives
T3¢ p0)V/3 6

for the present experiments. Since even the sore
stringent latter criterion is set for the flush-
mounted celibrations presented hers, the curves
are, 89 expected, linesr.

As shown in figures 2 end 3, negligible dif-
ference from the flush csse wae obeerved se s
resylt of receesing the sensor 0.0254 ma into the
wall. \Olm the sensor was roeo'uoe 0.(:50 -,
negligible erro aobser or the lowsr sheer
strese renge 7;.‘”: z.m"s (y(3) > .042 am).

For larger values of shear stress, the calibrstion
curve remeined umrl had en increese in ite
slope. Errors in 7y'/up to 4% and in ¥, of 12%
are seen. Very large errofs were abserved in the
three curves for the ?/9762 to 0.1778 a» recessed
tests. Errors in 7,'/Jof up to 25% were cbeerved
for s recess of 0.0762 sm and wp to 30% for a 0.127
a8 recess. Corresponding errors in 7y, are 8% and
250%, respectively. In sddition, the curves became
continuously more non=linesr as the recess depth
was increased deyond 0.0508 sm. Large
non-1inearity as evidenced here is coneidered
unecceptable.

= /3
Figure 3, /E ve Ty / , shaws the effect of
the disturbences generated by the cavity ss the
sengor is recessed bdeyond 0.0508 mm. This

disturbence results in en incresse of the spparent
O1fferences in

wall sheer stress fluctustione.
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Fig. 3 RMS Values At Recessed Mounting
Positione.

Eaps /€ between the flush position end the 0.0762 me
recesa were up to 18%, end they spprosched 100%
for the 0.127 sm recees. It should be noted,
howsver, thet the values of /E for the flush
position were relatively seell (epproximetely 3%),
while thoss for the worst case, the 0.1778 am
recess, were only 5.7% saximum. Comparing figurss
2 end 3, however, it ie obvious that these m!ucod
flystustions heve e direct influence on the v
?' curves since errors in these curves follow the

chenge in apperent Epyc /.

Seneors recessed up to 0.0508 sm produced
negligible incresses in spparent wall shear stress
fluctustions. Since the calibretion curve aleo did
not when the sensor wes receseed 0.0254 am,
it ie believed thet accurate instantsneous shear
streses messurements sre reslizedble for sensors
sounted in the flush position to the 0.0254 am
recese poeition.

Results for the calibrstions with the sensor in
the protruded positions sre compered with the flush
calidretion in figures & end 5. The 0.0254 end
0.0508 protruding *um m- nearly identicsl
calibration curves ve T, 1/3) es shomn in figure
A, MHowever, veluss of T _1/3 deviste fram the curve
for the flush position by approximately 10%, which
elso corresponds to & 30% error inT, . It ie
interesting to note that the curve for the 0.0508
ae protrusion remains fairly linesr even for the
smallest y(5) velue of 0.021. T™ise lineer
relationehip mey not hold, however, for other then
fully developed flows.

Sensors protruded from 0.0762 wme to 0.1778 mm
have cslibration curves thaet deviste fram thet for
the flush position by up to 158 in 7 1/3 end 53X in

1/3 All curves in figure 4 are ressonably linesr
except for the 0.1778 am protruded curve which
tends to be non-lineer at the higher wall shesr
strese values. The 0.1778 mm protruyded curve
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Fig 4. Calibrstione At Protruded Mounting
Positions.

becomes non-linesr st a y(3) value of 0.030 mm,
which is one-sixth the height of the protruded
sengor. Apparently, the lineer rol”sondup
betwsen seneor heet tranefer end 7 !/J extends vell
wmummllnrmmrmﬂy 3
or y 3 12 at lesst for fully developed pipe flow.
According to the above results for the 0.1778 ma
protruded csse, the curve for the 0.1270 mm
protruded sensor should becoms Non-linesr at
spproximstely y(S) equel to 0.021; however, this is
beyond the end of the cutve.

As can be seen in figure %, differences in
Eaps /€ betwsen the 0.0254 end 0.0508 me protruded
results were negligidble over the complete
calibration renge. For @ large portion of the
renge, Egus/t for these two tests wes approximetely
2.8% es compered to spproximately 3.1% for the
flush cese. This 10% difference is negligidle,
howsver, when considering the low vsluee of E
over the camplete renge. The 0.762, 0.127, end
0.1778 sm protruded ceses had /t velues thet
devisted over a large portion of the range with
differences as high se 15% from the flush position.
Agein, however, the valuseof E e/t for ell cuzves
range from 2.6% to 3.08, which are sll tather mmell
valuss. The value of Egys/E for esch of the curves
with the three largest protrusione starte to
increese sharply when the viscous sublaysr height
at y* 12 5 reduces to spproxisetely one-helf the
protrusion hejgnt. 17 the viscoue Mlcni irlmt
19 telen st y* s 12, as suggested by Srown then
the curves become non-linear at the point where the
viscous sublayer height is comparsble to seneor
protrusion height.

Unfortunstely, energy spectrs were not abteined
for these tests, If they were, some informetion
relative to the turbulence generated either by the
cevity or the protruded sensor could have been
obtained. For inetence, the frequency information
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Fig 5. RMS Values At Protruded “ounting
Positions.

could de used to detsrmine whether the turbulence
could indeed have besn genersted by the ceavity and
also provide some informetion on its effect on
ssssured durst frequency.

IV. Conclusion

Flush-mounted hot-film wall shear stress
WNEOrs con be used to eccurstely ssseure seen,
NS, and inetantenscus wall sheer stress when
reasonsble cere is teken in poeitioning the seneor
flueh with the well. The optimum flush-scunted
position is with the spenwise center of the ssnsor
being flush with the pipe wall, which results in
the spenwise edges of the seneor being recessed.
Since no portion of the sensor protrudes into the
flow end, se shown, the sensor calibration curve
cemains linear even for very smell velues of
viscous sublayer height, the sensor cen be used to
seesurs wall shear stress for flows heving other
then fully developed profiles. [he effect of the
recessed of the sensor ie negligible
on the EMS values end consequently also on the
instantaneous wall sheer strees.

If the sensor is celibreted in one fecility end
soved to another, the tolerance in poeitioning the
sensor ie relatively smell, renging fram the flush
poeition to the 0,0254 mam recessed position.
Should the sengor be celibrated in-situ end should
the flow conditione (velocity profile, viscous
sublayer height, etc.) remein similar between
calibration end future tests, then the seneor cen
be positioned between the 0.0254 am recessed end
the 0.0762 mm protruded position and still heve &
repeateble linesr calibration curve. However, if
the sensor is protruded subetsntially into the
viscous sublayer, then € snd instantaneous wall
shesr stress messurements could heve large errors.
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™ees esnciusions ere bDelisved velid, eltheugh
oMeNevalive, for asssurelents on flat plates and
on intosnal surfeses with g pips diameter eguel to
o than 5 en avd for wall sheer senecrs wp
te 3.17 & in ¢iemster.
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