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ABSTRACT

An investigation of the time-dependent response characteristics of
flush-mounted hot element gauges used as instruments to measure wall
shear stress in unsteady periodic air flows is reported. The study wac
initiated because anomalous results have been obtained from the gauges in
oscillating turbulent flows for the phase relation of the wall shear
stress variation, indicating possible gauge response problems. 4An
experimental investigation was carried out for flat plate laminar
oscillating flows characterized by a mean free stream velocity with a
superposed sint.soidal variation. Laminar rather than turbulent flows
vere studied, because a numerical solution for the phase angle ¢_ between
the free stream velocity and the wall shear stress variation that is
known to be correct can be obtained. Gauges with elements of two types
vere mounted flush with the surface of the flat plate and tested over a
vide range of reduced frequency @ = wt/U_. The tvo element types vere a
thin platinum film deposited on a quartz substrate and a small diameter
vire buried flush with the surface of a polystyrene substrate. The study
focused on comparing ¢_. indicated by the hot element gauges with
corresponding numerical predictions for ¢_, since agreement would
indicate that the hot element gauges faithfully follow the true wall
shear stress variation.
ks An experimental study of velocity varjation in the laminar
£ oscillating flows generated was carried out by means of hot wire
i anemometry to verify that the boundary layer flovs behaved as predicted
X by the numericsl method. Good agreement vas obtained. Hot element
18 gauges vere tested with the long dimensicn of the clement perpendicular
3 to the flow for a range of operating resistance ratio, ORR, defined as
i the ratio of hot element resistance during operation to its resistance at
room temperature. In the range 1<ORR<!.15, measured values for ¢_ ware
found to depend on &, ORR, and the type of element. For 1.15<0RR§1.30
there wvas no significant influence of ORR. Comparisons of $_ measured zt
ORR = 1.30 with the corresponding predicted ¢_ rcvealed that "for the
platinum film gauges, the experimental variation of the wall shear stress
lagged the predicted variation by values ranging from 6+’ degrees at @ =
0.2 to 16+3 degrees at, ® = 2.4. (Predicted values for ¢_ ranged from
zero at ® = 0 to near 40 degrees at @ = 2.4.) The flush wire gauges vecre
g studied for 0.14<@<0.9. Similar comparisons showed that the experimental
vall shear stress lagged the predicted value by 14+4 degrees in the noted
®» range. Thus, the conclusion is reached that the hot element gauges do
not faithfully foilow the wall shear stress variation in laminar
oscillating flows. There is a significant time lag in the variation
indicated by the gauges that depends on @ and the gauge type. The
results of this study strongly suggest that time lag in gauge response
will also occur for turbulent oscillating flows.
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i
NOMENCLATURE
b1 rate of decresasc of freestream valocity with distance from
leading edge, Equation (8)
f frequency, Hz

ORR operating resistance ratio = R/Rf

B p static pressure
Rex Reynolds number based on x, on/v
t time
L u x compcnent of boundary layer velocity
X u freestrean velocity
ﬂ 3 . K3 3
U variation of the freestream velocity, Equation (1)
r v y component of boundary layer velccity
i‘ x distance measured from the plate leading edge parallel to the
3 flow direction
]
J y distance measured perpendicular to the plate surface
ﬁ 8 piressure gradient parameter for laminar steady flow, Equation (10)
&
Ai ' bcundary layer thickness
g *
§ ] boundary layer displaccment thickness
g n dimensionless normal distance from the plate surface, y¢U°7vx
'ﬁ
% v kinematic viscosity
4 . .
¥ 3 dimensionless pressure gradient term, blx/Uo’ Equation (8)
ﬂg p density
8
3 T surface shear stress
;g ¢ phase angle
2
% A¢T difference between two shear stress phase angles
3
i - u angular frequency, rad/s
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Subscripts:

o mean value

1 variation

e experimental quantity
n numerical quantity

u velocity quantity

T shear stress quantity

w Strouhal number, wx/Uo




i

e
G Ir®

14, ol

i

o

T
AL
R
—

ez

ey
s

.ﬁ».?(.‘r,

d
X3
e - N e T A - W A A aem gl T A e LA W | T gy Do )]

I
it F A

—r
RN
N

i

Gt

e

wr A
.

AR

T
T

.

e Rk A T
(R :

;
e
‘l

(s

_‘!';‘ e f ft""&ﬁ"?“;{ '73

Ol
S

(3

Y

aunE Y

cea iy
4R
AR

o) P
B

G LTI
AL

TR

TR e BT

Caweing

AR

e R

I. INTRODUCTION

The capability of understanding and predicting the boundary layer

behavior in response to an oscillating or periodic flow is important in

a number of areas of fluid mechanics. Two of these areas are

turbomnachinery flow and flow over helicopter rotor blades. A complete

boundary layer description would include the time-dcpendent velocity
variation in the boundary layer and the time-dependent wall shear stress

variation as functions of position on the surface. Flows in the areas

mentioned are very complex and as a result several unsteady boundary
layer studies have been conducted that deal with inccmpressible
oscillating flcws over plane surfaces as a first step in developing an

understanding of their behavior.

A typical description of the freestream flow for such studies is

expressed as

U(x,t) .

]

U (x) + TUlx.t)

(1)

1]

Uo(x) + Ul(x) cos ut

where Uo(x) is the average velocity, ka,t) is the fluctuating velocity,
Ul(x) is the half amplitude of the velocity variation, and w is the
angular frequency of oscillation.

The time-dependent freestream velocity generates an unsteady
pressure gradient which, at a given x, varies sinusoidally. Vhen U° and
U

1 in Equation (1) are independent of x, the pressuvre gradient lecads the

freestream velocity vaviation by a phase angle of w/2 [1,2,3}. °The
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phase relationship between the freestream velocity variaticn and the
unsteady pressure gradient for this case is shown in Figure 1 with the
freestream velocity variation and the pressure gradient.represented by
rotating vectors. Since the unsteady pressure gradient dcés not
coincide with the freestream velocity, a phase difference is created
between the freestream velocity and the slower velocity in the boundary
layer. Lighthill [3] has shown for lamirar boundary layers that this
pressure gradient produces a velocity phase lead relative to the

freestream velocity in the inner part of the boundery layer and a phase

lag in the outer part of the boundary layer. The ensemble averaged

velocity (defined as the average of instantaneous velocity values at the
same point in the cycle over a specified number of cycles) in the

boundary layer at a specified x location is given by

u(y,t) = u (y) + u, (y) cos [ut + ¢ (y)] (2)

where y .s the distance perpendicular to the wall, uo(y) is the mean
velocity, ul(y) is the half amplitude of the velocity variation, and
¢u(y) is the velocity phase angle relative to thu freestream velocity.
A positive ¢u cocrresponds to a phase lead. This is illgstrated in
Figure 2 which shows at fixed values of x and y the velocity variation
in the freestream, Equation (1), and in the boundary layer, Equation
(2). The velocity variation in the boundary layer shown in Figure 2
leads that in the freestream, but at other values of y, the houndary

layer velocity variation may lag that in the freestream.
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u(t) = Uo + Ul cos wt
(y > )

h N _/ /N\E
VLYV
ANV BV
. A N4

L
Y

Velocity

u(t) = u, + u; cos [wt « ¢u]

I (y < 6)

Ve e

wt ——+

FIGURE 2. Description of the velocity variation in the freestream and
in the boundary layer ,
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As noted in Equaticn 2, the boundary layer quantities u, u and

1)

¢u vary with y. In turbulent flows, the behavior of u,s u and ¢u are

1’
fairly well-understood for most of the boundary layer. However, there
is uncertainty about the boundary layer behavior near the wall,
particularly with regard to the phase angle ¢u. While the velocity
phase angle in the outer part of the boundary layer can be
experimentally measured, accurate measurement of the phase angle very
near the wall is quite difficult by means of conventional hot wire and
laser (LDV) systems because of physical limitations related to probe
size.

In turbulent flow, direct theorzstical prediction of the phasae angle
is very difficult, so numerical and other techniques must be employed.
Cousteix et al. [4] have attacked this problem using a small
perturbation development with complex notation for solving the turbulent
flow very near the wall. With this method, they claim to have described
the behavior of the velocity phase angle near the wall for turbulent
flow. A sketch of their results is presented in Figure 3. It is
evident from Figure 3 that in turbulent flow the velocity phase angle
appears to exhibit a unique and interesting behavior near the wall,

One approach to obtaining more information on ¢u at smail values of

y is to measure the phase angle for the wall shear stress variation.

The wall shear stress variation is given by

tw(x,t) = to(x) + tl(x) cos [ut + ¢r(x)} 3
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FIGURE 3. Behavicr of q&u near the wall in turbulent flow as calculated
by Cousteix et al. [4]
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where to(x) is the mean shear stress, tl(x) is the half amplitude of the
shear stress, and ¢t(x) is the shear stress phase angle. Lighthill [2]
has stated that the wall shea; stress pnase angle ¢t is equal to the
velocity phase angle at the wall (%ig ¢u = ¢t ). Thus, a measuremen; to
obtain ¢t would yield valuable information about ¢u.

However, measurement of the wall snear stress and subsequent
evaluation of ¢t is by no means simple at the presen£ time. Surfacg
shear stress measurements in steady flows can be made with a fair aeg:ee
of accuracy using shear stress balances. Acharya et al. [5] provide a
discussion of the present state of the art in the development of these
instruments. However, due to long response times such instruments are
generally not suitable for measurements in time-dependent flows. One
instrument that has been considered for time-dependent wall shea: stressc
measurement is the hot element gauge. Figure & describes a typical hot
clement gauge. It consists of a metallic element deposited on the
substrate surface or buried-flush with the surface. The substrate is an
clectrical insulator and ideally a thermal insulator. The metallic
element is heated electrically by an external circuit and the response
of the gauge is recorded by monitofing the external circuit. The
external circuit is & constant temperature anemometer unit which is
generally used to operate hot wire probes for velocity measurements.
The substrate surface is mounted flush with the surface en which the
boundary layer is dev:loped. The operation of the gauge is based on the

concept that the heat removed from the gauge by the flowing fluid is
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related to tha local wall shear stress. For steady flow with uniform
shear (i.e., a linear velocity profile), there is a linear relaticaship
between the heat transfer from the gauge and the one-third power of tha
local wall shear stress. In equation form, this relationship can be

expressed as

“w1/3
%] /

q e~ (7 /(a %)

where q is the heat loss by the gauge and a is tha fluid tharmal
diffusivity. This relationship was determined analytically by Kalumuck
[6] using an order of magnitude analysis; by Ling [7] using a similarity
analysis; and bty Bellhouse and Schultz [8] using an integral analysis of
the boundary layer. The heat transfarrad away from the gauge is equal
to the power needed to maintain the gauge temperature and is monjtorad
for shear stress measurements. Calibration is accomplished by placiang
the gauge in a flow where the shear stress is known and monitoring the
power consumpticn for the gauge while varving the known shear strass.
This sounds sirple but aven for steady laminar flow calibration must be
performed under conditions similar to those encountered during sctual
use. A study to develop a comprehensive three-dimensional theory of hLot
film gauges in steady laminar flow has been performed by Kalumuck {6].
Since these gauges are small, casy to instsll and operate, and
appear to have adequate response, they sezem to offer ai attractive
possibility for measuring wall shosar stress in unsteady flows. In fact,

hot element gauges mounted flush with surfaces on which unsteady
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boundary layers werc developed have been used in at least three attenpts
to measure @t in turbulent flows. One study was conducted by Kobashi

3 and Hayakawa [9]). They studied turbulent boundary layers generated on a
) flat plate which was oscillated sinusoidally parallel to a constant-
velocity freestream flow of air. Their results for ¢t measurements

using hot film gauges show that the wall shear stress lags the

freestream velocity variation for the range of frequencies covered. The

Eﬂ value of ¢t also decreased for an increasing reduced frequency

P
R

L el

Lini+h s,

=1t -p
parameter, wé /U° where 8 is the average displacement thickness. These

-

results differ with experimental and numerical studies for turbulent

Wi iagi e
PN
alein T

flow reported so far in the literature [12,13].

a7,

In another study, Ramaprian ard Tu {10] used flush mounted hot fiin

T Ty
REENRROR
2 Rt e a7

gauges to measure the wall phase angle in periodic turbulent pipe flow

of water. For the two frequeacies at which data were available, the

?f measure'l wall phase angle legged behind their numerical predicticns and
5? an estiration of ¢t obtained by the extrapolation of ¢u to the wall by a
'§' significant margin. Figure S shows the numerical predicticns end the

:? experimentally measured phase angles from Ramaprian and Tu. It is clear
AR

% that for the two cases in Figure 5, ¢t values measured by hot fiim

E% gauges differ considerﬁbly from both their numerically predicted results
%} and results related to extrapclation of ¢u'

;%E The third study is one conducted by Cook and Owen {11]. They

sy

z% generated an oscillating turbulent boundary layer on the wall of a

i% constant cross sectional area test section oper to the atmosphere. A
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FIGURE 5. Phase angle results from Ramaprj:‘m and Tu {10]
(r is the radius of-the pipe)
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platinum film gauge was mounted flush with the wall of the test section

T
< s

e«

NI
.

at a fixed axial position. The wall phase angle was measured relative

et

to the freestream and compared to numerical results produced from a

computer code developed by Murphy and Prenter [12]. A graph of some

measured wall phase angles is given in Figure 6 along with the

D P

¥
.
5 corresponding predicted results. It is evident that a difference exists
4
f{ between the experimental measurements and the numerical predictions.
£
s From the previous examples, it is evident that there is a

discrepancy between ét measured with the hot element gauges and tle
numerical predictions or the estimation of ¢_ obtained by extrapolating

¢u to the wall. Hence, it appears that the hot elemen: gauges do not

megsure ¢t correctly. However, it can not be said with certainty that

5 AL

e e e+ 2 ety g e AR A P P2 o e e d e & amm

E; the hot element gauges do not measure the correct phase angle, because

N

;g. ? neither the numerically computed ¢t or the ¢t obtained by extrapolation
EE- of ¢u to the wall are known to te correct fer turbulent flows.

%?.? Extrapolation of ¢u to the wall is particularly difficult if ¢u varies

g%i ; near the wall in the manner suggested by Cousteix et al. [4], Figure 3.
L

pravy
Ay

Faal

Examination of the processes taking place ac the gauge responds to

T
A Ay

variations in the flow provides additional reasons for questioning the

dynamic response of hot element gauges. The cperation of a geuge is
based on the process of heat transfer. As noted in Equation (4), for
steady flow the heat transier rate is proportional to the one-third
power of the wall shear stresc. In unsteady flows, heat transfer is

still related to shear stress but possibly not in the form of Equation
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FIGURE 6. Wall phase angle measurements for a turbulent oscillating
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(4). Ideally all the heat generated by the hot element should be
transferred to the fluid immediately above the element, but in actual
use the substrate surrounding the eclement is a thermal cenductor. If
the metallic film or wire was perfectly insulated from the substrate it
would respond rapidly to fluctuations in the flow since it is very thin
and consequently has almost no thermal storage capacity. However, the
hot element does not act independently of its surroundings. It is
affected by unsteady heat conduction in the substrate which has a much
greater thermal storage capacity than does the hot element. This large
thermal storage capacity may produce a time lag and limit the response
of the system. Heat conducticon upstream of the element causes a thermal
boundary layer to develop before the fluid reaches the element. Heat
may also be transferred from the boundary layer éo the substrate
downstream of the element. As & result of all these factors, the
convective heat transfer and the conductive heat transfer are
interrelated and can not be ;ncoupled. The result is a very complex
multi-dimensional heat transfer problem that involves uasteady
conduction and convection.

Dewey and Huber [14] present a review of several studies related to
some of the theoretical aspects of the response of hot element gaugeslin
unsteady flows. They also describe a theoretical model they have
developed for the hot element gauge that includes the unsteady features
of its operation, but f:nal solutions to predict the gauge performance
are not prescnted. Their discussion-also suggests problems with the

dynamic response of hot element gauges in unsteady flows.
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It would be useful to test the performance of hot element gauges in

an oscillating flow for which unsteady aspects are known with a high

degree of certainty. Laminar oscillating flow offers this feature.

Accurate means are available for predicting the behavior of laminar
oscillating flow, including ¢u vs y and the value of ¢t. Therefore,

this study deals with the testing of flush mounted hot element gauges in

oscillating laminar flow. Efforts have been focused on measuring ¢t and

ccmparing these results to predicted values. This approach to analyzing

the performance of the shear stress gauges subjects them to a crucial

test. If the gauges do not yield the correct values for ¢t in

oscillating laminar flow then it can be concluded that the gauges fail
to perform dynamically, i.e., they fail to follow the shear stzess

variation faithfully. Failure to perform properly in laminar

oscillating flows would cast serious doubt on the usefulness of the
gauges for measurenents of ¢T in unsteady turbulent flows.

One study in the literature has &ealt with the use of hot element

gauges in unsteady laminar flow. Bellhouse and Schultz [15] calibrated

several hot film gauges in oscillating laminar flow for measuring
fluctuating shear stress, but their work did not inveclve measuring the

wall phase angle to detefmine if the gauges correctly follow the shear

stress variations.
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II. REVIEW OF OSCILLATING LAMINAR FLOW

As discussed in the Introduction, this study deals with oscillating
laminar flow. This section gives a general over view of the
fundamentals involved and some of the analytical, numerical, and

experimental work done in this area.
A. Lighthill's Solution to the Boundary Layer Equations

The boundary layer equations for incompressible unsteady laminar flow

over a flat plate are

2

du Su 3w _ 13 3 u

e TV TV ay pax TV T2 )
3y

Ju v _

ax+ay"° (6)

where x is measured from the leading edge.
Lighthill [3) undertook the first analytical study .or this type of
unsteady boundary layer. He considered small oscillations about a

steady mean velocity and represented the velocities by the following

equations
iut
u = uo(x,y) + cul(x,y) oY
fwt .
v = vo(x,y) + svl(x,y) ¥ (7
- e iwt
U= Uo(x) + zbl(x) e

The oscillating freestream velocity given in Equation (7) produces

the unsteady pressure gradient which is the driving force in oscillating
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flow. Lighthill considered only this case for which the pressure
gradient leads the freestream velocity by /2. This is the case
illustrated in Figure 1. There are other cases where the unsteady
pressure gradient has different phase relationship with respect to the
freestream velocity.

As would be expected, the unsteady pressure gradient plays @ vital
role in determining the behavior of the boundary layer. As previously
noted, Lighthill has shown that this pressure gradient produces a
velocity phase lead relative to the freestream velocity in the inner
part of the boundary layer and a bhase lJag in the outer part of the
boundary layer. Lighthill states that the phase'diffe:ence in the
boundary layer is related to the magnitudes of the inertia and the
pressure gradient forces. In the inner part of the boundary layer, the
pressure gradient forces dominate nroducing a phase lead, while in the
outer part cf the boundary layer the inertia forces are largest and a
phase lag results. Lighthil&'s sclution applies to laminar oscillating
flous for which UI/Uo is ‘not large.

Lighthill's approximate method of solution to Egquation (5) and
Equaticn (6) restricted considerations to the low and high frequency
limits. For the low frequency limit, the boundary layer equations were
simplified and then solved by a Xarman-Pohlhausen method. The phase
angle and fluctuating velocity profiles were found to depend on the
reduced frequency parameter, w = wx/Uo where x is the axial distance

from the leading edge ¢f the flat plate. The reduced frequency is also
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knownt as the Strouhal number and is the characteristic frequency
parameter in oscillating flow. Lighthill's low frequency solution for
¢t for laminar oscillating boundary layer flow err a flat plate with
dUo/dx = 0 is shown in Figure 7. At large frequencies, the unsteady
boundary layer equations reduce to the equation for 'shear waves'.

Thus, at large frequencies, the boundary layer behaves as if it were
subjected to a freestream which oscillates about a zero mean velccity.
Lin [16] also observed this characteristic of high frequency oscillating
flow. For this high frequency limit, ¢t is independent of frequency and
reaches a constant value of 45 degrees. Lighthill's high frequency

solution is also shown in Figure 7.
B. Numerical Soluticn to the Bouadary Layer Equations for ot

Several numerical computer codes have been developed to solve the
unsteady boundary layer equations for beth laminar and turbulent flows.
Murphy and Prenter [1Z] have developed a hybrid finite-element finite-

difference scheme which ic second-order accurate in "x" and "t" and

fourth-order accurate in "y". Murphy and Prenter compared their results
for ¢t to the computational procedure of Cebeci and Carr [17] and
Lighthill's low and high frequency asymptotic solutions [3). These
results are given in Figure 7. As can be scen from Figure 7, there is
good agreement between the various studies. This demonstrates that
accurate prediction of ¢t is possible in oscillating laminar flow. The

computer codes have the advantage over the method by Lighthill in that

they can predict ¢t over the full range of reduced frequencies.
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One aspect of solving Equation (5) and Equation (6) for laminar
oscillating flow is that the sclution is independent of the magnitude of

Ul/Uo as long as the amplitude is not large.
C. Hill and Stenning Studv of Oscillating Laminar Flow

An experimentel and analytical study of oscillating laminar
boundary layers was conducted by Hill and Stenning [18] for flows with
both zero and adverse pressure gradients.

A laminar boundary layer was produced on the wall of the test
section in a simple open-circuit suction-type wind tunnel., A hot wire
anemonmeter was used for flow velocity measurements. A sliding thkrottle
valve loceted in the downstream portion of the test section created the
freestreanm oscillations. The governing equations for the flows
developed are given by Equatien (5) and Equation (6) with a freestream

velocity
U= Uo(l -£) + Ul cos ut (8)

where § = blx/Uo is the dimensionle .s pressure gradient term with bl
equal to the rate of decrease of freestream velocity with distance from
the leeding edge. Calculation of £ was carried out by applying Equation

(5) in the freestream

.13 _au ay
p Ix at +v ax 9
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Two values of the dimensionless pressure gradient term were studied; & =
0 and § = 0.10. These two cases correspond to Blasius flow and Howarth
flow respectively. The Howarth flow case represents a flow that is
close to separation, where separaticn occurs at § = 0.12. When § = 0,
Equation (8) reduces to Equation (1) given in the Introduction. The
results reviewed here from Hill and Stenning will concentrate on £ = 0
since this type of flow is similer to the one considered in the current
study. Velocity variations, Ul/Uo’ of the order 0.1 were used in their
study which was performed ovar the reduced frequency range 0 < & < 10.
Their results show that the boundary layer behavior can be grouped into
three classes depending on w. These classes are low, intermediate, and
high reduced frequencies. The renge of ¥ in cach group depends tg soma
extant on the wmagnitude of the steady pressure gradient. TFor § = 0, the
low frequency range is 0 < & < 0.6, and in this range Lighthill's low
frequency theory was used to predict the boundary layer behavior. The
high frequency range corresponds to large values of W. Ia the kigh
frequency range, the shear wave theory should give a good descriﬁtion
for both the phase angle and the amplitude of the boundary oscillations.
Since the theory existing at the time of their study did not adeguately
predict the boundary layer behavier in the intermadiate frequency range,
Hill and Stenning developed a theoretical solution to cover the range
between the low and high frequencies.

Examples of experimental results of Hill and Stenaing for three
/U

quantitices related to oscillating flew, u_ /U , u and ¢ , are
o' "o u

-
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presented in Figure 8. Figure 8(a) cempares their experimental results
for u°/U° in oscillating flow to u/U in steady flo@, both for § = 0,

The velocity ratio for both cases are plotted égainst n = yJU;73§. The
Blasius thenretical solution is also shown for comparison. For the
oscillating flow uO/Uo profile, @ = 0.555 which was the only W for which
uO/U° data were available in reference [18}. The results preseated in
Figure 8(a) show a small difference between the two experimental
profiles at the outer edge of the boundary layer. This difference cculd
be caused by a favorable pressure gradient present only during steady
flow operation, unsteady effects, or experimental error. However, Hill
and Stervning state that the mean velocity profile in cscillating flow is
unaifected by the velocity fluctuations. KarlssoQ {13} observed ia his
experimontal study of zero pressurc gradient laminar osciilating flows
that in oscillating flow the mean velocity profile was not affected by
oscillations az leng as the fluctuating velocity was not extremely large
compared to the mean velocit&. Hence, it :s generally accepted that the
uO/Uc profile remains e.sentially the same for all w {13,18).

Another intveresting characteristic of oscillating flow invelves the
fluctuating velocity in the boundary laver. In the outer part of the
boundary layer u, has a magnitude larger than Ul‘ This is called che-
overshoot and is associated with all frequencies in oscillating flow.
Figure 8(b) shows theoretical and experimental ul/U1 vs n profiles
obtained by Hill and Stenning for £ = 0 and @ = 1.47, which is in the

intermediate frequency range. The intermediate frequency theory
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provides a good description of the actual boundary layer behavior for
this case. Figure 8(c) illustrates the behavior of ¢u in the boundary
layer for w = 1.48. The experimental results presented in Figure 8(c)
confirm the theory provided originally by Lighthill which states that
the velocity in the inner part of the boundary layer leads the
freestream velocity and the velocity in the outer part of the boundary
layer lags the freestream velocity.

Hill and Stenning did not measure ¢t’ but it is possible to obtain
an estimation by extrapolating the experimental Sy data to the wall in
Figure 8(c). Using this method, ¢t = 42°, . From Figure 7, the numericai
prediction of ¢ at @ = 1.48 is approximately 41.5° and has been placed
on Figure 8(c) as the solid circular symbol. This comparison results in
good agreement between the numerical prediction and the experimental
estimaticn of Gr and indicates that for this case the numzrical
predicticn of ¢t from Figure 7 is correct.

The results of the Hill and Stenning study provide confidence that
oscillating flow laminar boundary layers can be generated that behave
according to theory. The next three chapters describe how oscillating
flow laminar boundary layers were generated.and measured in the present
study. Also presented is a comparison of experimental results with

numerical predictions.

rdi
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ITI. FACILITY DESCRIPTION

The unsteady boundary layer flow facility in the lowa State
University Mechanical Engineering Department was utilized in this study.

A diagram of the flow facility is shown in Figure 9 and descriptive

details are giver in Table 1. For more informaticn chout the facility
see Cook [1,2]. The upstream end of the square constant cross-sectional
area test section is attached to the round-to-square entrance section.
The entrance section is open to the atmosphere. Located at the
downst?eam end of the test section is the converging-diverging nozzle
and an oscillating wedge that makes up the wave-generatving mechanism.
Downstreanm of the nozzle is a large vzcuun tank. To generate flow, a

mylar diaphragm is first placed between the nozzle exit and the tank.

The tank is then evacuated. Rupturing the diaphragm causes atmospheric
air to flow through the test section and the nozzle to choke. The test
flow is terminated when the nozzle discharge regicn pressure has
increased to the point where the nozzle unchokes. VWien the wedge in th
wave-generating device is fixed steady subsonic flow will be produced in
the test section. Duration of steady flcw is primarily determined by
tank volume and the net throat cross scctional area.
The wave-generating device is used to create the velocity
fluctuations. It consists of a scotch yoke mechanism which osciliates
- the wedge along the nozzle axial centerline and produces a sinusoidal
variation in freestream velccity when the input shaft is rotated at a

constant speed. VYhen the wedge is in the fully dowrstream position, the
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TABLE 1. Description of the facility

Plexiglas Test Section

Length 76.2 com

Width 7.5 cm

Height 7.5 cm
Entrance Section -

Honeycomb Cell Depth 4 cm

Screen Solidity Ratio/Per Screen 0.3

Contraction Ratio 12.4:1
Tank Volume 2 m3

wedge tip extends upstream of the plane of minimum cross-sectional area
of the nozzle. Changing the wedge position changes the effective sconic
throat area, thereby changing the mass flow rate. Proper shaping of the
wedge produces a sinusoidal variation in the freestream flow superpascd
on a constant mean velocity when the nozzle is choked. A sinusoidal
freestrew velocity is obtained over a wide range of frequencies. The
frequenc; for the present study was infinitely adjustable between
approximately 2 Hz to 30 Hz.

Two low speed flows were produced in the test section with
freestream velocities of about 11 m/s and 17 m/s. The two freestreanm
flow conditions were created by two wave generator section
configuratiocns which are described in Table 2. For this study, three
combinations of the plate positions (Figure 9) and wave generator

secticn configurations (Table 2) are used. These three combinations

—— - .. —
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are described in Table 3 and will be referred to as test configurations

TC I, TC II, and TC III. Table 4 tabulates test configurations in

relation to the cxperimental cases studied end will be referred to in

later chapters.

TABLE 2. Description of the vave generator section configurations

Wave Generator Nominal
Section Wedge half  Choked-flow
Configuration Stroke,cm Angle,deg. Run Time,sec. Uo,m/s Ul/uoa
A 0.6350 7.0 10 16.7 0.13
3 0.6350 7.0 15 11.7 0.19
8t low frequencies.
TABLE 3., Description of the test configurations
. VYave Generator
Test Section Plate
Configuration Configuration Position X, m Re,{a B
TC I 4 (Table 2) 1 (Fig. @) 0.12  1.34 x 10°  0.10
TC II A (Table 2) 2 (Fig. 9) 0.22 2.45 x 10S 0.10
TC III B (Table 2) 2 (Fig. 9) 0.22 1.72 x 105 0.16

aBased on U .
o
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TABLE 4. Experimental boundary layer surveys
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R KT

CASE DESIGNATION PREFIX

C - Steady Flcw

TEST
CASE CONFIGURATION  f,Hz

. R
RSP A RN Sy e s

-3
W

A - Wave Generator Section Configuration A, Table 2
B - Wave generator Section Configuration B, Table 2

k-
o

Al TC I 10.00

v
POEA IS IEks
SR

A2 TC II 3.00
A3 TC II 5.58

T
LA

AS TC II 15.00
A6 TC II 20.00

-0 00

Bl TC III 3.00
B2 TC III 10.00
B3 TC III 20.00

PRk GES
N = O

o

£ c1 TC I
c2 TC 1I

T
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.18
.59

.34
.19
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83 is based on the measured value
of U° (Appe~dix A).
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A flat steel plate with an elliptical leading edge and a sharp
trailing edge was installed along the centerline in the upstream part of
the test section. The plate surface and leading edge was polished to an
RMS finish of 15 u inches in order to ensure laminar flow. Holes were
drilled in the plate at distances of x = 0.12 m for plate position 1 and
X = 0.22 m for plate position 2. This permitted the hot element gauges
to he installed through the bottom of the test section and flush with
the top surface of the plate. When a hot element gauge was not
installed in a probe location, the hole was filled with wax to minimize
flow disturbances. 7The hot element and hot wire probes were placed
centrally with respect to the side walls of the test section. The hot
wire probes shown in Figure 9 was uscd to measure the velocity varizticn
in the boundary layer. All measurements for the boundary layer analysis

and wall phase angles werc made zbove the plate.

B9+ e et S v————— o vmae s
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IV. DATA AQUISITION SYSTEM FOR VELOCITY MEASUREMENTS

Two basic instrumentation setups were used for this study; one for
measuring freestream and boundary laver velocities by mesans of a hot
wire anemometer and another for measuring the wal! phase angle using the
hot element gauge. The former will be described in this section.

A diagram of the instrumentation used to measure velocities is
given in Figure 10. Velocities in the test section were measured by a
constant temperature hot wire system. A single channel anemometer
maintained a Disa Pl4 hot wire probe at a constant tempe-iature with an
operating resistance ratio (ORR) of 1.8. The ORR is de. ed as R/Rf
where Rf is the resistance of the hat wire at the fluid temperature and
R is the operating resistance of the hot wire. The term over heat ratio
(OﬁR) is often used wher. describing the operation of hot wire
anemometers, where OHR = (R - Rf)/Rf. The ORR and the CHR are related
by the equation ORR = GHR + 1. The signal out of the anemometer was
linearized and then sent through a low pass filter set at 10 kHz to
eliminate the high frequency electrical noise. An A/D voltmeter w&s
then used to convert the filtered signal from analog to digital form for
computer processing. This basic procedure for measuring velocities was
usad for both steady and oscillating flows.

Calibration of hot wire probes was done outside the test section
using a TSI model 1125 air flow calibrator and s:énddrd czlibration

techniques.
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To traverse the boundary layer, a hot wire probe positioning

aechanism built around a micrometer snabled the probe distance from the

p.«te to be adjusted.

A, Steady Flow

VWhen steady flow valoecities were baing measurad tha wedge in the
wave generator section, Figure 9, was lecked at midstroka. Velocities
in the boundary layer surveys wore then measured by taking 500 voltage
readings over a 1.3 sacond time interval at each y location salaected.
Using this information and a pravious hot wire calibration, the average
valocity and RMS velocity wore evaluated Ly the computar for each data

point in the survey.

B. Oscillating Flow

Oscillating flow required the wedge to be driven at a known and
constant fregquency. A variable speed electric motor and a flywheel
provided the constant spood while an EPU counter in cec.junction with an.
optical pickup monitored the speed. The error in speed was estimated to
be + 0.5 percent.

The sampling was initiated by a once-per-revolution trigger sent te
the voltmeter (Figure 10). This signal was initictad by a wagnetic
pickup in asscciation.with a stecl part connected to the wave-gencrator
drive shaft. Before the signal was sent to the voltmeter, it was

conditioned and amplifiuvd to provide an appropriate trigger signal. Hot
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wire voltage readings were taken at 20 equally spacad time intervals
over the period of each cycle of oscillation at a given y loca:ion;

Each of thase 20 voltages per cycle was ensembla averaged over a number
of cycles. The total number of cycles was determined by the run time of
the facility and the period of oscillation. For frequencies of 7 Hz and
less, the voltages waere onsemble avaraged over 10 cycles while the
remaining frequencies were ensembla averaged over 50 cycles. The 20
ensemhle averaged voltages were converted to velecitics by usa of the
calibration for the hot wire. The RMS velocity variation at cach of the
20 points was also cbtained. A cosine wave was then fitted to the 20
ensemble averaged velocity values to yield an axpression for the

velocity variction of the form

2) = + 08 +
udt) u, * oy, cos [we ou]

1

Figure 11(a) shows vypical oscilloscope records of hot wire signals
obtained with the probe in the freestieam and in tho boundary layer. It
is cvident from Figure 11(a) that even in the boundary layer the hot
wire signals are relatively clean. The RMS velccities varied from
approximately 0.03 m/s to 0.09 m/s. This corresponds to appraximately
0.4 percent of thnimean velocity. These oscilloscopa records ill&strate
that a laminar boundary layer is present in the test section. The
values of ch in Table 3 also indicate that a laminar boundary was
present. These values range between 1.34 x 10S and 2,45 x 105\

Transition from lawinar flow to turbulent flow over a smecoth flat plate

occurs in steady fiow at Rex =3 x 10° {19).
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Figure *1fb) displays the results of a conparison between the 20
ensemble averaged velocity values and tha cosine wave fit for the given
¥y locations in the freestrocm and in the boundary layer. It is evident
from the figure thst in each c&so the onsemble averaged velocity values
lia very close to the fitted cosine wave; honce, the ensemble averaged
velocity variation in the test section was assentially sinusoidal. Tha

frequency for the results in Figura 11 was 10 Hz. These results are

typical of those obtained at all frequencies.
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= 19,736 mm
y > 6)
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{y = 0.553 mm)
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(a) Oscilloscope records of hot wire signals in the fresstream
and in the boundary layer
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11, Typical experi £
layer flows
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(b) Cosine wave fit to the velocity in the fresstream and in the
boundary layer (angles are in radians)

FIGURE 11. (Ccntinued)
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V. RESULTS OF THE BOUNDARY LAYER STUDY

TR

Generating a laminar boundary layer and predicting the behavior

A Eg' required considerable wori and effort. The experimental work for this
?%.‘i study was conducted at Jowa State University and the numerical
. é%,‘ predictions were supplied by Dr. John Murphy of the NASA Ames Research
’ Tk
riA Center. The numerical method used was that of Murphy and Prenter [12].
,ii A major objective of the boundary layer study was to ensure that
/iér the boundary layer behavior observed experimentally and the

PRI
S

corresponding numerically predicted behavior were in reasonable

il'

agreenment. If such agreement exists then the numcrically predictaed ¢1
values can be compared with corresponding ¢t values neasured by means of
the hot alement gauges. This chepter is devoted to comparison of

experimental and predicted boundary layer behavior.

A. Comparison of the Experimental Boundary Layer Results With Numerical

Predictions

Boundary layer behavior was studied for hoth steady and for

-y
-

rvﬁv »/ﬁ
w1y PR B

oscillating flow at various frequencies, two axial locations, and two

Padec

mean freestream velocities. The steady flow and oscillating flow

experimental and numerically-determined velocity profiles will be

= presentad in dimensionless terms in the form of uo/Uo and ul/U1 vs 1 =
S o
iy
[
29 yJUo/vx. The velocity phase angle ¢u’ is also plotted 2gainst n. The
3% ; experimental cases studied are listed in Table 4,
A
N AN
> P
S £ O
4 3, e
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The first attempts to numerically predict éhe boundary layer
behavior assumed that a zero me2an pressure gradient existed in the test
section for oscillating flcows. Since the mean velccity profile uo/Uo
for oscillating flows is generally accepted to be the same as the
corresponding steady flow velccity profile, the theoretical variation in
uo/Uo with n is the Blasius profile. Using experimental case 46 (Table
4) as an example, the experimental uo/U° velocity ptof;lo is compared in
Figure 12 with the Blasius profile.

Before pfoceeding further with the comparison of the experimental
results with the numerical predictions it is important to consider the
uncertainty in the measurements. The lérgest source of error in the
velocity profile is in y, the distance of the hot wire from the plaéc.

A fixed error in y is reflected in a fixed error inn (n = yVﬁ;73§). It
was found that a conventional hot wire probe with scraight wire support
prongs inserted perpencdicular to the plate surface did not properly
measure the velocity in the boundary layer so it was necessary to use
probes with right angle bends in the wire support prongs {Disa P14
probes: see Figure 9). Further, it was important that the axis of the
prongs near the wire be aligned parallel with the flow direction. Vhen
the wire support prongs touched the plate surface, the hot wire itself
was above the plate surface. This occurred because the ends of the
support prongs near the wire are tapered. A4s a ;esult. accurate
measurement of the distance from the wire to the plate was difficult. A

means was required to determine the hot wire position. 7The method used
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involved attaching a thin block of known thickness to the plate near the

probe axial position and inserting the plate in the tes% section. Then

removed from the test section and the block removed. The plate was then

=

{ .
i ‘ ; by lookiqg through the test section wall with a low power magnifier, the
i, 55 micrometer dial reading corresponding to the hot wire position when it
t RS
-?l ' é}; was aligned with the block surface was determined. The plate was then
I 5
|

reinstalled and secured in position. This procedure resulted in some
uncertainty for the micrometer reading corresponding to y = 0 fer the
hot wire. This error is ditficult to estimate but based on experience
with the measurement system the value of * G.10 mm secems the largest
possible value. The bhars in Figure 12 indicate the range of n for casa

A6 corresponding to the uncertainty in y of £ 0.10 mm.

it is evident from Figure 12 that an error in determining the y = 0

~.
S
220%,

%3 Tk

probe position reflects in an error in tihe experimental boundary layer

-
W p e ]
2t LB A

velocity profiles. When the experimental oscillating flow uo/Uo

A,
- A 23

velocity profiles and the steady flow velocity profiles were plotted

Y
o X
;]

R

against n it was obsexved that the extragolaved profiles did not pass

T
o

through zero. This was interpreted to be due to an error in y.

.

prd
§
'

Ligmhd n g

Therefore, the profiles were adjusted to correct this error. This

™

N correction required a change in y of 0.075 mm to 0.10 mm. The

AN

A

,,&ﬁf’§§ experimental results in Figure 12 and subsequent figures reflect this
D) -::{

) e

correction. The experimental data points in Figure 12 lie close to the

&

o
‘ *
i

1.

curve drawn through them. The absence of large scatter around the curve

T
B T

\
‘
Y
.
— -
g e b
s

lends confidence to t'e experimental velocity profile. This is
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FIGURE 12. Comparisca of the experimental oscillating flecu uoon

results from case A6 to the Blasius flow numerical
prediction
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consistent with an uncertainty analysis presented in Appendix C which
indicates that uncertainties in x, y (exclusive of the removed fixed

error), and U produce an uncertainty regioan in the experimental results

2

in Figure 12 that is ahout the symbol size. These characteristics are

FFMER :

'/// 5§£“ typical of all of the the uo/Uo datd obtained in the experiments
! /."E%' cenducted in this study.
. L4
., / ;E ‘ One noticeable fact about Figure 12 is that the experimental
igi boundary layer profile has larger values of velocity at a given n than
/ i ;%; does the numerically predicted velocity profile. This was true for all
ii'q of the cases studied. The reason for this was traced to the favorable
[T :
//// ‘ﬁ : pressure gradient created by the growth cf the bocundary layer Z

N

LY

1

ﬁ displacement thickness in the constant cross-sectional arca test
section.

A method of evaluating the pressure gradient was required for
correct numerical prediction of the boundary layer behavior. This
involved determining the pressure gradient for steady £low. This
pressure gradient was then assumed to be the mean pressure gradient for
oscillating flcws. The Falkner-Skan equation [20] for the variation

with x of the freestream velocity in laminar steady flow with a pressure

gradient was used. This equation is

- Ux) =K xB/(z-B) i (10)

where K is a constant and B represents the strength of the pressura
gradient. The pressure gradient corresponding to the velocity

expression in Equation (10) is

~"«\f°’-.-——~-—--—~—--~ et ey v F ~aar - - -

S Y
<y . C
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dp _ 2
i X

-5 x(36-2)/(2-8)

E%E (10a)

If B is a positive aumber then 4 favorable pressure gradient is present
and a negative B reprecents an adverse pressure gradient. The cace of §
= 0 corresponds to Blasius flew.

To estimate the value of P in the test section, the concept of G*
and conservation of mass will be utilized. Since this is only an
estimation, several assumptions will be made. These assumptiohs aze
listed below.

1. The equation for 6* in Blasius flow can be applied. The

expression for 6§ is given as [20],

~
[
oy
| S A —

5 = 1.721x/VKE,,

where Rex = U(0)x/v. U(0) was taken as 16 u/s which is the
approximate velocity at the test section inlet for wave
generator section configuratiorn. A, Table 2.

2. The origin ¢f the boundary layer on the test section walls
begins at the test section inlet and not in the entrance
region.

3. The flow is inccmpressible.

Based on these assumptions, calculations were made for steady flow in
test configuration TC [I. Under these conditicns, the freestream
velocity was calculated to be 17.2 m/s at x = 0.22 m. This change in
the freestream velocity is caused by a favorable pressure gradient with

B = 0.098 as predicted by Equation (10).

v wrr
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It has been shown in the previocus paragraph that a favorable steady
pressure gradient should exist in the test section and the Falkner-Skan
equaticn is a method of estimating it. The task now is to determine the

value of B for the flcw in each of the three test configurations. The

;ﬁ' mean pressure gradient for oscillating flows eltexrs the shepe of the
;3 mean velocity profile (it also affects the u1/U1 end ¢u profiles) so
: determining the correct fp was accomplished by matching the experimental
and numerical uo/U° velocity profiles. This simply means that § was

varied in the numerical predictions until the predicted uo/Uo profile

provided a good representation for the experimental results. Extremely

precise evaluation of § is not necessaryv since a swmall error in § uill}
{
not drastically alter results predicted by the numerical code. This |

matching procedure is shown in Figure 13(a), (b) ané (c¢) for the threai

test configurations TC I, TC II, and TC III, respectively. For TC I

(Figure 13(a)} and TC II (Figure 13(b)), the value of 8 which best

represer.ts the experimental results is B = 0.10. The value of B which

A
. §§§ best represents the experimental results for TC ITI (Figure 13(c)) is
, ﬁf 0.16. Interpolation was required for TC I and TC III since a limited
S
é; number of numerical solutions were available. The values of B used to
.

1

describe the mean pressure gradient for the three test configurations

are tabulated in Table 3.
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i Now that values to describe the mean pressure gradient have been
t

determined, the experimental results for the boundary layer survey cases

given in Table 4 can be compared to the numerical pradictions. The
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aexperimental raesults uo/UO, ullul, and °u vs n for the cases are given
in Figure 14(a) through Figure 14(i) and are tabulated in Appendix &,

Also plectted in these figures (with two exceptions) are the numerical

solutions for the value of f} which best reprusents the boundary layer
behavior. The first exception is for case Al (Figure 1&4(a)). The

numarjcal predictions for § = 0.12 have been plotted since aumerical

AT Nt e iy (e R SN e

=¥
Foe

results for this case were not available for § == 0.10. The second
exception is fcr cases Bl, B2, and B3 (TFigure 1%{g), (h), and (i}).
Numerical solutions for B = 0.16 were not available so the numerical
solution with the nearest available value of 8 (B = 0.10 or B8 = 0.18)

werc plotted for comparison. Even though the numariecal zesulits in

R o~ -
ek e S T Ty b st

Figure 14(a), (g), (h), and (i) are not for the correct value of §, they

T

ey

give a geood estimation of the predicted boundary layer tehavior.

RN

x Measured values for the freestream mean velecity U0 and the
F:.g
e freestream half-amplitude of :elocity oscillations U1 ara listed in

Appendix A for each case. The ratio Ulluc ranged between 0.134 and
0.220. .

Cdmpatisen of the e#perimdntal uo/Uo velecity profilaes with the
corresponding numerical solutions at appraopriatae values of §, shows that
a good match for the complete profile was obtained for all the cases

studied. As proviously noted, one characteristic of oscillating flow,

<% 5 AT prot ivmvagessen & Sty PR P

as described by previous studies [13,18], is that tha mean velccity
profile in oscillating flow matches the steady flow profile. Upon

comparing the experimeutal oscillating flow results with the

P 3o T s,

s TS 2 e :
s
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experimental steady flow results in Figure 14(a) through Figure 14(f),
this characteristic was ccnfirmed for tha czses studied. Thus, the
uO/U° profile is unaffected by the fluctuating velocity.

When the u1/U1 oxperimental profiles are ccmpared to ths numerical
solutions a small difference is noted for most of the cases. For a )
given n, the experimental results exhibit larger values of u1/U1 than do
the numerical solutions but the profile shapes are similar.

At low values of @ (cases Al, A2, A3, Bl), there is good agreement
between the experimental and numerical results for ¢, over the entire

boundary layer. At higher values of &, the experimental results show

that a larger velocity phase lag is present in the boundary layer than

the numerical wethod predicts. There is some uncertainty in the M
) i measurements; it is cstimated to be % 1 degree. Thic uncertainty is
slightly larger then svmbol size in Figure 14.

The majcr questiocn concerning the experimental ¢u data is reclated

to the wall phase angle, since the objective fer modeling the boundary
layer behavior was to ensure within recasonable bounds that the predicted
¢t was the sama as the ¢t actually present in the flows. Using the fact
that the limit of ¢u as y approaches zero is equal to L the numerical
predictions of ét in Figure l4(a) throngh Figure 14(i) are simply ¢, At
n = 0. An estimation of L for the experimental results can be obtained
by extrapoleting the experimental °u data to the wall. Although there
is some uncertainty in the values obtained, it is evident that for each

case such an extrapolation yields a value of ¢, close to the numerically
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predicted value. Thus, the conclusion is reached that the numerically
predicted values for ¢t are reasonably accurate representations of ¢t

actually present in the flows.
B. Numericazl Prediction of ¢t

The purpese of this section is to determine the numerical

predicticn of °t vs @ for the two values of § corresponding to the three
test configurations in Table 3. These results can zhen te used for

comparison with the experimental measurements for ¢t in a later chapter.

N As previously mentioned, during the process of matching the

&

;ﬁ experimental and numcrical uo/Uo velocity profiles, a series of

Se>

32 numericel solutions at various values of £ and U were obtainzd for the
oS '

f%; experimental cases studied in Table 4. The ratio Ul/l}o for ihe

hac)

numerical computations for each case wés determined from the
experimental values of U1 and Uo listed in Appendix 4. Values for ét
from the series of numerical solutions are listed in Table 5. These
results in the form of ¢t vs B at constant & are plotrsd in Figure 13.
Curves drawn through the data points in Figure 15 allow the pred:iction
of ¢1 vs & for any value of f covered by the data. Curves of ér vs @

for the three test configurations can ncw be obzained. The curve of 8 =

0 will also be obtained for comparicon. For the pressure gradient of B

I

0 and f = 0.10, the values cf ¢t can be obtained from Figure 15 or
taken directly fronm the Table 5, but for b = 0.15 the values of ¢_ must

be obtained from the curves in Figure 15. These results have been

- ¢ e e e . ¢ e o e et i L s i e 2o
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I ; .
R plotted in Figure 16. It is evident from Figure 15 and Figure 16 that a
5" favorable mecn pressure gradient decreases the wall phase angle for a

&

= given & over the range cf B covered.

P .

ﬁ Now that the numerical predictions of ¢t have been obtained, the

i »

remaining chapters will concentrate on measuring ¢t with hot element

gauges and comparing the experimental results to the nunerical

predictions.

EIAR e B Y e T Mt L L

Fi

i g

BT
- ¥ .
N

~

Y
L
LY

R
e - N

Ve

(AR -
LRy

5

A B e i Aty

i

.';L
e
“~
.;',

X%

R AN

.:}‘.‘..::. ‘—‘u.‘g

T
a2
gy

A
e AN

MR Sty
LT e

Vie

&b

ﬁ
B
| 1)
.

k3

&7

'S
3
.
v
2



64

TABLE 5. Numecrical predicticns of . in degrees for various values of B

EXPERIMENTAL B
CASE TEST
MODELED CONFIG. @2 0.0 0.06 0.10 0.12  ©0.18
Al I 0.45 32.5 26.1 19.1  15.8
A2 TC II  0.2% 22.7 14.8 12.5 11.7 9.9
A3 TC II  0.44 31.3 24,1 20.2
Ad TC II  0.79 40.0  32.9  29.2
AS € I 1.19 41.0 37.0  34.6
A6 TC II  1.38 43.1  39.1 37.0  36.2  33.4
B1 ¢ III 0.3% 28.4  19.5 16.2
B2 TC III 1.13 40.3 33.6 28.9
B3 TC IXI 2.26 45.8 39.8

®These values of & are based cn nominal velocity values
listed in Table 2. Thus, the W values differ siightly from
the corresponding values listed in Table 4.
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VI. DATA AGUISITION SYSTEM AND GAUGES FOR @T HEASUREMENTS

This section describes the Jdata aquisition system and gauges used
to measure the wall shear stress phase angle ¢t. Considarable time and
effort was expended in determining a reliable method for measuring this
quantity. Figure 17 describes the data ecquisition system used. A Disa
P14 hot wire probe in the freestream served as a reference. The
freestream reference hot wire and hot element gauges were powarud by a
Disa single channel anemometer unit, the output signal of which was
amplified and filtered by a Tektronix Model 3410 transducer amplifier.
The signal was then converted from analog to digital form by the 4/D
voltmeter and sent to the computer fer processing.

Two types cf flush mounted hot elewent gauges were used in this
study and are described in Table 6. Each substrate element uas

contained in a 3.175 mm diameter stainless steel tuba. Cne type of

gauge used was the TSI model 1237 AU hot f£ilm gauge. This type is
commercially available and consists of a thin platinum film deposited on

a quartz substrate. The other type of gauge uscd was suilt by tha

[

. Instruments Branch of the NASA Ames Research Center. This gauge

RAEAPrh
e Tl T

‘.uuh -

contained a 10 um wire buried flush with the surface of a polystyrene

3 S
G vpe o

,,
LA

.
4
FRY

substrate. Buried wire gauges are described by Murthy and Rese [21}.

Four gauges, two of each type, were used.

-
P2 L
(Lb*‘f,‘ :

Mounting the hot element gauges was accemplished by passing them
through the bottom of the test section and a hole in the flat plate. A

PO A8 flush fit with the top surface of the plate was obtained by visual
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TABLE 6. Hot element gauges tested (see Figure 4)

oy

«gi Element Substrate
;%E Designation Type Manufacture L x W (mm) Substrate Diameter, mm
- Ll‘:i
il
A PF1  Platinum TSI 1237 AU  1.000 x 0.152 Quartz 2.685
) Film
Y PF2 Platinunm TSI 1237 AU 1.000 x 0.152 Quartz - 2,686
& Film :
& FW1  Flush Wire NASA ARC? 1.753 x 0.010 Polystyrene 2.36%
FW2  Flush Wire NASA ARC 1.753 x 0.010 Polystyrene 2.362

aInstrumem: Branch of NASA Ames Research Center.

4 inspection using a low power magnifying glass. The orientation of the
N 3 het element was such that the longest dimension was perpendicular to the
flow. See Figure 4.

4 hot element gauge produces a signal with a large DC component on

T e

which is superposed a small oscillating component. Due to tiae small

e e
spig D

oscillating component it was necessary to use a virtually noise-free DC

T
Y
--- = iz power supply to oparste the constant temperature anemometer which
Al
Ty . . b3
R powered both the hot element and hot wire probes. Since the DC
/s s
b X .
""—f7‘;2 component of the siznal was not needed to determine the phase angle for
»” K B ’."
4 o
R either the freestream refercnce or the wall measurcment, the Tektronix
v N
/ “F 3A10 transducer amplifier was AC coupled. This eliminated the DC
. COFS
e component and resulted in & signal oscillating about a zere m an
5
i . voltage. It was also necessary to amplify the oscillating signal to
% B
S ¥ B obtain an accurate measurement.
< )
. ®

L
BN

e
etk
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The same procedure for obtaining 20 ensamble averaged voltage

readings per cycle as previously described for hot wire velocity

[
W

measurements was used, but for this part of the study the 20 points

3

v
&'x;‘\ i

contained both positive and negative voltages. A requirement of the

% fourier analysis was that all the voltages be positive, so a constant

=

G fictitious voltage was added to the 20 voltage values. ‘The sum of the
o BT

WU

gauge voltage and the fictitious vcltage will be referred to as the

YRS

relative gauge output rather than voltage. Titting a cosine wave to the
20 ensemble averaged relative gauge output values and an appropriate
uccounting of the freestream phasc angle reference results in an
equation of the same form as Equation (3). However, the values for to
and t, are meaningless and only ¢z has significance.

1

Now that a brief description has been given cof how ¢I was measurad,

the remaining part of this chaprer will be devoted to describing some of
the problems encountered and the steps taken to ensure that the eorrors
in measuring ét vere minimized. One of thiese problems was to determine
if the fourier analysis produced the correct value of 31 for given inpuf
information since the anemometer output signal was not linear with
respect to the input signal. The freestream velocity present in the
test section is sinusoidal, but the hot element or hot wire signal out
of the anemometer main pnit and Tektronix 3410 trensducer amplifier is
not. This is due to the nonlinear relationchip.between the input and
output signal which governs the operation cf the anemcmeter. A

linearizer was not used in conjunction with the small signals from the

ek
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L

BT,

EALESE )
s

N

o
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hot element gauges because of electrical noise inherent to the
instrument. Figure 18(a) shows an oscilioscope record of the nonlinegr
signal produced by a TSI gavge. Figure 16(b) shows the 20 ensemble
averaged relative gaugé output values snd the cosine wave fit to the
signal in Figure 18(a). Figure 18(b) illustrates the fact that the 20
ensemble averaged relative gauge output values do not directly fall on
the cosine wave fit, but they do symmetrically £it it. t is because of
this symmetry that the correct phase angle is measured. To
experimentally prove that the correct phase angle is measured using a
nonlinear signal, a comparison was made between the phase angles
measured using a lirear end noniinear signal from a hot wire in the
freestream. The nonlinear signel was cbtained by using the
instrumentation described in Figure 17 while the linear signal was
obtained by using the same instrumentation but adding a Disa type 33D10
linearizer in series between the anemometer and the Tektreonix 3410
transducer amplifier. ree runs were tcken using each instrumentaticn
arrangement and the average of the three resulting phase angles was
calculated. The difference between the average phase angles for the
linear and nonlinecar signals was less than one degree.

To eliminate the error caused by a phase shift within the data
aquisition system, exactly the same experimental sctup was used to
process both the hot wire freestream reference and hot element gauge
signals. Thus, any phase shift within the instrumentation system would

not affect the value c¢f ¢t' This statement is true only if changes in
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GRIGINAL BAGE IS
CF POOR QUALITY

PFl

TC II

ORR = 1.18
f =20 Hz

(a) Oscillescope record of a hot element signal
FIGURE 18. Description of a hot element signal
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(b) Cosine wave fit to the 20 enscmble averaged relative
gauge cutput values
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dial settings when suitching from the freestream reference hot wire
probe to the hot elerent gauge has no effect. There were several dial
settings changed when switching between the freestream hot wire and the
hot element gauges took place. Consequently; the effect of thease
changes on the phase angle measured needed to be iAvestigated. The
settings changed on the anemometer main unit were the capacitance and
inductance settings required to stabilize the bridge and provide optimum
frequency respcnse. Only the amplification setting was altered on the
Tektronix 3A10 amplifier. Gain settings of approximately 10 and S0 were
required for the hot wire and hot element gauges respectively. Various
gain settings were needed due to the difference in magnitude of the

~
t
-

signal produced by the hot element and hot wire probes. esting was
done by changing dial settings one at a timec, within reasonable limits,
and observing the effect on the phase angle measured. Both the hot wire
.

reference and the hot clemenu geuges were used for these tests. Since
the effzct of ORR of the hot element gauges was onc of the quantities to
be varied in the hot element gauge response study, ORR was not changed
during these tests, Uﬁon completion of these tests, ic was determined
that these dial settings have no aifect on the phase aﬁgle measured.

The effect of the ORR on the hot eclement gauges will be addressed
in the aext chapter. For this study, the ORR for the hot element gaugas
were varied over the range 1.02 < ORR £ 1.33. The ORR is a mecasurec of

the temperature at which the gauge operates at, with a higher ORR

corresponding to i higher operating temperature. The upper limit was

~——
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W
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estimated frecr: information supplied with the TSI gauges. This range for
the ORR was also applied to the flush wire gauges. However, values near
the upper limit resulted in premature failure of the flush wire gauges.
No problems were obscrved with the TSI gauges.

The Tektronix 3A10 amplifier has a lecw pass filter which was set at
100 Hz. Even though the filter setting was not changed when switching
gauges, it was desired to detzrmine if this setting eliminated any
frequencies required for an accurate measurement of ét. For this
comparison, two f;lter settings were zhosen 100 Hz and 10 kHz. VW¥hen the
¢t measurenent for each setfing was compared, the difference was
negligible,

Tests showed that the protrusion or recession of the hot element
gauges relative te the plate surface will alter tha phase angle
measured. Determining the change in the measured phase angle for a
given change in gauge height is difficult ¢nd was not attempted in this
study, but & TSI gauge was intenticnally placed slightly above and belew
the plate surface to determine the influence of surface mismatch. This
resulted in & change in 91 of several degrees. Consequently, extreme
care was taken to mount the gauges flush with the top surface of tHc
flat plate.

Several runs to measure °t were made using a platinum film gauge
with the longest dimension of the het element oriented parallel to tha
flow (90 degrees to that shown in Figure 4). The average of the results

for ¢T from these runs was 8 degrees smaller than for the perpendicular
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orientation. This iﬁdicaced a rather pronounced sensitivity to ho:
element orientatlion. As a result, caution was exerciszd to ensure that
the hot element orientation was S50 degrees to the flow direction cach
time a gauge was installed for testing.

To ensure that changes in the rocm temperature and pressure had as
little effect as possible on mecasuring ¢t, the freestream reference
phase angle was obtained the same day as the corresponding wall
measurements. Each freestream refere.ce angle was taken as the average

of 3 runs.
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VII. DESULTS FUR ¢‘ MEASUREMENTS

Results of the exparimentally measured wall shear stress phas.
angle will be presented in this section. In addition, the experimental
results will be compared to the numerical predictiens.

As previously mentioned, two types of gauges were used te measure
¢r' These are the hot tilm gauges produced by TSI and the buried wire
cauges supplied by NASA Ames Res.:arch Center. Two gauges were used frou
each type for a total of four which enabled cc:parison between si~i
gau,es and als; between the two different types. Thera were no
distinguishing feztures between the buried wire gauges but there was
among the hot fila gauges. PPl (see gauge designation in Table 63 did
not have the protective aluminz covering over the platinum £ilm that PF2
had. The absence of this covering will be discussed later in tais
chapter.

Preliiinery tests revealed that the CRR affects the signal gqualicy
and amplitude of the voltage produced by tae gduges. Increasing the ORR
causcs an increase in voltage end the signal quality is also im roved up
té an ORR of apprcximateiy 1.08. To illurtrate the chlunge in qualicy
and amplitude of the signal, osecillosceope records ac three values of ORR
1.v2, 1.06, anl 1.12 are shewn in Figure 39. These pictures are typical
of tiie response of all four gauges at all frequencies tested,

A list of the cases that were studied and a suamary of the resulrs
is given in Table 7. Decailed results for the cases are tabulated in

Appendix B. Each case centains the results for ¢t vs ORR fer a given
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gauge, frequency, and test configuraticg. When calculating @, enly twoe
valuas of Uo were used. These corresponded to the two wave generator
section configuratiqns (Table 2) and ware 15.7 m/s for wave genarator
sectica configuration & and 1i.7 m/s for wave generator section
configuration B. This was required since the sxact Uo vas nét neasured
the dey each case was obtained, kut the error introduced is net expected
to be large since Uu remains relatively constant.

The results for the cases in Table 7 as tabulated in Appendix B are
plotred in Figure 20(a) through Figure 20(d). Each data point in these
figures represents a single run. The uncercaigty in the measurements
was estimsted to be x 1 degrec. It is avident from these figures that
the ORR affects tiie phase sngle nmeasured by hoth types of hot alament
gauges. For most of tha casas, @t increases with ORR until the QRR
reaches about 1.15, after which @t tends to remain constant &s ORR
increases. There are evident exceptions to this pattarn. Because the
wall phase angle measured by the gauges t:nds to become independent of
ORR for high wvalues, on average ét for high ORR may be detuermined. This
was accomplished by drawing curves through the experimeatal results.
Once the curves were aestablished, ;t for each case was datermined frem
the £lat porticn of the curve where the measured phase angle is
independent of ORR. If the curve was not flat the et was obtained at
ORR = 1.30. Using the above methcd, tha values of ot at high ORR for

all cases have been tabulated in Table 7.
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. -i-é TABLE 7. Experimental é': casaes studied
SRR “TEST ]
= - ar . - a . b
«l CASE FONFIGURHI‘ION f,Hz ) ¢t,deg (om %ra?
< PF1 A e 1 10.00 0.45 15 5.2
A PF1 B TC II 20.00 1.66 25.8 11.6
5 PF2 & TC 1 3.00 6.14 -0.8 8.1
il PF2 B TC I 5.00 0.23 3.6 8.4
BRIEN L PF2 C c I 5.00 0.23 4.8 7.2
3 PF2 D TC I 7.00 0.32 10.8 4.9
13 PF2 E TC I 10.00 0.45 13.3 7.2
3 Prz F TC I 10.00 0.45 16.2 4.3
ij\\\\ 3 PF2 G TC I 20.00 0.90 18.2 13.0
S 4
3, 7 PF2 H TC II 3.00 0.25 4.5 8.4
" 3 PF2 I TC II 5.45 0.45 12.4 8.1
AN PF2 J TC II 5.45 0.45 12.4 8.1
L PF2 X TC II 7.00 0.38 15.3 3.1
\o PF2 I TC II 10.00 0.33 18.9 1.1
AN S PF2 M TC II 10.90 0.90 22.0 9.2
L PF2 N TC II 20.00 1.66 8.9 12.3
SR PF2 O C II 20.00 1.66 26.9 12.5
o PF2 P TC III 3.00 €.35 7.0 6.3
L PF2 Q TC 111 10.00 1.18 17.9 11.7
. PF2 R TC I1I 20.00 2.36 22.0 16.5
FW1 A TC I 5.00 0.23 5.5 17.5
FW1 B TC I 10.00 0.45 9.5 11.0
FWl S TC I 20.00 0.90 17.3 13.9
FW2 A TC I 3.00 0.14 -3.2 10.3
FW2 B TC I 5.C0 0.23 -2.5 14,3
FW2 C TC 1 7.00 0.32 4.3 11.%
FW2 D TC I 10.00 0.45 10.4 10.1
aét was obtained f:or{ the curves in Figure 20
at ORR = 1.30. .
bTho difference between the numerical curves and the
experimantal data poiats in Figure 21,
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A. Comparisons within the Experimental Results

There are several comparisons thet can be made between results for
the varfous gauges. A list of the comparisons performed is given below.
1. The repeatabjility of measuring ¢t uith the same gauge for
different gauge installations.
2. Comparison between the same type of gauge.

3. Cecmparison between the two different types of gauges.

1. Comparison 1

The first comparison involves using the same geuge to check the

repeatability of measuring @r betwsen varicus instailaticns of the

gauge. Installation refers to inserting tha2 gau

o

se in position for ét

[P

measurements. Four comparisons were run using the PF2 gauge. 4 listing
of these comparisons and the results are given in Table 8. The vesulrs ‘.
show that there is some variation in measuring ¢T for different \
installations of the gauge. This variation ranges from about 0 to 3

degrees.

2. Comparison 2

A ccmpariscn was made between gauges of the same typ2. In other
words, the PF1 gauge was compared to the PF2 gauge and the same was done
for the flush wire gauges. Table 9 lists the cases where a comparisou
is valid. For these cases, there was good agreement for similar types
of gauges, with a range of about 1 to 3 degrees. This variation is

within the differer:e obtained from Comparisen 1 for rcpeatability.
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TABLE 8. Comparison i - Checking for.repeatability

I gl

TEST
5; C4SE  CONFIGURATION  f,Hz I ot,daga A:,st,degb
ifs PF2 B C 1 5.00 0.23 3.6 1.2
e Pr2 C M1 5.00 0.23 4.8
i PF2 E TC I 10.00 0.45 13.3 2.9
‘ PF2 F TC 1 10.00 0.45 16.2
" PF2 I TC II 5.45 0.45 12.4 0
N PF2 J TC II 5.45 0.45 12.5
PF2 N TC II 20.00 1.66 24.9 0
N PF2 0 TC 11 20.00 1.66 24.9
;
o a
O At CRR = 1.30.
1 bAat is the difference between ¢T for the cascs
)
' being compared.
ﬁ' Thug, it can be assumed that gauges of the same type meesure essentially
ﬁ the same ot'
%5 As previously noted, the PF1 gauge did not have the pretective
i aluninz coating over the film of platinum. The results given in Table 9
|
%
. indicate that the coating does not affect the phase angle measured.
'fj This result probably could have been assumed since the gauges were not
;% ‘ operating in a hostile environmant and the coating is very thin.
; 3. Comparison 3
:f Now that the compariscns have beer made between gauges of the sanme
% type, attention will be turned toward cemparing the two different type
%
f
£l ‘
,Ef_"-‘R L-£4 TSR e e Tmmees mem e otmo7 TeTTE AT vaeeme s
L'::;;;‘&‘J g T -

T T g 2 A T A R T e T T TV D P Sont e ) A P e A e e e I, T P A T e R L (R L R s PR 0

LS ~t. ’ ‘ 7/




87

TABLE 9. Comparison 2 - Comparison between similar gauges under the
same test conditions :

TEST

CASE  CONFIGURATION f,Hz [ Gt,deg Awt,deg
PFl & TC I 10.00 0.45 35.3 2.0
PF2 E TC 1 10.00 0.45 13.3

PF1 A I 10.00 0.45 15.3 0.9
PF2 F I 10.00 0.45 16.2

PF1 B TC II 20.00 1.66 25.8 0.9
PF2 N TC 11 20.00 1.66 24.9

PF1 B TC II 20.00 1.66 25.8 0.9
PF2 0O TC II 20.00 1.66 24.9

Wl A T™C I 5.00 0.23 =5.5 3.0
FW2 B TC I 5.00 0.23 2.5

FWl B 1 10.00 0.45 9.5 0.9
FWvz D TC I 10.00 0.45 10.4

of gauges. Both types of gauges operate on the principle of heat
transfer but differ in the kind of heating element end substrace uzed.
The cases which may be compared arc summarized in Tabie 10. Ic-is
evident from Table 10 and the results from the previous two cecmparisons
that there is a larger variation in ¢t measvred by the twoe different
types of gauges than among similar typaes. The variatien bhecween the
flush wire gauges and the platinum film geuges rangzd hetween
approximately 1 to 8§ degrees. Another notice;ble azpect abcut the

results in Table 10 is that for a given & the flush wire gauges measure

3 i et ‘ ; C
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@t consistently lower than the platinum film gauges. The angles arc

lower by approximately 1 to 8 degrees.
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TABLE 10. Comparison 3 - Comparison between the two different type of

gauges
f% TEST

3}
<
2>
-
.
(¢
2]
[ g
g
-
Q.
[14
[V ]
=)

CASE  CONFIGURATION f,H

EACEEKY
il 37,
Fegen, 1y

e Titn

3 PF2 A TC I 3.00 . 0.14  -0.8 2.4 .
FW2 A I 3.00 0.14 -3.2 -
PF2 B C I 5.00 0.23 3.6
PF2 C TC I 5.00 0.23 4.8 g.2
FW1l A T™C I 5.00 0.23 -5.5
FW2 B I 5.00 0.23 =2.5
¥ PF2 D TC I 7.00 0.32 . 10.8 6.5
3 FW2 C ic I 7.00 0.32 4.3
;i PF2 E TC I 10.00 G.45 13.3
) PF2 F TC I 10.00 0.45 16.2
e PF1 A TC I 10.00 0.45 15.3 5.0
;E F¥1 B TC I 10.00 0.45 9.5
bz FW2 D TC I 10.00 0.4° 10.4
Z TF2 6 TC I 20.00 0.90 18.2 0.9°
g FWi C TC I 20.00 - 0.90 17.3
E %When more than one case has been run for the same TYpS
g of gauge and run conditions the average of these cascs
s is used to calculate 4¢_.

PR

Comparisens will now be mada between the experimental results for

¢t and the numerical predictions.
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B. Ccoparison of Experimental Results and Numerical Predictions for ¢_

The experimental results for @t iisted in Table 7 for high ORR have
been plotted in Figurae 21(a) through Figure 2i{c) for test
configurations TC 1, TC II, and TC III, respectively. Also plotted in
Figure 21 are the numerical resulcs from Figure 16. 1t is clear from
Figure 21 that tha experimental resultg fer ét at a given § fall balow
the numerical predictions. This is true for all four gauges and all
values of § at which data were taken. Figure 21(g) illustrates that ¢r
measured by the buried wire gauges are less than the ¢, measurements of
the platinum £ilm gouges (as previously shown in Cemparison 3). A

To furthaz illustrate the fact that all the experimental raesults
for ¢, are smaller than the numerical predictions, the diffarence
between the experimental valuess Qte and the numerical pradicticas Qtn in
Figure 21 hcs beaen licted in Table 7 and are plotted in Figure 22.
Figure 22 centains the results for all three test cenfigurations end all
four gauges. The buried wire gauges have & phase difference in the
rang2 of 10 to 18 degrees while the platinum film gauges have a phase
difference in tha range of 4 to 17 degrees.

There is scme uncertainty in the phase difference (¢!n - ¢te):

This comes from two sources. The first sourca is the uncertainty in the
measurement of ¢te' As previcusly noted, this was estimated to be * 1
degree. The second source is the uncertainty in determining the value

of 3 for the rumerical prediction of ¢_. Eased on experience with the

prefile matching procedure used it was estimated that the uncertainty in
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8 contributed an additjional * 2 degrees to the uncertainty in °tn - °re'
Error bands of * 3 degrees have been placed on several data points in
Figure .22,

An important observation from Figure 22 is that the results for the
platinum film gauges exhibit a trend toward larger values of ¢tn - ¢te
with increasing ©. There are not enough experimental data for the flush
wire gauges to determine a trend. Figure 22 contains results for the
platinum film gauges for two values of B. There is no apparent

influence of B on ¢TP - ¢ for tiase gauges.
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VIII. CONCLUSIONS

This study focused on eén experimental investigation of the dynamic
response of hot element gauges, because the ability of the gauges to
correctly follow the wall shear stress fluctuations in a time dependent
flow vas under questicn. To test the gauges, the wall shear stress
phase angle was measured in an oscillating laminar flow and then
compared to numerical predictions. Before testing of the hot element
ganges could be undertaken a study of the boundary layer was performed
to verify that a laminar boundary layer was generated and that it was
correctly mcdeled by the unsteady boundary layer computer code.

Two types of hot element gauges were tested. One had a thin
platinum film deposited on a quartz substrate and the second type had a
small diameter wire buried flush with a polystyrene substrate. Testing
was done on a flat plate in a constant creoss-sectional area test
section. Two axial lengths along the plate and two mean freestream
velocities were utilized along with a range of frequencies in order to
produce a range of values for @&.

The results show that the repeatability of the hot element gauges
is good. Several tests were repcated for different installations of the
gauges. The variation was in the range of 3 degrees. This range is
fairly small so it is concluded that the gauges will yield essentially
the same ¢'t for similar runs.

A comparison was made between gauges of the same type and under the

same run conditions. The variation in ¢t measured for different gauges
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but of the same type was approximdtely 3 decgrees. Since the range for
the first comparison for repeatability was also 3 degrees it was
concluded that gauges of the same type measure the same value for ¢T
within experimental érror.

Comparison of the experimental results for ét to the numerical
predictions show that both type of gauges measure & value for ¢r lower
than the numerical predictions. The phase angle difference (¢tn - ¢te)
for the two type of gauges are also different. The buried wire gauges
have a phase difference in the range of 10 to 13 degrees while the thin
film gauges have a phase difference in the range of 4 to 17 degrecs.
¢tn - ¢te for the platinum film gauges tends to increase with W. It is
not known why the two diffarent types of gauges measure different ét.'
Appércntly, the substrate material and heating element affect the gauge
response.

Sinca experimental and numerical results for ét for the hot element
do not agree, it is concluded that the gauges do not faithfully follow
the shear stress fluctuations in oscillating laminar flow.. This
seriously limits the usefulness of these gauges to weasure surface shear
stress in time dependent laminar air flows. This also strongly suggests
that the gauges will not perform properly in unsteady turbulent air
flows.

The area of unsteady wall shear stress measurements is very

important, while at the same time very difficult. Based on the

understanding of the subject gained in this study, it appears that a




97

new measurement
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volv
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derable amount of research possibly
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techniques will be required before an accurate and reliable means of

both the amplitude and phase relations for wall shear stress

measuring

is developed.
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X APPENDIX A

TABLE 11. Tabulated results for case Cl

U =16.35 m/s, TC I

o

¥,in n uo/U°
0.0056 0.423 0.196
0.0114 0.869 0.389
0.0210 1.613 0.648
0.0278 2.133 0.787
0.0434 3.322 0.909
0.0472 3.619 0.964
0.0628 4.809 C¢.994
0.0744 5.701 0.996

TABLE 12. Tabulated results for case C2

Uo = 16.4% m/s, TO 11

y,in . n uo/Uo
0.0080 0.465 0.230
0.0130 0.751 0.364
0.0226 1.322 0.565
0.0326 1.893 0.745
0.0424 2.464 0.857
0.0522 3.635 0.931
G.0670 3.891 0.984
1.0866 5.033 1.000
1.1062 6.175 1.060
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TABLE 13. Tabulated results for case Al

Zoo e
ELAPPAN SR

IAs

Y
LORIA

f=10 Hz, w=10.45, TC I
U° = 16.58 m/s, U1 =2 2.295 afs

¥sin n u /U, v,/U, 0408
0.0056 0.430 0.194 0.385 16.14
0.0114 0.879 0.391 0.688 9.00
0.0192 1.479 0.612 0.937 4,47
0.0260 2.004 0.760 1.067 1.64
0.0308 2.379 0.839 1.109 0.18
0.0366 2.829 0.908 1.124 0.21
0.0444 3.428 0.964 1.096 -0.15
0.0522 4,028 0.587 1.058 -0.32
0.0648 5.002 0.997 1.018 -0.71
0.0794 6.127 1.002 1

.013 -0.22

TABLE 14. Tabulated results for case A2

f=3Hz, w=0.25, TC II
Uo = 15.68 n/s, U1 = 2,203 m/s

y,in n uo/U° ul/U1 ¢u.deg
0.0076 0.431 0.211 0.401 7.029
0.0144 0.819 0.408 0.663 5.317
0.0212 1.207 0.562 0.847 3.368
0.0340 1.929 0.767 1.056 1.331
0.0486 2.761 0.913 1.122 0.670
0.063% 3.593 0.976 1.084 -1.103
0.0780 6,426 0.997 1.037 -0.164
0.0976 5.5835 0.965 1.004 €.028
0 6.645 0.993 0.996 -0.031
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TABLE 15. Tabulated results for case A3
£ =5.,58 Hz, & = 0.44, TC II
U° = 16.77 n/s, Ul = 2,241 w/s
y,in b} uO/Uc ullU1 ¢u,deg
0.0080 0.474 0.236 0.464 12.09
0.0130 0.759 0.369 0.651 8.92
0.0198 1.158 0.528 0.842 6.46
0.0296 1.729 0.704 1.025 2.71
0.0380 2.242 0.818 1.103 1.07
0.0456 2.698 0.884 1.108 0.05
0.0616 3.610 0.968 1.080 -0.27
0.0762 4,465 0.995 1.050 0.22
0.0508 5.321 0.999 1.007 0.55
0.1034 6.060 1.002 1.004 -0.56
TABLE 16. Tabulated results for case A&

£f =10 Hz, U = 0.78, TC 11

U = 16.85 /s, U, = 2.305 m/s

o 1 .

3 I3 14 .
y,in n uo,Uo ul/d1 ¢u,deg
0.0050 0.476 0.223 0.509 16.67
0.0130 0.762 0.370 0.709 10.93
0.0198 1.163 0.526 0.395 6.65
0.0276 1.620 0.669 1.035 3.01
0.0372 2.192 0.798 1.123 -0.09
0.0490 2,879 0.303 1.127 ~41.138
0.0656 3.851 0.571 1.066 ~(.95
0.0310 4.766 0.990 1.017 -1.35
0.0976 5.739 0.993 0.958% -(.0l
v " - - - —
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£f=15Hz, @=1.18, TC II
Uo = 16.73 mfs, U

1 = 2.669 m/s
y,in n u /U, u,/U, ¢,0de8
0.0082 0.480 0.237 0.579 15.83
0.0032 0.479 0.257 0.575 15.91
- 0.0130 0.766 0.377 0.786 9.48
0.0150 0.882 0.421 0.842 7.77
0.0210 1.227 0.552 0.988 3.30
0.0278 1.630 0.673 1.095 -0.52
0.0356 2.090 0.782 1.151 -2.86
0.0456 2.665 0.882 1.152 -4,22
0.0572 3.355 0.953 1.102 -3.39
0.0720 4,217 0.993 1.039 -1.61
0.0868 5.08C 1.002 1.005 -0.11
0.1014 5.942 1.000 0.998 -0.19
0.1114 6.517 £.598 0.986 -0.16
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j TABLE 18. Tabulated results for case A6
b

£ =20 Hz, & = 1.59, TC II
U = 16.60 m/s, U, = 2.698 n/s

ﬁ y,in 1 uO/UO u1/U1 ¢u,deg
1 0.0078 0.457 0.231 0.552 16.47
3 0.0126 0.739 0.369 0.744 7.77
: 0.0194 1.134 0.527 ¢.921 0.09
! 0.2823 1.642 0.682 1.055 -5.52
0.0368 2.150 0.801 1.108 -8.18
i 0.0484 2.827 0.€10 1.106 -7.50
3 0.0640 3.730 0.977 1.054 ~4.00
4 0.0804 4.689 0.997 1.014 -1.27
- 0.0968 5.649 1.000 1.002 0.12
: 0.1142 6.664 1.000 1.000 0.27
5
Rk

TABLE 19. Tabulated results for case Bl

f=3Hz, w=0.34, TC III
Uo = 11.69 m/s, U

L = 2:227 w/s

F . y,in 1 uO/U° ul/U1 ¢u,deg

} 0.0066 0.327 0.175 0.341 12.46
0.0134 0.663 0.351 0.605 8.80
0.0232 1.142 0.551 0.637 4.34
0.0330 1.622 0.700 0.984 2.51

g 0.0448 2.197 0.830 1.070 0.57

! 0.0586 2.868 0.924 1.099 0.33

& 0.0732 3.587 0.972 1.062 -0.77
0.0918 4.498 0.995 1.026 -1.11

: 0.1114 5.457 1.003 1.011 0.73

, 0.1310 6.416 0.999 1.000 0.40
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" TABLE 20. Tabulated results for case B2

£ =10 Hz, & = 1.19, IC IIl
Uo = 11.08 m/s, U1 = 2.197 m/s

¥,in n uoon u1/U1 @u,deg
.00681 0.315 0.174 0.473 20.86
0.0126 0.599 0.319 0.723 13.20
0.0184 0.878 0.450 0.878 7.96
0.0262 1.253 0.589 1.014 3.27
0.0370 1.768 0.735 1.120 -1.19
0.0478 2.284 0.842 1.148 -2.62
0.062% 2.987 0.933 1.119 -3.50
0.0774 3.689 0.975 1.060 -2.71
¢.0970 4.627 0.993 1.011 -0.65
0.11€8 5.564 0.993 1.001 0.03

G.1364 6.501 1.001 1.000 0.01
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f%, TABLE 21, Tabulated results for case B3

f =20 Hz, @ = 2.38, TC IIl
Uo = 11.11 m/s, U, = 2.442 m/s

1
¥,in n uo/U° “1’”1 ¢u,deg
0.0064% 0.308 0.176 0.576 24,49
0.0132 0.631 0.341 0.809 11.92
0.0210 1.001 0.500 0.927 3.17
0.0286 1.370 0.629 1.011 «3.00
0.0374 1.786 0.745 1,044 ~7.24
0.04930 2.340 0.857 1.035 =5.29
0.0616 2.940 0.929 1.020 -5.43
0.0810 3.863 0.982 1.007 -2.38
0.1004 4,787 1.001 0.995 0.34
0.1196 - §5.710 0.993 1.004 0.25
0.1342 6.403 0.999 0.991 1.02
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XI APPENDIX B

TABLE 22. Tabulated resulrs for casc PFl A

ORR t,deg.
1,041 11.2
1.082 14.6
1.125 15.2

TABLE 23. Tabulated vesults for case FFY 3

ORR T,deg
1.02 8.6
1.04 17.7
1.06 20.9
1.08 25.3
1.12 24.9
1.18 25.9
1.25 26.4
1.30 25.7
1.32 25.%
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TABLE 24. Tabulated results for case PF2 A

ORR Qt,deg.

1.02

[

o

Lo
)

1.06
.08
.12
.18
.25
.30
.33
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TABLE 25. Tabulated results for case ?F2 B

Rl
-
oL
o3
o

ORR

.02
.04
.06
.08
.12

.30
.33
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TABLE 26. Tabulated results for case PF2 C

Fr) M
San T A
S

f‘ ORR ¢t,deg.
5 1.04 3.7
Q: 1.08 4.4
= 1.18 4.6
=~ 1.25 5.0
& 1.30 4.8

TABLE 27. Tabulated results for casc PF2 D

o : : : ORR ¢, ,dog.

1.02 5.
1.04 9.
o 1.06 10.
] 1.08 11.
- 1.12 12.
: 1.18 10.
; 1.25 10.
R 1.30 10.
& 1.33 10.
1
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TABLE 28. Tabulated results for case PF2 E

ORR @1,deg.
1.02 5.0
1.04 11.7
1,06 12.2
1.08 13.2
1.12 13.6
1.20 13.7
1.30 13.0
1.33 13.0

TABLZ 29. Tabulated results for case P2 F

ORR ¢r,deg.
1.04 13.5
1.08 16.1
1.18 16.3
1.25 16.2
1.33 15.8
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Tabulated results for case PF2 G

o
(2]
28
=
[22]
P
~

¢.rdeg.

ORR

W OOMMMT ot

N N WO QWS
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1.02
1.04
1.06
1.08
1.08
1.12
1.20

1.30
1.33
Tabulated results for case PI'2 H

TABLE 31.

,deg.

ORR
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"TABLE 32. Tabulated results for case PF2 I

ORR ¢

e R e
-
o
(X}
[
w
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DR Semd Mt
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P s peb b st ped Pmb pes
e 4+ s s e & o
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—
[ 8]

.8
.3
2= 18 12.1
25 12.7
30 12.6
L 33 11.7

4
g

i TABLE 33. Tabulated results for case PF2 J
; . . -

ORR ¢t,deg.

.02 10.4
.04 11.7
.06 11.7
.08 12.
.12 12.
.18 13.
.24 12.
.28 11.
.30 12,
.33 12.
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rf: TABLE 34. Tabulated rzsults for case PF2 K

N ORR 8, »deg.

< 1.02 8.
Z 1.04 13.
; 1.06 14.
i 1.08 15.
& 1.12 16.
- 1.18 15.

WVWPFPNDOYNSPFRWY

< 1.25 16,
15 1.30 15.
7 1.30 15.
13 1.33 15.

I o " TABIE 35. Tabulated results for case PF2 L

2 ORR  ¢_,deg.

1.02 10.
1.03 13.
1.04 15.
1.06 17.
1.08 18.
1.12 19.
1.18 18.
1.22 19.
1,28 19,
1.33 18.
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TABLE 36. Tabulated results for case PF2 M

ORR ét,deg.
1.02 13.0
1.04 19.1
1.06 21.1
1.08 22.0
1.12 22.2
1.18 22.7

: 1.25 22.0

bl . 1.30 21.7

X 1.33 21.8

TABLE 37. Tabulcted results fcr case PF2 N

CRR ¢, rdeg.
1.02 6.0
1.04 17.4
1.06 21.3
1.08 22.7
1.12 24.4
1.18 25.1
1.25 24.9
1.30 24.9
1.33 24.9
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TABLE 38. Tabulated results for caée PF2 0

ORR ¢t,deg.
1.02 5.2
1.03 12.7
1.04 16.3
1.06 20.3
1.08 22.3 .
1.12 24.1
1.16 24.7
1.22 25.1
1.28 24.8
1.33 24.2

TABLE 39. Tatulated results for case PF2 P

ORR ¢t,deg.
1.02 6.9
1.04 7.8
1.06 8.4
1.08 8.5
1.08 8.3
1.12 8.9
1.18 8.6
1.25 7.6
1.30 6.9
1.33 6.3
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{3 TABLE 40. Tabulated results for case PF2 Q

ORR ¢t,deg.

RS ., 5y
PP (LS : b <
§ AR NN L eI
G S A g Y B e A e 1 .3

1.02 7.
1.06 14.
1.06 17.
1.08 18.
1.12 18.
e 1.18 18.
O _ . 1.25 17.
A 1.30 17.
1.33 18.

iy e
RPN
BRNRT- Ry

O~NGNULIN &WOVY

TABLE ¢&1. Tabulatediresults for casc FF2 R

- ORR ¢, »deg.
N
b "

o 1.02 3.
s 1.04 14
1.06 18.

< 1.08 15.

' 1.12 21.
1.18 21.
1.25 22.
1.30 21.
1.32 22.

A WNOOV= U

e
AN




118

TABLE 42. Tabulated results for case FW1l A

ORR ¢t,deg.
1.02 «9.1
1.04 -6.0
1.06 -5.8
1.08 -4.8
1.12 «5.0
1.20 ~5.9
1.30 «6.0
1.33 . «6.8

TAELE 43. Tabulated results for case W1l B

ORR ¢t,deg
1.02 3.8
1.04 1.3
1.06 8.6
1.03 P S
1,12 9.7
1.20 6.9
1.30 9.1
1.33 10.0
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TABLE 44.

Tabulated results for case FW1 C

119

ORR

¢t.dez-

1.02
1.04
1.06
1.08
1.12
1.20
1.30
1.33
1.33

10,

el

-

14.
16.
16.
17.
18.
18.
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TABLE 45.

Tabulated results for case FW2 &

CRR

¢t,dcg.

1.02
1.04
1.06
1.08
1.12
1.18
1.25
1.30
1.33

-7.

4

-4.8

-4,
h.
-3,
-4,

7

-,

-3.

-

-
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Tabulated results for case FU2 B

TABLE 46.

¢ rdeg.

ORR

Tabulated results for case FW2 C

THLBLE &7.

ét,dcg.

ORR
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XII APPENDIX C

This section estimates the uncertainty in the n (n = yJUo/vx)
measurements dsing the mothod of Kline and MeClintock {22). The

uncertainty interval XR’ in the results is given by

R . 3Ry L2 . 2Y2 L an
A = Eﬁlxl)z + (3‘52‘2)‘ s Gy (12)
where R is the result of a single-sample experiment, ¥ is an independent
variakle, n is the total number of independent variables, and Xi is the
tncertainty interval for each variable. Since the uncertainty interval
for each variasble is generally not statistically knoewn, it is necessary
to estimate it to specified odds. The values of ki to be presented have
been estimated based on 10 to 1 odds. Since v is a functicn of pressure
end tempcrature an uncertainty analysis Qas carried out for v. The
uncertginty interval for v was very small so it was excluded frem the
foilowing calculuxions for X“. The results in Table 49 are for a y
location close to the plate surfacc.

From the ca}culanion in Table 49 ln = 0.069. The value of n

corputed using the values in Table 49 is 0.6%1. Thus, for a typical run

for a y location near the plate surface

n =0.691 + 0.069
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R TAELE 49. Uncertainty analysis for n

R "" Variable Nominal Value )} /20, (xian/aai)z

b4 0.2l w

4+

0.25 en -1.671 1.745 x 10

Sy u 16.7 /s 0.25 u/s 0.021 2.759 x 107°

I+

¥y 0.03 cm

I+

0.003 cn 23.025 4,771 x 10

4.816 x 1C

s
SRR
S

A= ok (4.816 x 107512

=
i
+

EEEN L B PR P
PSP g SNV ALY

A= & 0.069

.

e T e
e

i 4t

JRRTES N

LS
s T

e

POPUGNPYN, X, a0t

=
1

e satsman vaon ot e o e e e e e




End of Document



