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s PREFACE

This research was conducted by The University of
Tennessee Space Institute, Tullahoma, Tennessee, ﬁnder
sponsorship of the Arncld Engineering Development Center
(AEDC), Air Force Systems Command, under Air Force Contract
F40600-75-C-0005. The work covers the period December 1974
to June 197¢. The Program Element was 65B07F. Mr. Alexander
F. Money was the AEDC technical monitor for this contract.

The principal investigator of this work was Dr. T. H. Moulden.
Messers. J. M. Wu, F. G. Collins, H. J. Ramm, H. Kuwano,

C. I. Wu, and R. Ray of UTSI also participated in this project
and the writing of this repert. The cbjective of the
experimental study reported herein was to determine the

effect on mean flow and skin friction drag, of medel surface
irregularities under very thin, fully developed, turbulent
boundary layers in compressible transonic flow. Although

the objectives were not fully met, the results indicate

trends which will be useful in future investigations of

this type.

The reproducibles used in the publicatien of this

report were supplied by the authors.
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I. INTRODUCTION

It has been known for some time that at transonic speeds
there can be a significant scaling effect between tests conducted
at wind tunnel Reynolds numbers and full-scale. In view of
this situation there has been a strong move to establish high
Reynolds number test facilities, in particular, there have been
gstudies related to HIRT and to the cryogenic facility. In gen-
eral terms, the physical dimensions of these proposed tunnels
are of the same order as those of existing facilities, with the
increased Reynolds number being obtained by changes in either
fluid pressure or temperature. This implies that the boundary
layer developing over the model surface will be comparatively

thin in physical dimensions.

Cne pertinent measurement to be made in a wind tunnel test
is the distribution of static pressure over the model surface.
Within the confines of present day measurement techniques, the
static pressure will be determined by means of an orifice located
on the model surface and comnected to a pressure transducer.

The model size limitations usually dictate that the pressure
transducer must be located outside the wind tunnel. It is
standard practice for the orifice hole diameter to be on the
order of 0,02 inches, where this diameter is selected, in part,
to give adequate instrument response time. This latter require-
ment would be more severe in short run-time blow-down facilities.
It can be anticipated that the inclusion of such an orifice in

the model surface will have certain detrimental features in
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relation to the model flow. Among these will be included a
measurement error when the pressure gradient is large, a possible
measurement error if Helmholtz resonance occurs within the tube
system and other errors when the boundary layer and orifice
diameter are of the same order. The present study pertains to

the latter problem areas which can be identified as follows.

Consider the situation wherein the boundary layer flowing
over a surface encounters an orifice whose diameter is of the
same order as the thickness of the viscous layer. Then it is
evident that there are certain parallels between the ensuing flow
and that associated with a base configuration. It is well known
that considerable reduction in pressure occurs in a base flow
region. This analogy only refers to the upstream lip of the
orifice. Once the flow has negotiated this upstream lip it is
clear that the downstream lip of the orifice amounts to a forward-
facing step. In short, the orifice has some of the characteristics
of a deep cavity flow., The fact that the orifice is circular will
add a strong three-dimensional component to the flow with possible
trailing vortex systems being established. These deliberations
will lead to the expectation that a large pressure gradient would
exist in the streamwise direction across the orifice. This is
particularly true for the region within one diameter below the
model surface but this pressure gradient will be attenuated through
the tube connecting the orifice and the transducer. As a result
of this flow situation the pressure sensed at the transducer face
would not be the same as that associated with the flow over the

model surface in the absence of the orifice.
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At the same time the boundary layer developing downstream
of the orifice would bear little resemblance to that of the
undisturbed flow. There are two reasons for this. In the first
instance, the boundary layer velocity profile would be strongly
perturbed due to its excursion into the mouth of the orifice.
The situation is compounded by the presence of a distorted
pressure field established by flow in the orifice. Also, if the
tube system resonates then the whole flow would be unsteady.

The presence of this distorted flow field could deteriorate the
quality of measurement at a similar orifice located somewhat
downstream. The combined effect resulting from an array of such
orifices may be sufficient to interact with gross features of

the flow such as the shock wave location at transonlc speeds.

It should be noted that orifice locations in the immediate
vicinity of a stagnation point may be subject to an interaction
with laminar boundary layers. In this case it 1s possible that
premature transition would be initiated. This is an important

area for study but will not feature in the present deliberations.

The present work will concern itself with the fundamental
study of the interaction of a turbulent boundary layer and a
surface static pressure orifice. The problem has been simplified
to treat only flows for which the external pressure is constant.
This simplification does not anticipate that pressure gradient

effects can be neglected.
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The work is in two main areas. The first part of the study
deals with the flow in and downstream of a single orifice where
the parameters varied were the hole diameter to boundary layer
thickness ratic and the hole diameter to depth ratio. In these
tests the static pressure inside and around the orifice was
measured along with pertinent boundary layer profiles. The
second phase of the study related to the mutual‘interference

between adjacent holes.

All tests were conducted in the Mach number range between
0.6 and 0.9 and the tunnel total pressure in the range 20 to
27 psi, giving a Reynolds number range of 0.49 X 10% o
0.8 X lO6 /inch. The geometric parameters and their range of
variation will be discussed along with the model geometry in

the next section,.

10
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II. THE TEST ENVIRONMENT

The tests were conducted in the UTSI Transonic Flow
Facility which has been described in previous publications
(Ref, 1). The working sectlion of the tunnel is twelve inches
square and 140 inches long. The floor of the facility, which
is used as the test model, has a boundary layer removal device
just downstream of the nozzle exit (see Fig. 1). The top wall
is perforated to allow mass relief into a plenum chamber and
allows testing at transonic speeds with minimal wall inter-
ference. In the tests conducted for the present study the
centerline of the simulated orifice was located 41 inches down-
stream of the boundary layer removal device. All streamwise

locations are referenced to this leading edge.

Under the conditions of free-stream Mach number and total
pressure adopted in this study, the boundary layer thickness at
the forty-inch location was a little less than one inch. The
reference flat-plate boundary layer is displayed on Figure 2
(see Ref. 2). This distribution of boundary layer quantities
will be used to non-dimensionalize subsequent data so that such
ratios as d/é* will relate to this undisturbed flat-plate
boundary layer. In this way any upstream influence that the
simulated orifice may produce is not included in the reference

conditions.

The simulated single orifice model is shown in Figure 3,

while the geometry parameters are summarized in Table I. The

11
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Figure 1,

The Basic Tunnel Configuration (see Reference 1).
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TABLE 1

Geometric Parameters of Single Hole Models Studied.

h(in.) d(in.) h/d
8.53 3 2.84
3 3 1
0.5 3 0.17
2.83 1 2.83
1.38 0.5 2.76

16
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multiple-hole model tested is shown in Figure 4, Each model

is mounted on a six-inch diameter plate which bolts directly to
the tunnel floor. 1In the case of the multiple-hole model, it
was possible to rotate the mounting plate in order to wvary the
angular spacing between the adjacent holes. Figure 5 shows the
array of static pressure taps surrounding the simulated orifice
model. These pressure taps were connected to a pressure trans-
ducer via a scanivalve attachment. Boundary layer surveys were

also made at various locations downstream of the hole.

The largest orifice model tested was three inches in dia-
meter and was equipped with a pilston mechanism so that the depth
to diameter ratio could be varied. The maximum depth of pistomn
travel was 8.5 inches giving a depth to diameter ratio of 2.8;
the purpose of this test being to establish the sensitivity of
the measured pressure to the orifice geometry. The geometry
adopted would apply most directly to situations where the pressure
transducer was mounted in the model in close communication with
the external stream. It has beem shown (Ref. 3) that the spectrum
of the surface pressure fluctuations is eritically dependent upon
the lack of flushness in the transducer mounting. While the
present study is more concerned with mean pressure measurement
there is still merit in assessing the sensitivity to orifice
geometry. Results would also show in crude terms the attenua-
tion in pressure gradient along the orifice-transducer connecting
tube. In no sense could such a configuration be utilized to

measure the spectral properties of the wall pressure fluctuations

18
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due to the dampening of the high frequency content by the
connecting tube. For the assessment of the mean pressure error,

however, this is of little import.

A subsidiary part of the experimentation was concerned
with attempting to establish some understanding of the turbulent
structure modification brought about by the orifice interaction.
The study was restricted to measurements of wall pressure
fluctuations and to discussion of their properties. In parti-
cular it would be of interest to determine any changes that occur
in the spectral distribution at a given point as the cavity
geometry is changed. It can be anticipated that if the orifice
suffered a pure resonance then this would be detected as a
narrow-band distortion in the spectrum at the resomant frequency.
On the other hand, if some additional phenomena is enacted then
this may well bring ‘about a broad-band modification to the
spectrum. For example Plotkin (Ref. 4) predicts a substantial
amplification of the pressure fluctuations under a shock-wave
beundary-layer interaction as a consequence of the shock inter-

action with the boundary layer turbulence structure.

To make such studies meaningful it is necessary to know the
pressure fluctuation characteristies residing in the basic tunnel
flow. A cursory evaluation of the tunnel wall pressure spectrum
was consequently conducted. To this end a Kistler piezoelectric
transducer (Model 60l B ) was flush-mounted to the tunnel wall.

A diagram of the transducer mounting and the associated analysis

equipment is shown in Figure 6.

20
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Figure 6. Instrumentation for Wall Pressure Fluctuation Study.

21



AEDC-TR-77-57

Figure 7 shows the pressure power spectral density
function as measured on the tummel sidewall at approximately
the model location. The free-stream Mach number was approxi-
mately 0.6 and the free-stream total pressure was 20 psia. The
rms wall pressure fluctuation along the tunnel is shown in
Figure 8 along with the spread of data over different runs.
These results should be taken into consideration when subsequent

data 1s evaluated.

22
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ITI. THE SINGLE ORIFICE STUDY

Tests were performed on the single hole model shown in
Figure 3 over the Mach number and total pressure ranges shown
in Table 2., The tests confirm that the largest diameter holes
{(relative to the boundary layer thickness) create the largest
disturbance. In general terms the disturbance 1s most readily
detected as a distortion of the boundary layer wvelocity profile
directly downstream of the hole location. Figure 9 shows the
increase in boundary layer thickness that occurs on the center-
line downstream of the 3" hole when the depth to diameter ratio
is 1.0. Immediately downstream of the hole (at the 42.8"
location) there is little detectable difference in boundary layer
thickness over the flat plate values. Further downstream,
however, the disturbed boundary layer grows at a much higher
rate; the reasons for which become evident from the measured
boundary layer profiles (Figure 10). At locations just downstream
of the hole (42.8" station) it is found that the major distortion
of the wvelocity profile occurs close to the wall with the external
edge of the boundary layer showing little change. Despite this,

the wall boundary condition

oP d du
x W(”'ﬁ)

must relate the pressure gradient with the profile properties at
the wall. There is then, some correspondence between the wall
pressures measured as in Figure 11 and the wall region of the

velocity profiles. The fact that the wall pressure returns to

25
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TABLE 2

Range of Free-Stream Parameters.
M, Pe h/g
0.65 ~ 0.80 20.0 ~ 26.0 2.84
0.65 ~ 0.80 21.2 . 26.3 1
0.65 -~ 0.80 21.2 . 26.2 0.17
0.71 ~ 0.84 21.2 . 26.9 2.83
0.7 -~ 0.8 21.2 . 26.0 2.76

26
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the free-stream value very quickly (within two or three hole
diameters downstream of the hole centerline) would also require
the wall region of the velocity profile to return to equilibrium
rapidly. The initial disturbance preduced in the f£low must,
however, be advected with the mean motion within the boundary
layer and suffer diffusion due to the local turbulent mixing
process. This aspect of the flow is again recorded in the
velocity profiles shown in Figure 10. As the flow progresses
downstream then the disturbance that was originally observed
close to the wall is found to migrate to the outer edge of the
boundary layer. At the same time, the inner layer returns to
equilibrium very rapidly and the boundary layer thickness

increases.

Another important geometric parameter is the hole depth to
diameter ratio. With the increased tendency towards miniaturi-
zation in all aspects of instrumentation design, it is not
unreasonable to suppose that at some future time it will be more
usual to have pressure transducers located directly inside the
model to improve response time. In such a situation, questions
relating to the mounting configuration of the transducer are
important and the hole depth to diameter ratio would feature
here. 1t can also be noted that (for low speed flow) Wieghardt(s)
showed a drag maximum when the ratio h/d was about one half.
This maxima was attributed to the presence of the sharpest

resonance in the flow at this hole geometry.

30
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The two aspects of the orifice interaction problem
discussed above are related and a compromise must be established
between the measurement error admissible and the extent of
downstream disturbance that can be tolerated. Thus, Figure 12
shows the effect of hole depth to diameter ratio on the
velocity profiles directly downstream {(x = 42.8") of the three-
inch diameter hole. It is immediately evident from this figure
that the ratio h/d has an important influence on the dovmstream
flow disturbance. Large values of this ratio lead to a large
disturbance to the downstream flow. Several additional factors
need consideration beside the mean boundary layer wvelocity
profiles. In the first place, the present results are all for a
time-averaged pressure (or velocity) measurement and no assess-
ment of a resonance in the orifice has been made. Again, the
three-dimensional character of the orifice flow has not been

established in any detail.

Figure 13 shows the measured pressure distribution across
the piston face for the three-inch diameter orifice. The
results break into two groups. For small h/d there exists a
large gradient of pressure across the hole and this suggests a
vigorous flow into the hole in such configurations. It is diffi-
cult to assess the aétual pressure levels being simulated and
hence the mean pressure error. For larger values of h/d it is
seen that the pressure gradient is much flatter since the deep
hole attenuates the large disturbances present near the orifice

mouth (and shown to be a dominant feature of the low h/d flow).
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This result for large h/d is more or less carried over to
cases where the ratio d/é6* is changed with h/d held constant.
Thus Figure 14 plots the results for h/d - 2.8 while the simu-
lated orifice diameter is changed but the approach boundary
layer is unaltered. Now the gradient across the orifice is not
too large, but the mean pressure error is a function of the hole
diameter--or better to the d/8% ratio. An indication of this
mean pressure error is shown im Figure 15, but it must be recog-
nized that the establishment of a mean value from the data shown
in Figure 14 is somewhat open to interpretation. The results
are in conformity with expectation since the mean pressure
approaches the free-stream value as the ratio d/é* approaches
zero. It is also interesting to note that the results indicate
a plateau value 1s reached as the orifice diameter becomes large
compared to the boundary layer thickness, but there is no evi-
dence from the present tests to indicate if the same trend
continues as the orifice diameter becomes very large. In non-
dimensional terms, these results are plotted on Figure 16 where
the friction velocity is determined from the undisturbed flat
pPlate boundary layer. Here the results are plotted as the

pressure error (AP = | P_ - P_ | ) divided by the wall shear

ean
against a Reynolds number based on hole dismeter and wall friction
velocity u.. Also shown on this figure are the results obtained
by Ray(6) and Shaw(’) for incompressible flow. Any comparison
between the present results and those of Refs. (6) and (7) must

allow for the effect of compressibility and the higher Reynolds
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number, d utf v. It should alsec be remembered that there is

not a direct measurement of the mean orifice pressure in the
present study since this was estimated from the pressure distri-
bution over the major part of the orifice floor. This problem
is more severe for the smallest diameter orifice since then the

pressure taps did not cover such a large fraction of the orifice

floor.
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IV. THE MULTIPLE ORIFICE STUDY

The basic geometry of the multiple hole model was showm
in Figure 4 and the model was mounted in the tunnel in a simi-
lar fashion to that suggested by the single orifice model
mounting in Figure 3. Due to the location of the mounting bolts
it was possible to rotate the model to yield a variety of test
configurations., These configurations are indicated on Figure 17
along with the identifying notation. The individual heles were
0.5 inch in diameter and spaced 1.5 inches between centers.
The hole depth was fixed at a value of 1.38 inches so that the
ratio h/d - 2.76 was identical to that of one of the single

orifice models tested.

Again the basic interest in the test lies in any measure-
ment error incurred and in the distortion to the boundary layer
downstream of the orifice location. From the studies of the
single orifice model, it can be anticipated that the downstream
effect for the 0.5 inch diameter model would not be too large

(compared to the effect of the 3.0 inch diameter orifice).

Figure 18 shows the distribution of static pressure across
the floor of the orifice for three representative configurations.
It is seen immediately that the interference between adjacent
orifices has the effect of increasing the pressure level in
both orifices if the interacting holes are either in line or
side by side. When the holes are aligned at 45° relative to

the free stream then the pressure level is reduced in both
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® closed
0 open
FLOW \ FLOW
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Figure 17. Hole Configurations for Various Multi-Hole Tests.
The hole Hl is at the center of the block and is
. located at the 40" station on the tunnel center
line,
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orifices and the reccorded pressure would be nearer to the
correct pressure {(within the confines of h/d = 2,76--8ee

Figure 15). This result needs some explanation.

The flow into the hole is the primary reason for the
over pressure recorded on the orifice floor(s) and this mech-
anism would operate on each of the orifices independently.
The only difference would be the local flow properties at the
entrance of the individual holes and in this connection one
feature of the pressure field established by a single hole is
of importance. Ahead of the hole there is a general tendency
for the pressure level to be higher than the free stream value
and this is alsc true on the streamlines that pass by either
.8ide of the hole (Figure 19). It can be anticipated therefore
that the pressure error for two holes side by side would be
increased. At the same time, the pressure downstream of a
single hole increases rapidly after the initial low pressure
at the downstream lip of the orifice. Figure 11 indicates that
the pressure has returned to the free-stream level within two
hole diameters of the orifice. Hence it can be expected that
the mutual interference would again result in an increase in
indicated pressure level when twc orifices are located directly
along the stream. In this case the upstream hole should register
the higher pressure level. The results of Figure (18a,b) support

these suggestions.

When the two holes are not directly in line (configuration

Bl) then the situation is different. Downstream and to the side
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of a single orifice (Figure 19) there is a large area of lower
pressure which would lead to the expectation of a reduced
pressure at the downstream hole. This is found in Figure (18c)
but it is also found that the upstream orifice pressure level
is-reduced by a slightly smaller amount. It is not so obvious

that this should be the case.

The ratio of hole diameter to hole separation distance
was not varied in the present study. It could be anticipated
that if the separation distance was increased then the possible
beneficial interaction, as far as measurement error is concerned,
may be lost. The existence of this favorable interference, if
substantiated by subsequent testing, may be of some interest

in model design.

Boundary layer traverses on the center line downstream of
the multiple-orifice model were alsc measured. Figure {20)
shows typical velocity profiles at the x = 42.8 inch location
for the Al, A2 and A3 configurations. Here, there is no large
change in the velocity profile and no obvious trend in the data
as the hole interference 1s changed. This result is not too
surprising in view of the fact that each orifice is only 0.5
Inches in diameter (so d/é ~ 0.7) since, as indicated in Figure
(21) for a single orifice, the profile distortion is a strong
function of the ratioc of hole diameter to approach boundary
layer thickness. No velocity profiles were measured off the

centerline for the multi-hole model.
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V. GSOME ANALYSIS OF THE DOWNSTREAM BOUNDARY LAYER

One of the interesting features of the external flow is
the extent of the disturbance created in the boundary layer
downstream of the orifice. 1In the present study it is only
the mean flow quantities that can be discussed since no attempt
was made to investigate the turbulence structure (other than
the wall static pressure fluctuations). It is known, however(g).
that the turbulence structure will take a considerably longer
time to return to equilibrium than does the mean velocity

profile and any discussion based upon mean quantities alone will

only give a lower bound to the extent of the disturbance.

The data from Figure (10) is replotted on Figure (223} to
give the spatial locus of the mean flow disturbance. From this
figure it can be anticipated that the main distortion within
the mean velocity profile will not pass out from the edge of
the shear layer for a considerable downstream length from the
disturbance. It is interesting to note that Kovosznay(lo)
showed the strongest correlation between wall events and super-
layer events occurred after a large downstream distance. It is
of interest therefore to compare the rate of dispersion of the
disturbance into the flow (Figure 22a) with the turbulent burst

trajectories measured by Kline(ll)

at the edge of the viscous
sublayer and these are plotted on Figure 22b. Some comments are

in order.
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The burst trajectories reported in Reference 1l were
restricted to that region of the boundary layer for which
10 < ¥ uT/v < 120 after which the individual events become
indistinguishable from the general wake-region turbulence.
On the other hand, velocity profiles sufficiently close behind
the hole were not recorded, in the present study, for the
propagation of the disturbance in the region y uT/v < 300 to
be determined. The scale y uT/v depends heavily upon the value
of u,_ which must be obtained from a curve fit of the measured
velocity profile in the present work. It is well understood (12)
that the level of free-stream turbulence can have a large effect
on the skin frietion of a turbulent boundary layer. This fact
could be responsible for the apparently rather high value of
8 quv recorded in the present work. It is unlikely that the
medest effects of compressibility would increase this factor by
an order of magnitude over the incompressible flow flat plate
values. Figure (23) shows typical velocity profiles pletted in
the inner variables where it is geen that § uTlv > 10*. For
these reasons it is probably not too meaningful to make further

comments cconcerning the curves in Figure (22b).

Some indication of the nmature of the flow into a large hole
is shown by the oil flow photograph of Figure (24) and the sketch
of the basic flow features in Figure (25). Most prominent is
the region of high shear just downstream of the hole and also
the flow into the hole. The flow approaching the dowmstream

lip of the orifice will be inclined somewhat into the hole and
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Figure 24, 0il Flow Pattern for the Three-Inch Orifice.
Flow towards the top right-hand corner.
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cause a reattachment to cccur on both the orifice wall and the
surface downstream of the holg. The flow Into the hole is quite
well developed but, due to the dictate; of confinuity, cannot

be aimply inflow. It is not possible to determine, from the

oll flow study, any unsteadiness that may be present in the flow.
The schlieren photograph of the flow over the hole (Fig. 26)

does indicate some wé;k wave motion but nothing as pronﬁunced as
that noted in the two-dimensional cut-out tests of Krishnamurty(13)

-- the work of Wieghardt(s) would indicate, however, the presence

of considerable unsteadiness under some geometry conditions.

At the sides of the hole there is a clear inflow into the
orifice but it 1s not clear if a tralling vortex system is

established or not.

To determine the seriousness of unsteady effects (acoustic
waves) created in the hole on the boundary layer downstream of
the hole, steady state computations were made. First, results
from a computer program established at ARO, Inc. (by J. C. Chien
of ETF) were obtained. This program calculated the laminar incom-
pressible flow over a two-dimensional cavity and could, therefore,
only be considered to be a very qualitative indication of the actual
orifice behavior. Also, no check was made on the effect of the
very short inflow and outflow sections used in the program. In
order to more closely simulate the turbulent mixing of outer and
cavity flow, the viscosity was set to v = 0.001 (0.0002 would
be the molecular viscosity). Four cases were computed, 6;/d = 0.33

and h/d = 3 and 1, and Gijd = ).66, and h/d = 3 and 1. Here 84
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Figure 26. Typical Schlieren Photograph of Flow Over
3-Inch Diameter Hole with h/d = 2.84,
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is the initial boundary layer thickness, d and h the cavity
width and depth. The important finding was that the boundary
layer profile downstream of the cavity was within the compu-
tation accuracy, equal for the two d/h cases considered.
Otherwise, a less full profile was observed downstream of the
cavity than that of the profile upstream and exhibits the
basically expected more "wake'-like profile behind the cavity
disturbance. The fact that the deep and shallow cavities
produced completely identical profiles is, however, in
disagreement with the test results, which show consistently a
strong dependence of depth in the sense that a deeper hole
affects the downstream profile more than a shallow hole.

Further calculations were carried out with a program for

(14). For

turbulent, incompressible flow developed by Bitte
the inlet profile, a legarithmic (turbulent) profile was chosen
for an effective boundary layer thickness equal to the cavity
width d. To establish a relation to the ARO program, the first
computations were also made for a constant v = 0.001 as opposed
to the varying eddy viscosity coefficlent which the program can
compute., Here, different wvalues for the downstream profiles
were obtained for the cases h/d = 0.5, 1.0 and 2.0. However,
the differences in these profiles {(two hole diameters downstream
of cavity tralling edge) were not indicating a marked increase
of boundary layer disturbance with increasing h/d, although the

slight change exhibited is in the sense of the experiments.

The results are shown in Fig. 27. 1t can be concluded from
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these calculations that unsteady effects are very marked in
the experimental data. The preliminary results make it

very desirable, however, that the computations be continued
to eliminate inaccuracies due to boundary conditions and to
extend the computations to the variable turbulent viscosify

in the flow field.
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VI. WALL PRESSURE FLUCTUATIONS

It is important that scme understanding of the turbulence
structure downstream of the orifice be established. Ideally,
this would be attempted via some non-intrusive measurement of
the complete Reynolds stress tensor and of the correlation
between pressure and velocity. Lack of instrumentation forbade
such a program in the present work and only wall pressure fluctu-
ation could be measured. In addition to this, the scope of the
investigation was very limited with only the zero time delay
two-point longitudinal correlation being determined. This
measurement gives, via a 'correlation length', an indication of
the scale of the turbulent motion. In simple physical terms
we can consider this correlation length as the maximum spatial
distance over which the events at one point influence conditions
at another point in a statistical sense. Since such a study is
not a central part of the present work it was not pursued in
any detail. More information in connection with the instru-

mentation is given by Wu(15>.

Two 0.062 inch diameter PZT-5H piezoelectric elements were
mounted in the tunnel as shown in Figure (28) and the data was
collected via the instrumentation shown in Figure (29). The
signal from the transducer was amplified by the Kistler charge
amplifiers and then passed through a high-pass filter to remove
the DC shift resulting from the temperature sensitivity of the
PZT element. It should be noted that no attempt was made to

(16)

acceleration compensate the transducer or to vibration
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isolate the mounting. Hence, the recorded sipgnal from the
transducer would be the sum of both the pressure fluctuations
and the acceleration components. It can be anticipated however
that the correlation length for the wvibration mode would be
great compared to the pressure fluctuation correlation length
and hence the acceleration would largely result in an origin

shift for the pressure correlation function.

Before presenting the resulte it is pertinent to make a
comment about the transducer size in relation to the séale of
the pressure field being measured. Willmarth$7) shows the
measured RMS wall pressure as a function of measuring area and
this is replotted on Figure (30). The present data is recorded
from an instrument with u d/v ~ 600 and hence is on the 'flat’
part of the curve. The data shown by Willmarth for very small
values of u. d/v were obtained from pinhole microphones whose
cavity rescnance frequency was of the order of 20 K hz, No
Information is given about the frequency response of the RMS
meter used to determine the RMS pressures from such microphone
output, but 1f the cavity resonance frequency were included
then a substantial error would be introduced and the large
increase in RMS pressure explained at small u, d/v. Bu11 (18)
has examined this problem and has indeed shown a significant
modification to the spectrum at the higher frequencies when the
pin-hole microphone is used. Willmarth explains the RMS pressure
increase as being due to the very intense pressure pulses, as

(19)

reported by Emmerling , which occur at isolated points in the
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flow, This argument is not convincing since the RMS pressure
must be a temporal average at the measurement point and, indeed,
as the size of the measurement station is reduced, the proba-
bility of encountering an intense burst during a given sample
is also reduced. It is unlikely that the effect is real as far
as the determination of the RMS pressure is concerned. For a
fine resolution of the structure in terms of a spatial correla-
tion then the considerations would be somewhat different. It
will be supposed in the present instance that the transducer

size is adequate for the application in hand.

The zero time delay spatial correlation function, R, where

P‘ (x]_:YJt) P' (xl + m-y,t)

J P'2 (xl,y,t) J P'2 {xl + m,y,t)

has been determined for both the flat plate flow and for the flow
directly downstream of the three inch diameter orifice. This
function defines the spatial reglon over which the local flow
behavior, in a statistical sense, is influenced by the conditions
at the control peint at a2 given point in time. The zero time
delay correlation function was determined from a true RMS meter

circuit based upon an Analog Devices AD531K unit.

The results of the measurements are shown in Figures (31)
and (32). It is clear that the spatial correlation function
decreases with the separation distance between the two pointa

as indeed it should.
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Figure 31.

The correlation coefficient at the flat-plate.
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Figure 32.

) 3 4 5 6 7 w/é*

The correlation coefficient behind orifice.
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The empirical representation which may be used as a basis
for the calculation of structural respomse to turbulent boundary
layer excitation and proposed for the spatial correlation

function is

202 g2

R = 5 Ae™ ¢S
n

This form for the spatial correlation function can be made to
fit the experimental data as accurately as required but a two-
term approximation is suggested herein for the spatial corre-

lation. This becomes

2
2 -6(m/1.2)
R = 0.11 e~@/1.2)" +0.81 e (2)
for the flat-plate flow and
2
2 -9(m/1.2)
R = 0.14 e~(@/1.2)" +0.81 e (3)

for the flow behind the orifice. These expressions are com-
pared with experimental data in Figures (31) and (32). The
dashed line towards R(o,0,0) = 1.0 is a theoretical result since
the correlation function used is defined to pass through that
point. However, from the curve fitting of the data points, the
solid line passing R(o,0,0) = 0.92 is used for the minimum devi-
ation of the data at larger spatial separation -- the region of

greatest interest in the present study.

The lower dashed line is drawn to define the correlation

length of the turbulence. This length is approximately 5/8
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inch and 1/2 inch for the flat-plate flow and behind the
orifice, respectively. That is, the correlation length of the
turbulence is longer on the flat-plate than it is behind the
orifice which implies that the eddy size near the wall for

the flat plate is larger than that near the wall behind the
orifice. It is known that the length scale of the turbulence
is inversely proportional to the strength of the eddy. 1In
this case it follows that the flow behind the orifice probably
has a stronger eddy structure near the wall due to the return

of the flow to equilibrium.

Figure (33) shows a comparison between Eqs. (2) and (3).
At intermediate separations m/6* ~ 2, it is shown that the
disturbed flow has a lower correlation than the basic flat-plate
flow and suggests a considerable modification to the turbulence
structure. For large separation distances the disturbed flow
shows a higher level of correlation. This may be due to two
different effects, but there is not sufficient evidence at this
time to distinguish between them. On the one hand, if the cavity
is resonating then the periodic pressure pulse would be an
additive effect in the correlation causing the higher correla-
tion at large separation. It can be noted that the geometry
of the orifice suggests a resonance frequency of about 3,500 Hz.
The other effect suggested may be the presence of a trailing
vortex system downstream of the orifice which would retain its
coherence for a considerable downstream distance and again

increase the correlation for large separation distances. Since
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Figure 33.

Comparison of Correlation Functiomns.
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the surface oil flow study (Figure 24) does not define such a

structure, further tests should be conducted to clarify this

point.

Also included on Figure 33 is the data measured by Will-
marth(zo). There are two principle reasons for the differences
between the correlation lengths in the two cases measured herein
and that from Reference 2Q. First, there was no acceleration
compensation applied to the present data and, as the correla-
tion length for the vibration is likely to be large, this will
have the effect of artificially increasing the correlation at

the larger spatial separations, particularly.

Thus,
Vt = Vp + Vg
where V. is total transducer millivolts
Vp is millivolts from pressure
Vg is millivolts from vibration
So,
Ve m 2 vy vt

but the correlation between pressure and vibration, V;_V; .
is probably small. The second effect would be due to the rather
high free stream turbulence level in the UTSI wind tunnel. For
-these reasons, the correlation function does not become negative
in the present test (it may be noted that the ADS31K is a four

quadrant multiplier and would show negative correlation if this

were present).
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Both of these effects of vibration and free-stream turbu-
lence will be essentially constant at a given run condition and
should not destroy the comparison between the flat plate and

the orifice flows as discussed above.
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VII. GENERAL COMMENTS AND RELEVANCE OF STUDY

Many pertinent features of the orifice configuration have not
been considered herein, Among these, particular mention should
be made of orifice flushness and machining accuracy. Studies<21'22)_
have shown the importance of these factors in the overall statie
pressure measurement and need not be repeated here. Due to the'
large diameter of the models used herein it is clear that any

machining inadequacy is relatively less important than would be

the case in actual application.

The present results are all for situations where the approach
boundary layer thickness i1s of the same order as the diameter of
the surface pressure orifice. It may be questioned as to how often
such a situation occurs in practical model configurations. Figure
34 plots the variation of boundary layer thickness along a flat

(23) and for three Reynclds numbers.

plate at a Mach number of one
A locus of points is shown for which the boundary layer thickness

is 0.02 (i.e., egqual to a typical orifice diameter).

In a favorable pressure gradient, or a laminar boundary layer,
the boundary layer thickness would be smaller than this and the
problem more severe. Also for a laminar boundary layer there is

the possible transition tripping effect of the orifice.
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VIII. CONCLUDING STATEMENT

The present study has been concerned with the flow in and

downstream of simulated surface static pressure orifices when

the ratio of orifice diameter to approach boundary layer thick-

ness is one or greater. As a result of the study it is possible

to make several comments:

1.

Particularly when the ratio of hole diameter to boun-
dary layer thickness is greater than one then the
boundary layer development downstream of the hole can be
greatly modified. Close to the wall, this profile modi-
fication is restricted to a region directly downstream
of the orifice with only a small spanwise spread.
Directly behind the orifice, the major modification to
the velocity profile is contained in the wall region.
Then, as the flow returns to equilibrium, this profile
distortion migrates out towards the edge of the boundary
layer with a consequent increase in boundary layer

thickness.

In general, the larger the ratio of hole depth to hole
diameter the larger is the disturbance to the downstream
boundary layer development. At the same time, the mea-
surement error is reduced as this ratio increases beyond
a value of about unity. These two trends appear to be
in opposition so that some compromise must be made in

the model design,
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3. A full understanding of the flow mechanism by which the
downstream boundary layer development is modified is
not available. Certainly it is possible for resonance
to take place in the hole under some conditions, but
efforts to detect a strong radiation from the hole were
not successful. 01l flow studies indicated that the
flow was quite three-dimensional immediately downstream
of the hole, with a strong demarkation from the

'undisturbed' flow.

4., The interaction between adjacent holes in a multi-hole
model is complex and can, under some conditions, be a
favorable interaction as far as the measurement error

is concerned. This problem requires additional study.

The present study is not a complete evaluation of the
problem but does serve to show the type of interactions that
take place and indicates the need for additional work. Of
greatest interest in this regard would be an in-depth study of

multi-hole configurations.

The present results tend to show that the distortion to
the downstream boundary layer is increased as the hole depth to
diameter ratio is increased. A trend towards flush mounted
miniature transducers would appear to be one long term solution

to the problem of surface static pressure measurement.
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coefficients

distance, spanwise, from tunnel centerline
Diameter of pressure tube
orifice diameter

Hertz (K Hz - kilo Hertz)
orifice depth

constant

free stream Mach number
Mach number at edge of boundary layer

spatial separation

index

total pressure

pressure (static)

free stream static pressure

pressure fluctuation

mean pressure

dynamic pressure

Reynolds number/unit length

Reynolds number based on boundary layer thickness
Reynolds number based on distance to orifice centerline
Correlation function

total temperature

time

velocity components along directions x,y

friction veloeity
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NOTATION (Continued)

Ve

v
P

v

B
x|
¥
4§

Sy

6%

AP

total transducer volts

transducer volts from pressure signal
transducer volts from acceleration signal
x/d

coordinates along and normal to stream
boundary layer thickness

approach boundary layer thickness
boundary layer displacement thickness
pressure difference

viscosity coefficient

kinematic viscosity

wall shear stress
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