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FINAL REPORT

AN EXPERIMENTAL EVALUATION COF A

WEDGE -TYPE FREE~STREAM STATIC-PRESSURE PROBE

I INTRODUCTION

It is the purpose of this report to present the experimental eval-
uation of the wedge free-stream static-pressure probe described in Reference
1. This work has been carried out under Air Force Contract No. AF 33(038)-
20799.

Reference 1 considered in detail the various aerodynamic sources of
error for a wedge probe when used to measure static pressure in a uniform
supersonic stream. Since there is no way of knowing the true value“of this
static pressure, the idea behind the present experiments was to vary the para-
metérs related to the known sources of error and from the resulting spread of
‘measured values to infer if possible the reading obtainable in the absence of
aerodynamic errors. In carrying out this program there is the usual diffi-
culty of conducting the experimental evaluation in a slightly non-uniform
stream using imperfect pressure recording instruments. Thus, great care has
to be exercised to separate insofar as possible from the total error the con-
tributions due to:

a) spatial non-uniformity of the stream in the wind tunnel, i.e.,
variation of p with x, y and z;

b) the variation of pressure at a fixed tunnel position X715 Y15 21
with time due to slight changes in the boundaries of the super=
sonic stream including settling chamber conditions;*

*These time variations of local tunnel conditions exist in wind tunnels of all
types. In intermittent tunnels their presence makes itself known more strik-
ingly, simply because the whole system is literally shaken up in each run, where-
as in continuous tunnels the variations creep in so to speak, often without
being observed.
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¢) the more or less repeatable response of the recording instruments
to a given pressure at the wedge orifice.

In order to appreciate the procedures adopted it is desirable to

discuss the aerodynamic errors of the wedge probe and the other errors in more
detail.

ITI THEORETICAL DISCUSSION CF THE PROBE AERODYNAMIC ERRORS IN A UNIFORM STREAM

The direct aerodynamic errors combined inte a correction &p, are
associated with entropy effects due to shock on the imperfect wedge, boundary
layer effects, angle of attack effects, angle of yaw effects, and tip effects
at lower supersonic Mach numbers.,

Since the original direction of the flow is restored on the flat
portion of the wedge the ideal deviation of the local pressure from that in
the free stream is due solely to the change in entropy across the shock wave.
This entropy change will be small for small flow deflections since the speci-
fic entropy varies as the third power of the flow deflection. 1In the case of
‘a perfeet wedge with a total angle of 10°, the matching of the compression
and expansion is so close that the pressure ratio across the two in combination
is 1.000 at M = 1.45, M = 1.90 and M = 2.85 (see Fig. 1).

For the regions on the wedge flat affected by the curvature of the
shock wave, Reference 2 establishes that the first order effects are negli-
gible.

The presence of the boundary layer at the leading edge and at the
wedge expansion corner undoubtedly influences the compression and expansion
processes locally.

Although there is no theoretical way in which to assess these effects,
it 1s believed that they are mostly local and tend to distort the field up-
stream of the orifices somewhat as a solid boundary change would de. Then,
the results of Reference 2 would again indicate that the pressure at the orifice
would remain unaffected, unless the boundary layer changed the effective slope
of the wedge flat, A large body of experience indicates that there is no need
to suspect the possibility of a vertical pressure gradient through the boundary
layer as an additional error source as long as pressures near the sharp corners
are not measured,

In order to verify the boundary layer effects two wedges of different
sizes were tested and also leading edge bluntness and surface roughness on the

-2-
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wedge faces was introduced. This was done in order to alter the boundary layer
conditions sufficiently to detect, if possible, pressure changes of the magni-
tude expected from a prebe with a "normal" boundary layer compared t6 an ideal
probe in nensviscous flow.

The theoretical insensitivity of the probe to angles of yaw was
discussed fully in Reference 1 and so was the scheme of manifolding pressure
readings from top and bottom orifices in order to render the measured pressure
relatively insensitive to angles of attack. The experimental verification of
these effects was straight forward as long as the tip effects were not felt
near the orifiee heles.

The tip effects have to be kept in mind especially when measurements
at Mach number 1,45 are considered. As Fig. 2 indicates, the Mach lines in
the flow outside of the boundary layer along which the lower pressures from the
tip make themselves felt, encroach upen the measuring orifices as angle of
attack or angle of yaw increases. Reference 6 established that this encroach-
ing pressure field generates a boundary layer cross flow which may alter the
pressure on the wedge beyond the (non-viscous) Mach lines of Fig. 2. Thus, the
tip effect may limit the location of the measuring orifice or the usable angle
of attack more in the presence of a thicker beundary'layer.

III ERRCRS CONNECTED WITH NON-UNIFORM STREAM

All know systematie errors associated with tunnel conditions and
response of recording instrument are always eliminated as nearly as possible,
so that the time error (b) and the recording errors (c) listed in the intro-

" duction are treated as random. They are therefore asseciated with the extent
of random non-repeatability of measurements in successive runs. In order to
geparate them as much as possible from the eother errors, many identical runs
were made and a statistical analysis spplied to the results, Simultaneously,

a statistiecal study of several tunnel wall orifices was made in order to estab=-
lish some sort of limit on the randem errors.

The errors (a) due to spatial nen-unifermity of the flow on the other
hand, are mainly systematic. They are difficult to assess since both ép,(x,y,
z), the pressure increment from static pressure at the orifice of the probe in
a uniform stream and the static pressure p to be measured, are unknown. The
presence of the probe in a non-uniform flow field causes an additional pressure
inerement 6py(x,y,z) since the probe ferces the streamlines to follow its phys-
iecal contour.
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It is. to be noted that this induced. incremental pressure field will
differ with the probe geometry. Thus, the present wedge probe has a different
8py from that of the needle static probe, so that their pressure readings may
differ in a wind tunnel while they should agree in a uniform supersonic stream
such as that encountered by an aircraft moving through air at rest. Stated
more precisely;

51) 1

%o
f -
needle zv‘Ii (x) Kq(xo-x)dx

X1

Xo
dpiwedge = ‘fxz £(x) Ko(xg-x)dx
&
K; (x) # Kp(x)

Xl%X2

where xq 1s the orifice loeation, x3 18 the location of the needle tip, xp is
the location of the wedge léading edge, f(x) is the unknown distribgﬁion of
tunnel non-uniformities, Kj(xo-x) 1s the response at xo of the needle probe to
8 Mach wave which gives a unit pressure disturbance at station x, and Ko(xp-x)
is the response at xo of the wedge probe to a Mach wave which gives a unit
pressure disturbance at station x. For a discussion of the corrections which
much be applied to a body in a slightly non-uniform stream see Reference 9.

IV EXPERIMENTAL INVESTIGATION

A, Models and Ihstrumentation

Two wedge static pressure probes of the type mentioned in Reference
1 were designed and built in order to carry out the experimental evaluation.
Fig. 3 shows the important dimensions of the large model'tegether with the
orifice locations and designations. The small probe which will be designated
Wy is a one-half scale replica of the large wedge probe W, except for orifice
size which is .042 inch in diameter for all orifices on both probes. Fig. L
is a photogreph of the two probes W, and Ws.

.
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All pressures were measwred with mercury manemeters except for the
absolute reference presgure which was measured with a Wallace and Tiernan gage.
In addition it was originally planned te measure the pressures at the féur eri-
fices By Cy F, and G Dby means of pressure capsules and speclal menemeters con~
taining acetylene tetrabromide ms the indicating fluid. The response time of
the tetrabromlde manometers turned out to be somewhat too long te allow them te
stabilize satisfactorily in the 17 to 18 seconds of run time available. These
manometers were therefore Immediately cut out of the pressure measuring circuit
in order to eliminste their interactien with the mercury manometers and the
pressure capsules, The pressure measuring devices used then consisted of mer-
cury manometers for.all eight orifices, a through H, and in addition pressure
capsules on orifices B, C, F and G. The complexity of the pressure capsule as
a pressure measurdifig device introduces the possibility of additional errors
both In technique and in data reduction. Hence, in the discussien that follows
-reference will be made only teo the date taken by means of the mercury mancmeter
since it was obtained for all the orifices and it is believed to be as good as
the data from the capsules.

In addition to the pressure data from the probe itself, static pres-
sures at several points on the test section walls upstream of the medel were
meagured, This was done to correlate the randemmess in the readings from the
orifices on the probe with the randemness in the tunnel flow and the randommness
in the pressure measuring technique as mentioned above. The wall orifices used
for this statistical study were orifices 467, 567, and 667 which all lie in a
plane perpendicular to the flow direction and 12 Inches upstream of the test
section centerline. Orifice 467 1s in the tumnel ceiling 2 inches from the
west wall, orifice 567 is in the floor 2 inches from the east wall and orifice
667 is in the floor 2 inches from the west wall (Reference 3).

Besldes this pressure data a schlieren photoegraph e¢f each run was
taken, Sinee the schlieren system measures the density gradient, it was used
with a horizontal knife edge 1n order to show the boundary layer te the best
advantage.

B. Test Prpgfan

_ The actual tests themselves were run in twe serles, The first seriles
of rung was made in Octeber 1951 and all tests were conducted at Mach number
1,90. In thie series an attempt was made to compare the two wedge probes with
each other and with a conventional hypodermic needle probe, It should be barne
in mind at all times that a direct comparisen of the actual values of the
static pressures measured by the two different types of prebes cannot be made
since such a comparison assumes ¢éme of the probes as more accurate than the
other, Any compariseon muset be made with reservations as to the different res-
ponse of the needle probe and the wedge probe to tunnel non-uniformities.

=5
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Furthermore in order to determine the reliability of the wedge probe it 1s
necéssary to attempt to experimsntaily verify the theoretically predicted pro-
perties of the wedge probe such as the independence ¢f the pressure readings to
changes in yaw or the response ¢f the wedge prebe readings to angle of attack
varigtien, This seeénd meesure of the wedge prebe's reliability 1s completely
independent of any coémparisen with the needle probe, The first series of tests
also consigted of an evaluation of the effects of leading edge bluntness and
surface roughness.

The secend series of rurns was conducted in Becember 1951. In this
geries the. emphasis was placed on the large wedge probe and in order to insure
the maximum accuracy of the readings obtained each run was repeated a second
time in order to check the values of the first run. If the twe runs did net
cheek each other within .03 inch of mercury in all eight orifices when the
manometers were read by eye immediately following each test, then the same cen-
figuration was rerun again and again until thils check was obtained.

The second series consisted of three subseries, one each at the three
different Mach numbers 1.45, 1.90 and 2.85. In the subseries of runs at Mach
number 1,90 an attempt was made to check as accurately as possible the effect
of variation of angle of attack ¢n the average of static pressures on the top
and bottom of the wedge., In additien the probe was moved fore and aft by small
amounts 80 as to measure the pressure at the same point in space with several
different orifice ——manometer combinations, and thus to compare one orifice-—
menometer combination against anether. 1In the subserles of runs made at Mach
number 2.85 the effect of variation of angie of attack on the static, pressure
measured by the wedge was ascertained. The effect of leading edge bluntness
was also measured at this Mach number. At Mach number 1.45 tests were again
made to check the variation of statie pressure on the wedge with angle of
attaek., The effects of both leading edge bluntness and surface reughness were
algo investlgated.

C. Data Reduction Technique

It is perhaps worth while to mention the methed of reducing the data
from the photographs taken of the mercury manometer beard. Since so few mano-
meter tubes were used 1t was possible to place the camera very close to the
manometer board. As a result the pletures ebtalned were very large and very
readable, thus permitting the use of a reading device which utilizes a dial
gage reading to the nearest .00l inch. In erder to read the height of a col-
umn of mercury from the photograph the first three figures, e.g., 18.8 are read
direetly from the photegraph of the glass scale by eye; then the pesition of
the top of the mercury column in the 0.1 inch division between 18.8 and 18.9
is determined by measuring the ratlo of the distance between the top of the
mereury columh and 18.8 to the distance between 18.8 and 18.9 with the reading

G
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deviee, e.g., 24/62 = .038, The final reading for the sample mercury column is
.18.838. Te claim is made for the figure in the third decimal place other than
that it serves to indicate a plue or minus value. It is felt, however, that
this procedure will remove the second decimal place from suspicien in that the
second decimal place will be reproducible at will and not estimated by eye.
£

The height of the mercur§ eolumn as read in the manner described
above does not yet represent the true pressure at the orifice nor is it in a
sufficiently general form to permit compariseon with other pressures observed
on other runs, In order to gonvert the pressure as read from the manometer
photograph:into theé true pressure it is necessary to correct for:

1) the parallax error intreduced by the fact that the mancmeter tubes
do not lie in the plane ¢f the glass scale,

2) the temperatures of the mercury columns in the manometer and the
baremeter, and

3) the standard reference pressure.

So that the pressures recorded feor different runs may be compared with one
another, all pressures are non-dimensionalized by taking their raties to the
barometric pressure p, which is essentially the stagnatilen pressure.

The reductlon ¢f the pressure data 1is probably best illustrated by
an example:

Run 51~12-19-3

Reference tube readings, 14,446 inches, 14.453 inches
Average reference tube readings, 14.450 inches
Manometer tube "B" reading, 18.838 inches
Pressure as read from the photegraph, = 18.838 -'1L.450 = 4,388 inches
" Pressure as corrected for parallax = 4.388 - (.01334)(L4.388) =
- 4.329 inches
Pressure as corrected to 29°F = 4,329 - (.0049)(4.329) = L4.307 inches
Pressure as corrected to zer¢ reference pressure as read on Wallace
and Tiernan gage = 4.307 + .010 = 4,317 inches
Barometrie pressure after run = 29,610 inches
Barometric pressure corrected to 29°F = 29,491 inches
Pressure ratio, p/p, = 4.317/29.491 = 146k

For detalls concerning all ceorrectlons except temperature correctien see Ref-
erenee 7., For the procedure used in making temperature corrections see Ref~
erence 8, :
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vV TEST RESULTS AND DISCUSSION

A. Statistical Analysis of Measuring Accuracy

1. Tumnel Wall Static Pressures. In order te obtain some idea as to
the accuraey with which a static preééure‘may be measured using a mercury mano-
meter, several static pressure orifices in the test section ahead of the model
were vonnected to the manometer board as mentioned previously.

The results e¢btained frem orifices 467, 567 and 667 at a Mach number
of 1.90 are presented below in tabular form:

- 467 467 567 567 667 667
Day g /Db Std. p/Pb std. /pb Std.
o 3uns Average Devq

Average Dev.  Average Dev.,

12/19/51 9 1396 .0006 1416 .0003 L1439 .0006§

12/20/51 9 139k .0005 .1k12 .0002 .1433 .0002)
12/21/51 10 .1390 .0002 .1408 . 000k . 1430 .0002)
12/22/51 . 9 L1397 . 000k L1h12 . 0004 L1436 . 0003
ALl k4 Days 37 L1394 .0005 .12 0003 L1435 . 0005

Since for all three of the orifices the daily average does not differ
from the everall average by more than 1,50 where o 1s the standard deviation
asgociated with the overall average for all four days, it would seem that the
variation of the statie gressure to barometric pressure ratie is a statistical
variation. Pearson's 7L test has been applied to the averall average and
its associated standard deviation for each of the three orifices. The results
of this test indieate that the probability that the deviatiens which would be
measured 1f the tests were repeated would not exceed the deviatilens actually
measured is .8 to .9 for orifice 467; .1 to .2 far orifice 567; and .1 to .2
- for orifice 667.

In order to interpret these probabllities we may say that 1f the
prgbablility lies between .1 and .9 the assumed normal distribution law very
prébably eorregponds to the actual distributlon law governing the measurements
made. Thus, we are led to the conclusion that the probability distributien

8-
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which applies to the measurement of a statlic wall pressure at Mach number 1.90
is aetually a normal distribution function. Once the kind of distributien is
known it is possible to compute the prabability that any one measurement will
be within a specified range of the true value. Hence, the probability that a
glven measurement lies within i.oolo of the mean value is .9634 if we choose
the maximm value of o~ = .005.

In terms of Mach number this means that in the vicinity of Mach num-
ber 1,90 we will be able to obtain the Mach number withinm +.005 in 96.34 per
cent of the measyrements made. ZThis is an error in Mach number of +.26 per
cent at Mach number 1,90 if the flow 1Is assumed isentropic. If the accuracy of
‘the pressure weasurements is independent of the value of the pressure read we
will have an error of +.17 per cent at Mach number 1.45 and an error of i,68
per cent at Mach number 2.85. The assumption that the accuracy of the pressure
measurements ls Independent of the value of the pressure is undoubtedly Jjusti-
fiable at Mac¢h numbers less than 1.90, but it 1s known that at Mach number
2,85 this assumption is subject to question, because of the propeortionally
greater effects of small leaks in the orifice-manometer combination on response
time,

2. Wedge Probe Static Pressure. The preceding discussign has dealt
with the measurement of a pressure at a fixed point in space and with all mea-
. surements made with the same orifice-manometer combination. In order to get
some idea of the repeatability inveolved when a pressure at a fixed point in
gpace is measured with different orifice-mancometer combinations a series of
tests was run in which the wedge orifices B, C, D and E successively occupied
the same point in space: It should be noted that in moving the model in this
faghion it is possible to intreduce a slight change in angle of attack.
Furthefmare, the probe will no longer be in precisely the same non-uniform
field, i.e., a different powtion of the curve f(x) will be used since x, and
x1 the limits of integration will be different. Hence, it is to be expected
that the standard deviation will be larger even 1if all the orifice-mancmeter
combinations are precisely the same.

, When the pressure ratio on the vertical centerline of the Mach number
1.90 channel was measured with orifice-mancmeter combinations B, C and D it
was found that (p/Pp)mean = »1452 with " = ,0010 based on a total of 9 runs.
The pressure ratio ,25 inch aft of the vertical centerline was measured with
orifice~manouetér combinations B, C, D and E and was found to be (p/Pplmean =
.1445 with o = .0009 based on & total of 11 runs, The pressure ratie .50 inch
aft of the vertical eenterline measured with orifice-manometer combinations
C, D and E wae (p/Pplmean = -1439 with o = .0004 based on & total of 8 rums.
A comparison of this date with the dats obtained from orifices 467, 567 and 667
ghows that the effeet of using different orifice-menometer combinations te - ‘
measure the pressure at the same point in space approximastely doubles the stan-
dard deviation, This difference in the standard deviations for the two cases

«Qw
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leads one naturally to look for some systematic discrepancy between the orifice-
manometer combinations. However, all attempts to locate such a systematic dis-
crepancy failed. We can only conclude therefore, that the randomness of the
measurement increases, probably due to slight errors in model position, when we
use more than one orifice-manometer conbination.

3. Needle Probe Static Pressure. In order to compare the wedge probe
with the hypodermic needle probe a series of six runs was made with the conven-
tional three prong hypodermic needle probe which had been used in the calibra-~
tion of the M = 1.90 channel (Reference 3). The single orifice of this probe
was located on the tunnel centerline, i.e., in the same position as orifice B
for the wedge runs. These six runs gave (p/pb)mean = 1445 with & = .0003.
This value may then be compared to the mean of the values of orifices B and G,
p/pb = .1491 with o = .0007 and the mean of the values of orifices C
and F, p/pb = 1482 with o = .0006 from the wedge probe for 19 runs at zero
degrees angle of attack. It is necessary to average B and G and to average C
and F before taking the mean so that any small angle of attack changes are
corrected for. The increase in the standard deviation for the wedge probe as
compared to the needle probe does not mean that the needle probe is the better

instrument for measuring a static pressure because:

1) both standard deviations are of the same order as the standard
deviation which would be expected on the basis of the side wall
orifice readings previously given;

2) the response of wedge and needle probes to flow non-uniformities
is expected to be different as discussed in section III;

3) the runs used to obtain the average for the needle probe were
successive runs while the runs used to obtain the average for the
wedge probe were not successive runs but covered a period of
several days during which time there were numerous changes in
the wedge probe configuration, e.g., changes in angle of attack,
axial position, ete.

The fact that the needle probe gives a static pressure less than the
static pressure given by the wedge probe is in accord with the findings of
Reference 5 where the ratio of static pressure measured on the surface of a
needle type of probe to the actual free-stream-static pressure is experimental-
ly determined to be .985 for an orifice 16 diameters from the needle tip which
is approximately the location of the orifice on the needle probe used in the
October series of runs If this correction is applied to the needle probe
value of p/pb = .1445 we obtain an actual static pressure ratio of p/pb =
.1467 which may be compared to the wedge reading of p/p, = .1482 which is the
mean of the average value of orifices C and F on the October runs at zero de-
grees angle of attack.

-10-
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B. Scale Effect

A comparison of the small wedge probe with the large wedge probe at
Mach number 1.90 shows that there is no consistant measurable difference be-
tween the two probes, The small probe was tested with orifices P and K in the
same position with respect to the tunnel as were orifices B and G of the large
probe. Average value of p/p, for P and K on runs 10-13-1 and 10-13-2 are .149k
and .1495 while the average value of p/pb for orifices B and G on runs 12-19-2
and 12-19-3 are .1482 and .1490. Orifices 0 and L of the small wedge were not
in exactly the same position with respect to the tunnel as orifices C and F of
the large wedge because of the 1/2 scale effect. The average value of p/pb for
C and F on runs 10-7-3, 10-7-4, 12-19-2 and 12-19-3 are .1480, .1479, .1480
and .1479. These compare with the average values of p/pb for orifices 0 and L
on runs 10<13<1 and 10-13-2 of .1485 and .1479. The conclusion to be drawn
from this comparison is that no measurable effect on the static pressure read- .
ings is caused by decreasing the Reynolds number based on the distance from the
leading edge to the first orifice from 0.5 x 106 to 0.25 x 106.

6Piwedge changes with a change in wedge size since xXg, x] and possi-
bly Ki(xe-x) are different for the large and small wedge probes. The agreement
between pressures measured with the two wedges is therefore an indication that
for small tunnel non-uniformities 8pi is negligible.

C. Angle of Yaw Effect

L4
The effect of yawing the wedge probe on the value of the static pres-
sure recorded is graphically represented in Fig. 5. It will be noticed that
the pressures read on orifices C and F are completely independent of the angle
of yaw from 0° to 10° of yaw.

D. Angle of Attack Effect

The sensitivity of the wedge probe to angle of attack is illustrated
in Figs. 6a through 6¢ where orifices B and G are plotted versus angle of at-
tack. The fact that.the probe 1s sensitive to angle of attack yet insensitive
to angle of yaw mskes it an ideal instrument with whiech to measure flow in-
clination when top and bottom orifices are measured individually. Manifolding
of top and bottom orifices will of course give a free-stream static-pressure
measurement essentially insensitive to angle of attack.

A very interesting aspect of the curves shown in Fig. 6a and 6b is
their very slight non-linearity. It will be noticed that for positive angles
of attack the curve of orifice G versug angle of attack has a slope which in-
creases with angle of attack while for negative angles of attack the curve is

~11-
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linear. Similarly the curve for orifice B is linear for positive angles of
attack and has a slope which increases with decreasing angle of attack. The
reason for this non-linear behavior becomes apparent when we realize that since
orifice G 1s on the lower surface of the probe the flow must be deflected com-
pressively through successively larger angles for successively larger positive
angles of attack. For the larger deflections the shock strength becomes larger
but not linearly, i.e., the static pressure Jump acress the shock wave is a
slightly non-linear function of the flow deflection angle. This behavier of
the separate curves for orifices B and G will be reflected in the curve of the
average value of B and G versus angle of attack, making it slightly concave
upwards as shown in Figs. 6a and 6b.

One of the possible checks on the accuracy of the wedge probe is the |
correlation between the theoretical and experimentally observed values of this
‘deviation exhibited in Fig. 7. The theoretical curves are obtained from the
curves in Fig. 1 by dividing all the ordinates by the value of the ordinate for
‘zero angle of attack. The experimental peoints are obtained by dividing the
various values of (p average)/pb by the value of (p average)/pb at zero degrees
angle of attack. In the case of the experimental points it is also necessary
to correct the observed geometrical angles of attack by subtracting from the
geometrical angle of attack the value of flow deflectilen which is the value
of the flow deflection which is the value of a at which the curves of orifices
B and G cross in Figs. 6a through 6c.

The experimental points do not coineide well with the theoretical
curve for Mach number 2.85. This is prebably due to the inaccuracieg inherent
in measuring the low static pressures at Mach number 2.85 with mercury mano-
meters. The experimental points at Mach number 1.90 agree very well with the
theoretical curve, At Mach number 1.45 the experimental peints are in,good
agreement with the theoretical curve as long as the angle of attack isftwo
degrees or less. However, the points observed at angle of attack slightly
greater than three degrees fall considerably below their theoretically predict-
ed value. There are two possible explanations of the phenomenon. First the
orifices under consideration may lie in a reglon which is affected by the ref-
lection from the shock wave of the expansion wave originating at the shoulder.
The second and more obvious passibility is that the orifices may be in a region
whieh is influenced by the finite span of the wedge. This second case is dis-
cussed in detall in the next section on tip effects.

The first possible explanation of the discrepancies observed may be
ruled out for two reasons. First, Reference 2 indicates that the reflected
disturbances will be extremely weak. Second, if the first ray of the P.M.
expansion fan is constructed by drawing the line from the shoulder of the
probe to the point at which the sheock wave 1s first observed te curve in the
schlieren pieture 52~1-4-13, Fig. 8, and then reflected at the shock wave it
will be found that the reflected waves strike the probe aft of the orifice
region.

12




UNIVERSITY OF MICHIGAN SUPERSONIC WIND TUNNEL
ENGINEERING RESEARCH INSTITUTE

E. Tip Effects

The tip will affect a progressively larger area of the wedge as the
angle of attack increases for a given Mach number. Fig. 2 shows the regions
of the probe theoretically affected for various angles of attack at Mach number
1.45 for the inviscid case. Fig. 9 is a plot of data from the spanwise orifices
A, B and H for the largest negative angles of attack for all Mach numbers. It
is apparent from these curves that there is no tip effect at Mach numbers 1.90
and 2.85. However, at Mach number 1.45 it is obvious that orifices A and H are
affected.

A plot of the axial pressure gradients measured on the wedge probe
at Mach numbers 1.90 and 1.45 are shown in Figs. 10 and 11, respectively.
From Fig. 10 it is apparent that there is no measurable tip effect on any of
the orifices B, C, D or E. The actual pressure gradient existing in the Mach
number 1,90 channel is very small as seen.from the fact that the curves are very
nearly horizontal. The curves in Fig. 11 present a much more interesting pic-
ture.

In order to prevent blocking of the flow at Mach number 1.45 a canti-
lever strut was used which has its center of rotation outside the test section
instead of at the center of the test section as in the case of the full span-
ning support strut used at Mach numbers 1.90 and 2.85. This displacement of
the center of rotation in the support system at Mach number 1.45 causes a
translation of the orifices on the model when the angle of attack is varied.
With the model at -3° angle of attack all orifices are moved forward’approxi-
mately .34 inch and downward approximately .25 inch while at +3.4° angle of
attack the model orifices are moved backward .43 inch and upward .25 inch. For
this reason the abscissa in Fig. 11 is taken to be the actual distance of the
orifice from this tunnel centerline. The differences in height of +.25 inch are
not taken into account. If we look first at the curve of axial pressure gradi-
ent for zero degrees angle of attack we notice that orifices B, C and D give
values of p/pb of approximately the same magnitude while orifice E gives a
decidedly lower value of p/pb. This lower value of p/pb at orifice E may be
accounted for by:

1) a change in the induced error 8p; since x, and x; have changed
2) the tip effect

3) +the actual axial pressure gradient in the test section.

The effect due to (1) is small as pointed out in section V-C. Fur-

thermore, if the change in Spi is measurable there will be an effect on the
orifices, B. C and D with the model in the rearward position.

-13-
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In order to segregate the effects due to (2) and (3) two extra runs
were made with the model shifted rearward by .25 ineh. This movement places
orifice D which is unaffected by the tip in the pesition previously occupied by
orifice E which may experience some tip effect, i.e., orifice D is now on the
tegt section centerline, The amount of the tip effect felt by orifice E when E
is on the centerline is then represented by the displacement on the test section
centerline of the dashed curve from the solld curve in Fig. 11. The magnitude
of the tip effect at orifice E is seen to be 6tip p/pPb = .0035. If now the
value read from orifice E in its mest rearward positien is meved up be an amount
+.0035 We obtain the actual value of p/pp .25 inch aft of the tunnel centerline
corrected for the tip effect as shown by the dash dot line in Fig. 11. The
slope of this line represents the effect due to tunnel gradient and should be
compared to the curve at angle of attack equal te +3.4°., This comparison
gerves as a check upon the method of correcting for tip effect. Since the curve
for angle of attack equal to ~3° is in a regien of zero axial pressure gradient
and yet this curve does possess a definite slope we are led to the conclusien
that at an angle of attack of -3° all orifices B through E experience some tip
effect for Mach number 1.45.

The slope of the curve for & = +3.4° is due solely to the axial pres-
sure gradient existing in the Mach number 1.45 channel since orifices B, C and
D experience no tip effect at o = 0° and the tip effect would be even less
gsevere at positive angles of attack (see also Fig. 2).

F. Roll Effects

One serieg of tests consisted of rolling the wedge about the heorizen-
tal centerline of the wind tunnel at Mach number 1.90 in order to check flow in~
e¢lination, Zero degrees of rell corresponds te having theplane surface of the
wedge probe horizontal with orifice "B" on top. Ninety degrees of roll corres-
ponds to having the plane surface of the wedge probe vertical with orifice "B"
en the left hand side when the probe ls viewed facing upstream. A plot of the
data from orifices "B" and "G" on this series of runs is shown in Fig., 12. The
plot has been made on polar coordinate paper so that when a circle is drawn
through the data points, (1) the displacement of the center of the circle from
the center of the graph paper will be a measure of the flow inclination and (2)
the radius of the circle will represent the static pressure ratioc +6poy/py. The
coordinates of the displaced center of the circle with respect to the origin
of coordinates are p/pb = -.0025 vertically and p/pb = =,0010 horizontally., If
use is made of the linear relationship between p/pb and angle of attack with
the constant factor in this linear relation determined from Fig. 6a it will be
found that the velocity vector is tilted up at an angle of .32° and to the right
at an angle of .10°. The radius of the circle gives a value of p/p, + &p/p, =
.1500. These values compare well with the flow inelinations reported in Refer-
ence 3. '
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G. Leading Edge Bluntness and Surface Roughness

In order to determine the effect of a more blunt leading edge two
pleces of tage were wrapped around the leading edge of the wedge probe and sev=
eral runs were made at the three Mach numbers 1.45, 1.90 and 2,85. Fig. 13
shows a typiéal schlieren photograph at each Mach number with the tape on the
leading edge. These schlieren photographs may then be compared te those in Fig.
14 which show runs at the same Mach numbers but with the original "sharp" lead-
ing edge. At all three Mach numbers the presence of the tape is sufficient teo
cause a detaghed shock wave., There is also in each case a shock which is the
envelope of the compressive Mach waves originating from the concave surface
formed by the rear of the tape and the sloping face of the wedge. A comparisen
of the schlierens for the sharp and blunt leading edge at Mach number 1.45
(Figs. 13a and 14%a) indicates that there is a very perceptible thickening of the
boundary layer in the blunt case. At Mach number 1.90 (Figs. 13b and 1lkb) the
same thickening in the blunt case is apparent but the increase in thickness
appears to be less here than at Mach number 1.45. The resolution of the
schlieren at Mach number 2,85 (Figs. 13c and llhc) seems to be insufficient te
permit a comparison in boundary layer thickness for sharp and blunt case at
this Mach number,

Figs. 15, 16, and 17 are plots of the pressures at orifices B, C, D
and E for the sharp and blunt leading edge cases as well ag the case of the
roughened surface to be discussed later en. These curves indicate that at Mach
numbers 2.85 and 1.90 there is no measurably consistent difference in the pres-
sure ratlos cobeerved for the sherp and the blunt cases. This seems t¢ bear out
the statement quoted here from Reference 2,

"If (as must happen) a thin supersonic air foil has a leading edge
not exaetly sharp, the shoek will be much strenger near this polnt than
elsewhere (perhaps detached): and the resulting comparatively large en~
tropy variations'will be propagated aleong the streamlines te form an
tentropy boundary layer.' Outside a neighborhood of the leading edge the
flow will be approximately unifeorm and of 'progressive wave' character,
but with entropy variation. ...Thus the pressure on the surface is un~
affected (as in an ordinary boundary layer), while the velecity on the
surface is conslderably altered... Effectively then the bluntness of
the leading edge, as well as producing lecal effects, increases the vor-
ticity near the whole surface, above that due to viscous stress and heat
conduetion, but deoes not affect the pressure.”

At Mach number 1.45 there is a measurable difference between the
blunt leading edge and the sharp leading edge. The difference in pressure.ratio
p/pb between the blunt case and the sharp case is .8 per cent for orifice B, 1.4
per cent for orifiee C, 2.6 per cent for orifice D, and 2.9 per cent for eorifice
E with the pressures for the blunt leading edge being consistently loéwer than
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the pressures for the sharp leading edge. The maximum difference of 2,9 per
cent in pressure ratios corresponds to a 1.4 per cent difference in Mach number.
This difference is discussed in a later paragraph along with the difference

due to the roughness effect since both phenomona are similar.

The effeet of roughness of the wedge surface was investigated by

glueing a plece of sand paper on the sloping wedge surface. This effect was
tested only at Maeh numbers 1,45 and 1.90. Figs, 18a and 18b are the schlieren
photographs of the model with the reughness strip glued on and are to be compar-~
ed to the corresponding schlieren photographs far the smooth case given in Figs.
1ha gnd 14b, respectively. At both Mach numbers there is an increase in boundary
layer thickness with the increase again being the greatest at Mach number 1.45,
| At Mach number 1.9 there is no measurably consistant difference between the
pressures measured for the smooth and the rough cases as shown in Fig, 15.
Fig. 17 shows a comparison of the pressure ratios measured at Mach number 1.45
for the smooth and rough cases. The pressure ratios are consistently lower for
the rough case the differences being .5 per cent for orifice B, .2 per cent for
orifice C, 1.2 per cent for orifice D, and 2.2 per cent for orifice E.

The divergence of the curves for the rough surface and the blunt
leading edge from the curve for the smooth surface and the sharp leading edge
at Mach number 1.45 as exhibited in Fig. 17 may possibly be explained on the
basis of the interaction of the tilp effec¢t and the boundary layer effeect. If
the boundary layer thickness is increased as it is in the case af either the
rough surface or the blunt leading edge then the disturbing effect of the tip
may be propagated further inward and upstream through the boundary layer.
Henece, the orifices pick up more tlp effeet which 1s shown by the lower pres-
sure values of the dotted curves of Fig. 17 compared to the solid curve.

Normally, the effect of roughness is understood to increase the rate
of growth of the displacement thickness of the boundary layer. If this effect
were asppreciable, the resulting pressures for blunt leading edge and rough sur-
faee would be higher, rather than lower as seen in Fig. 17.

H. (Comparison with Conventional Tunnel Calibration

A representative value of p/pb from the wedge probe for the Mach
number 1.45 channel is p/pb = .2990 which compares favorably with the value of
p/p, = .2980 observed in Reference L. ‘

The calibration of the Mach number 1.90 channel reported in Reference

3 gives a value of p/pb = 1475 which is to be compared with p/pb = ,1491 from
the wedge probe.

«16-




UNIVERSITY OF MICHIGAN | SUPERSONIC WIND TUNNEL
ENGINEERING RESEARCH INSTITUTE

At Mach number 2.85 Reference 5 gives a value of p/pb = ,03%2 which
is to be compared with p/p, = .0384 as measured with the wedge probe. Here the
agreement is not goad but it should be remembered that the measurements reported
in Reference 4 were made with oil as the manometer fluid se that their accuracy
is probably better than the accuraey of the wedge probe measurements.

VI CONCLUSIONS AND REMARKS

The statistical study made at Mach number 1,90 indicates that the
probable error for a measurement of the static pressure is .5 per cent. The
measurements indicate no tip effect at Mach numbers 1,90 and 2.85. However,
at Mach number 1.45 there is a definite tip effect which makes itself felt beth
directly and through its interaection with the effeets due to angle of attack,
-surfage roughness and leading edge bluntness. Except for the instances in which
the tip effeet interacts with some other effect the wedge prebe reacts to varia-
tions in such parameters as angle of attack, surface roughness, leading edge
bluntness, roll and yaw, in the manner predicted by theory.

Sinee the wedge probe responds to variations iIn angle of attack in a
linear manner its use as a device to simultaneously measure static pressure and
flow inclination mekes it a good instrument for the calibration of supersonic
wind tunnels. A needle-static-pressure prebe cannot give the flow inclinatien
since its reponse to an angle of attack +q is the same ag its responsg to an
angle of attack =¥. Furthermore, the cerrections to be applied te the wedge
probe due to the presence of a slightly men-uniform stream are much simpler than
the corresponding corrections for a needle probe, The fact that the needle
probe when used at an angle of attack may experience separation of the flow
devnstream from the shoulder makes the calibration depend completely on empilr-
ieally determined eoefficients.

The use of the wedge probe for the determinatibn of static pressure
in free flight possesses certain advantages ever the use of a needle pressure
probe, The wedge praobe seems less sensitive to boundary layer thickness than
the needle probe  Sinece ths wedge probe can be made self-correcting for angle
of attack variations by manifelding the pressures read on its upper and lower
surfaces, it can be made to read the static pressure regardless of the orienta-
tion of the alreraft with respect t@ the free stream within limits. On the oth-
er hand, the needle probe 1s inherently ineapable of giving readings indepen-
dent of its orlentation with respect to the free stream. Hence, any slight
misalignment of the needle prabe with respeect to the free stream will give an
Incorreet reading which can be corrected only by a calibration of the instru-
ment in eombination with the ailreraft.
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In addition, the ability of the wedge probe to respond to flow inclin-
ation if the readings on 1ts upper and lower surface are preoperly interpreted
may make it possible to use the wedge probe to glve warning when the angle be-
tween the flight path and the axis of the aircraft reaches some maximum permis-
sible value.

The ijmportance of the self-correcting properties of the wedge probe
with regard to statie pressure measured and its ability té obtain tweo bits of
information simultaneously, i.e., static pressure and flow inclination give the
wedge probe an advantage over the needle probe, especially in the calibration
of supersonic wind tunnels.

It is, of course, impessible on the basls of the experimental evalua-
tion presented above to state definitely that the wedge probe measures static
pressure more accurately than the needle praobe sinece such a statement assumes
the existence of some device for the measurement of the free-stream static
pressure which is more accurate than either type of probe. However, the wedge
probe readings appear te be fully as reliable as the needle prabe readings,

~18~
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a. Mach Number 1.45,0¢ = 0% Sharp Leading Edge, Smooth Surface.

b. Mach Number 1.90,0¢= 0° Blunt Leading Edge, Smooth Surface.

c. Mach Number 2.85,& = 0° Blunt Leading Edge, Smooth Surface.

FIGURE 13



a. Mach Number 1.45, = 0° Blunt Leading Edge,Smooth Surface.

¢. Mach Number 2.850¢<= 0% Sharp Leading Edge, Smooth Surface.

FIGURE
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b. Mach Number 1.90, < = 0° Sharp Leading Edge, Rough Surface.
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