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PREFACE
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operator of AEDC, AFSC, Arnold Air Force Station, Tennessee, under
ARO Project Nos., P32A-29A and P32A-COA, The author of this report
was T. W. Biniom, Jr., ARO, Inc, The data analysis was completed
on April 26, 1976, and the manuscript (ARO Contrcl No. ARO-PWT-TR-
76-68) was submitted for publication on July 1, 1976,
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1.0 INTRODUCTION

Although wind tunnel testing in the transonic speed range is
more than 25 years old, there 1s still insufficient informatien,
except for very elementary model shapes, to assess the affect of the
tunnel boundaries on the aerodynamic phenomena under investigation.
A propgram was initiated at the Office National d'Etudes et de Recherches

"standard mcdels" for

Aérospatiales (ONERA) to construct a series of
use in evaluating Reynolds Number and blockage effects in various wind
tunnels. Tests of the same model in different wind tunnels and

different scales of the same basic configuration In a given tunnel

were designed Lo provide an experimental data base for (1) the evaluation
of theoretical or empirical correction procedures and (2) the establish-
ment or confirmation of guidelines to allow wind tunnel users to select

model to wind tunnel size ratios to satisfy specific test objectives.

A cooperative effort betweenr ONERA; the National Aeronautics and
Space Administration (NASA), Ames Research Center (ARC); and the
Arnold Engineering Development Center (AEDC) was initiated whereby
tests of two of the "standard models" {M3 and M5) and one area equiva-
lent body of revolution {C5) would be conducted in the NASA-ARC 11-ft
Transonic Wind Tunnel (11IWT) and the AEDC Propulsion Wind Tunnel
{16T) and Aerodynamic Wind Tunnel {4T). The tests were conducted at
identical conditions, with the same instrumentation and support
hardware, and were designed to sarve several purposes, From a classical
viewpoint, wall interference may be divided into blockage, downwash,
buoyancy, and streamline curvature effects. Recent experiments, Ref, 1,
have indicated the classical division is valid when the flow is
subscnic everywhare but casts serious doubts on the classical concepts
when there is supercritical flow over the model. Comparison of data
from the M% mcdel which contained both force and pressure instrumenta-
tion from the wvarious tunnels should confirm the results of Ref, 1.

Comparison of the M3 and M5 force data with fixed and free transition
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should indicate effects attributable to manufacturing differences,
the test secticn envircnment, Reynolds number, and wall interference.
Finally, the tests with the C5 model were designed to provide data

te confirm the theoretical correction procedure of Ref. 2, and to
determine if blockage corrections for a model could be computed from
an area equivalent body of revolution. It was also intended that

the data from Tunnels 16T and 11TWT serve as near-interference-free
data for comparison with data obtained on the three models in smaller

wind tunnels.

2.0 APPARATUS

2.1 TEST FACILITIES

2.1.1 Tunnel 16T

The AEDC Propulsion Wind Tumnnel {16T) is a variable density,
continuous-flow tunnel capable of being operated at Mach numbers from
0.3 te 1.6 with Reynolds number variations up to six million per foot.
The test section is 16 ft square by 40 ft long and is enclosed by
60-deg inclined-hole perforated walls of fixed silx-percent porosity.

The general arrangement of the test section is shown in Fig. 1a.

2.1.2 Tunnel 11TWT

The NASA-ARC 11-ft Transonic Wind Tunnel (11TWT) is a variable
density, continuous-flow tunnel capable of being operated at Mach
numbers from 0.7 to 1.4 with Reynolds number variation up to ten million
per foor. The test section is i1 ft square by 22 feet long. BEach test
section wall contains 12 baffled slots yielding a fixed 5.6-percent
poresity. The general arrangement of the test section is shown in

Fig. 1b.
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2.1.3 Tunnel 4T

The AEDC Aerodynamic Wind Tunnel (4T) is a variahle density,
continuous-flow tunnel capable of being operated at Mach numbers from
0.2 to 1.3 at Revnolds numbers up te five million per foot. The test
gsection is 4 ft square by 12.5 ft leng and is equipped with 60-deg
inclined-hcle variable porosity (0 to 10-percent) walls. The general

arrangement of the test section and wall geometry is shown in Fig. 1c.

2.2 EXPERIMENTAL MODELS

The family of OMERA models, shown installed in the wind tunnels
in Fig. 2, is of a typical transonic transport configuration. The
wing and tail airfoils have a 'peaky' type symmetric cross section with
a maximum thickness of 10,5 percent occurring at the 37.5-percent chord
location, The wings have a 30-dep sweep, a 7.31 aspect ratio, a taper
ratio of 0.3, and are at 4-deg incidence with respect to the fuselage.
Both the wings and elevators have 3 deg of dihedral. The pertinent
dimensions of the M3 and M5 models are shown in Fig 3. The C5 model is
an area equivalent boedy of revolution of the M5 configuration. The
solid blockage distribution of the models and sting supports in Tunnel 4T

are shown in Fig. 4.

Each model was sting mounted on a six-component balance. HNot only
were the sting contours near the model identical in the three tunnels,
the sting configurations were duplicates of those used in the CNERA
S2MA wind tunnel. In addition to the balance, the M5 model contained
three, 48-port, Scanivalves® which were used to measure the wing
pressures &t locations indicated in Fig. 5. The C3 model was instru-
mented with two longitudinal rows of pressure orifices located 90 deg

apart.
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2.3 INSTRUMENTATION

Forces and moments were measured on each model with internal
strain-gage balances whose output was processed through facility
analog to digital converters, Model pressures were measured with
15-psid (M5) and 25-psia (C5) strain-gage transducers using 48-port
Scanivalves. Model attitude was measured with the facility system
in each tunmnel and with a damped-pendulum angle-of-attack sensor
located at the first sting juncture (see Fig. 2). Each angular
measurement was corrected for model deflection caused by the aero-

dynamic loads.

3.0 PROCEDURE

3.1 EXPERIMENTAL PROCEDURE

Tests with the M3 and M5 model were conducted with the boundary-
layer transition location fixed and free, whereas data were obtained
on the C5 model with fixed-transition only. The transition location was
fixed with triple-sieved glass beads with dizmeters of 0.00651 + 0.002
in., for the M5 and C5 models and 0.0025 = 0.00002 in. for the M3 model
at the 7-percent chord line on all airfoil surfaces and 2.3 percent of
the fuselage length. Sublimation material was used im both Tunnels 11TWT
and 16T to verify that the boundary-layer trip was effective znd for the
free-transition case to verify that the medel surface was smooth encugh

to allow transition to occur naturally.

Data were obtained at a constant Reynolds number at Mach numbers
from 0.6 to 1.0 and at several Reynolds numbers at Mach number 0.84.
A summary of test conditions is presented in Fig., 6. The wall porosity

in Tunnel 4T was varied from 1.5 to 7 percent as a test variable,

10
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After the desired tunnel free-stream conditions were established,
the model was positioned to discrete gravimetrie angles of attack from
-4.5 to 4.5 deg. In some instances, model dynamics forced termination
of the pitch polars before 4.5 deg was reached. The model was then
rolled 180 deg in Tummels 16T and 11TWT and data were obtained at
-4.,5 to -2,0 deg to establish the tunnel flow angularity. In Tunnel
4T, the tunnel flow angularity was deduced by limited inverted tests.
In each tunnel, the instrumentation readings were recorded by an
online computer system which reduced the raw data to engineering

units, computed pertinent parameters, and tabulated the results,
3.2 PRECISION OF MEASUREMENTS

Uncertainties (bands which include 95 percent of the calibration
data) of the basic tunnel parameters (Pt and M;) were estimzted from
repeat calibrations of the instrumentation and from the repeatabllity
and uniformity of the test section flow during tunnel calibrations.
Uncertainties in the instrumentation systems were estimated from repeat
calibrations of the systems against secondary standards whose precisions
are traceable to the National Bureau of Standards calibration equipment.
The uncertainties are combined using the Taylor series method of error

propagation to determine the precision of the reduced parazmeters as

follows:
Model
Parameter M3 M5 C5
acN, ACL +0.007 *0,005 -
acA, ACD +0.002 10,002 -
acm *0.005 +0.003 -
acp - £0.014 +3.014

Act *+0.1 0.1 G

B
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4,0 RESULTS AND DISCUSSION

4.1 EFFECT OF BOUNDARY—LAYER TRANSITION AND REYNOLDS
NUMBER

It is, in general, expected that data taken on the same model
with free boundary-layer transition in different wind tummels will
not be the same because of differences in tunnel flow quality. OCne
means of characterizing tunnel flow quality is through the concept
of transition Reynolds number, Ref. 3. Dougherty and Steinle, Ref. 4,
have shown the transition Revynolds number on a 10-deg cone to be quite
differert in Tunnels 16T, 11TWI, and 4T. 1In an effort to compensate
for different effective Re in the three test facilities, transition
was fixed by adhering glass beads at seven-percent chord to the wing
and tail suriaces of the ONERA models. The bead size was established
during the Tunnel 11TWT tests which were conducted first. The fact
that transition did indeed occur at the trip location was verified by
a sublimation technique in Tunnels 11TWT and 16T. In addition, the
sublimination technique was used to assure that transitiom occurred

naturally for the free-transition case in both tunnels.

Data obtained in Tunnels 16T, T11TWT, and 4T on the M3 and M5
mcedels with beth fixed and free transition at Mach number D.84 and
varicus Reynolds numbers are presented in Figs. 7 and 8. A cursory
examination of the data 1s all that is required to establish the
distressing fact that only in Tunnel 11TWT, and then only for CN and
CD with fixed transition, are the data essentially independent of

Reynolds number.

The magnitude of the Reynolds number dependency in the three
tunnels may be more easily seen in Fig. 9 wherein the data are

presented as lines of constant C as a function of Re. The symbol

N
size in Fig. 9 is approximately equal to the data uncertainty., For

i2
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the free-transition case, o and GA frgm,Tunnels 16T and 11TWT approach
an asymptotic value at about 2.5 x 10" Re, The asymptotic values are
slightly different in each tunnel as one might expect because of varia-
tions in flow quality between the two facilities. 1In Tunnel 4T, where
the data are more influenced by wall interference, only CA approaches
an asymptote. Whether this is caused by wall interference or the
Tunnel 4T flow quality is, unfortunately, not discernible. However,

it should be noted that a wall-interference investigation of a 2D super-
critical airfoil, Ref. 5, indicated little variation of wall inter-—
ference over an Re range from 7 to 30 million. Pitching moment is
extremely Reynolds number dependent in each facility. The variations

of Cm with Re is similar in the three tunnels but far from identical.

For the fixed-transition case, not only are the data more Reynolds
number dependent than the free-transition case but the variation from
tunnel to tunnel 1s greater., Pressure distributions obtained on the
M5 model wing indicate the shock/separation pattern is significantly
altered by fixing transition. Typical wing pressure distribution on
the leeward surface from Tunnel 16T are shown in Fig. 10, Fixing
transition causes a 0.1 ¢ forward movement of the shock near the tip
and midspan with a lesser movement at the root section for the case
shown. Notice the trailing-edge boundary layer near midspan is separated
with fixed transition and attached with free transition. A typical
effect of Reynolds number on the wing pressure distribution with fixed
transition is shown in Fig. 11 where the shock moves forward then
aft at the midspan and inboard section as Reynolds number is increased.
A significant reversal of the direction of the shock movement with
increasing Re occurs only with fixed transition in Tumnel 16T. There
is very little effect of either Fixing transition or Reynclda number

variation on the pressure distribution of the windward surface.
Returning to Fig. 9, careful comparison of the data obtained on the

M5 model in Tunnel 4T reveals little effect of fixing transition at a

constant Re (see also Fig. 7c). Even the pitching-moment data are

13
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almost identical with fixed and free transition. Obviously, natural
transition in Tumnel 4T occurred ahead of the trip location., Since the
data are so sensitive to the state of the boundary layer, which in
turn is apparently susceptible to the tunnel flow quality, it is
impossible to precisely assess the effects of the wall interference on
the M5 model by comparison of the data from one tunnel to the other.
Furthermore, it is obvious by comparing the solid and open symbols in
Fig. 9 that the M3 and M5 models are not sufficiently identical to
allow a model-tc-model comparison. The most serious discrepancy
between the two models appears to be a difference in tail incidence
causing different pitching-moment characteristics. It is rather
ironic that the best agreement between Lhe M3 and M5 model data occurs

in Tunnel 4T where the models are subjected to the moat wall interference.

4.2 COMPARISON OF DATA FROM THE THREE TUNNELS

It was the intent to use the ONERA mcdel data from the large tunnels
to infer the effects of wall interference in smaller facilities. However,
because the data contain inseparable effects of turnel flow quality,
precise determination of wall-interference factors is impossible.
Nevertheless, several methods were investigated te extract empirical
influence factors, based on classical wall-interference theory, which
would be indicative of the data differences from one tumnel te another.
None of the attempts produced consistent results. Not only were the
pseudo-interference factors dependent upon the aerodynamic coefficient
being considered, they were also, at most Mach numbers, dependent upon
the angle-of-attack range being considered. The analysis of Vaucheret
and Vayssaire, Ref., 6, shows that empirical values of the wall porosity
parameter, Q, determined from M5 model data at zerc lifr and a given
Mach number were also dependent upon the aerodynamic coefficient being
censidered. The dependency in both cases results from attempting to
apply classical, linear theoretical concepts to a highly nonlinear

phenomena.

14
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Unfortunately, state of the art wall-intereference theory, while
perhaps providing useful guidelines, is, in general, inadequate with
transonic flow over the model. Thus, the data obtained on the M3 and
M5 models in Tunnels 16T, 11TWT, and 4T are compared in the suceeding
analysis directly in terms of the aerodynamic coefficients rather than
empirical interference parameters of deubtful etility. If it 1is
assumed that the differences in Tunnels 16T and 11TWT are indicative of
flow quality effects, the increments between Tunnels 16T and 4T data
can at least provide a qualitative indication of the wall interference
in Tunnel 4T. The symbol size used in the data figures approximates

the data uncertainty in each parameter.

4.2.1 Determination of Model Incidence

As may be noted in subsequent figures, the data froem both models
show discrepancies in the zero lift angle of attack between the three
tunnels. The values of a, were obtained in each of the tunnels by
testing the model upright and inverted in a 4-deg angle range in the
neighborhood of zero 11ft. In Tunnel 11TWT the inverted tests were
accomplished by rolling the model with respect to the balance, whereas
in Tunnels 16T and 4T the model and balance were rolled together.

Data were taken in Tunnels 16T and 11TWT at each Mach number. However,
in Tunnel 4T inverted data were taken only at selected Mach numbers

and at only one poresity schedule. Thus, the small differences indicated
between Tunnels 16T and 11TWT data reflect differences in technigue as
well as accuracy. However, as can be seen throughout the data the two
techniques give results within the accuracy of the measurements. The

% data from Tunnel 4T, however, also reflect a lack of knowledge of

the integrated tunnel flow angularities at porosities off the operating
porosity schedule, For the purposes of this investigationm, howaver,

the small discrepancies in g are of little consequence. The additional
data gained in the time it would have required to take the inverted
data far out weighs the worth of a third redundant measurement of ey
The more important parameter to consider as an evaluation of wall

interference is, of course, the lift curve slope.

15
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4.2.2 Comparison of the M3 and M5 Model Data

Subsequent discussion in this section will consider the data taken
in the three tunnels on the M3 and M5 configurations at representative
Mach numbers in ascending order. Consider first the lift data taken
at Mach number 0.7, Fig. 12a. The data from Tunnels 16T and 11TWT
agree well except above 3 deg with the M3 model. Actually, Tunnels
T1TWT and 4T 1ift data on the M3 agree better with each other than
with Tunnel 16T. The values of BCL/BG prior to stall are essentailly
the same in the three tunnels for both models, which would imply no
measurable wall interference. At angles of attack greater than about
0.5 deg the lift is greater in Tunnel 4T than in Tunnel 16T for both
models. Wing pressure distributicons taken on the M5 model indicate
the flow becomes critical at an angle of attack of about -2 deg. While
the terminal shock is at the same chord station in each tunnel, the
minimum windward pressure coefficient is lower at all porosities in
Tunnel 4T, -71.8 in Tunnel 4T compared with -1.55 in Tunnel 16T. At
higher incidences a Type B1 separation* (after Pearcy et al., Ref. 7)
occurs on the ouvtboard portion of the wing in both tunnels. A shock-
induced separation bubble is formed in each case at an angle of attack
of about -1.5 deg. Divergence of the trailing-edge pressure occurs at
o = 0.5 deg in Tunnel 4T and at about 1.0 deg in Tunnel 16T. However,
once trailing-edge divergence occurs, the separated area on the outboard
sections moves almost immediately to the wing leading edge in Tunnel 16T,
whereas in Tunnel 4T separation does not reach the leading edge until
a = 2.5 deg. Sketches of the phenomena inferred from the complete
pressure distributions are presented in Fig. 13 along with the pressure
at x/c = 0,01 on the leeward side of the wing versus angle of attack.

The pressure distribution on the windward side was essentially identical

*The term Type B separation is used to designate a class of tramsonic
flow in which trailing-edge spearation "plays a significant part in the
overall development" of the wing separation pattern as opposed to Type A

separations which are entirely shock induced.
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in each case. Type B1 separation occurs at both sections 1 and 2.
Section 3 appears to have a Type A separation in both tunnels wirh the
separation not reaching the leading edge and with the rate of the

bubble growth, ie, dx/dz, zlmost identical in each case. The separation
patterns in Tunnel 4T appear to be essentially independent of wall
porosity. OSince the size of the separated region on the M5 is smaller
at a given incidence (>0.5 deg) in Tunnel 4T, the wing produces more
lift than in Tunnel 16T. A similar phenomena of almost equal magnitude
apparently occurs for the M3 since the lift increments (Tunnel\16T to

Tunnel 4T) are essentially the same for the M3 and M5 models.

The agreement of the drag data at M = 0.7, Fig. 1Zb, between the
three tunnels parallels that of the lift except for the M3 model in
Tunnel 4T where the drag is consistently less than that in Tunnel 16T
or Tunnel I1IWT throughout the Mach number range of the investigation.
At least part of the discrepancy stems from a malfunction of the M3
base pressure instrumentation in Tunnel 4T. As a result, the drag
comparisons presented for the M3 in Tunnel 4T are based on total drag
rather than forebody drag. Nevertheless, even allowing for reasonable
base pressures the axial fcrece was still lower for the M3 in Tunnel 4T.
The fact that the M5 drag is in relatively good agreement in the three
faciliries would tend to discredit arguments for a blockage-type effect
causing the M3 differences. Thus since lift and pitching moment, to
be discussed below, are in reasonable agreement it would appear that

the skin friction was less on the M3 in Tunnel 4T than the other facilities.

The pitching moment, which for the ONERA models is much more
sensitive to changes in the wing pressure distribution than either 1lift or
drag, is presented in Fig. 12c. The data from the M5 in Tunnels 16T and
T1TWT are in excellent agreement, whereas the data from Tunnel 4T reflect
the effects of changes in the wing separation pattern. Tunnels 11TWT
and 4T data for the M3 are, as with the lift, in much better agreement

with each other than with the Tunnel 16T data.
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The force and moment coefficient obtained in the three tunnels at
M = (.84 are presented in Fig. 14, The flow is supercritical at all
angles of attack. The agreement between the data sets 1s very similar to
that obtained at M = 0.7 except the divergence between the Tunnels 16T
and 4T data begins at a lower angle of attack, i.e., -1 deg at M = 0.84
compared with 1.5 deg at M = 0.7. The pressure distribution on the M5
again indicates a Type B1 separation at statlion 1 in Tumnels 16T and 4T.
The shock-induced separation begins at ¢ = -2.0 deg in Tunnesl 16T and
-1.5 deg in Tunnel 4T with trailing-edge separation at ahout -1 deg in
each case. But, as at M = 0.7, trailing-edge separation proceeds forward
more slowly with increasing incidence in Tunnel 4T, Thus, because the
extent of the trailing-edge separation is more forward, the terminal
shock in Tunnel 16T is forward of that in Tunnel 4T. The pressure
distributions at « = 0.5 deg, shown in Fig, 15a, are typical of that
condition. At section 2, trailing-edge separation also occurs at about
-1.0 deg in Tunnel 16T but does not occur at all in Tunnel 4T. As a
result, the terminal shock at section 2 with a = -1.0 deg is also
further forward in Tunnel 16T with correpending lift loss. An example
is shown in Fig. 15b. However, the pressure distributions at section
2 for a = 3.5 deg are very similar in Tunnels 16T and 4T as shown in
Fig. 15c. At section 3, the flow at the trailing edge is only
slightly separated in Tunnel 16T which results in fairly good agreement
of the data from the two tunnels even to relatively high angles of

attack as indicated in Fig. 15d.

At each angle of attack the initial expansion over the leading edge
of the wing is slightly greater in Tumnel 4T than in Tunnel 16T, Fig. 15.
However, the effect of porosity in Tunnel 4T on all parameters is rela-
tively minor. It is conceivable that the overexpansion in Tunnel 4T is
the only effect attributable to wall interference. However, 1t is just
as probable that the overexpansion is caused by transition moving to
the leading edge in Tunnel 4T as discussed in Section 4.1, causing a

thicker boundary layer than was experienced in Tumnel 16T.
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At low angles of attack where the 1ift, drag, and the M5 wing
pressure distributions from the twa tunnels are in reasonable
agreement, the pitching moment is not, for either model. Thus, it
would appear that the flow field in the wvicinity of the tail has
been distorted in scme manner also essentially independent of Tunnel

4T porosity.

As shown in Fig. 16, the agreement between Tunnels 16T and 11TWT
data at M_ = 0.9 is essentially within the measurement accuracy except
for two values of pitching moment on the M3 model, The 1lift data
indicate Tunnel 4T is too closed at all porosities with both models.
However, pressure data from the M5 wing agsin show that differences
in the shock and separation patterns between Tunnels 16T and 4T are a
major contributor to the data differemnces. Fig. 17 presents the
pressure at x/c = (.46 versus incidence, whereas Fig. 18 shows represen-
tative chordwise pressure distributions. Although the separation
pattern near the wing tip at 7 = 3 percent in Tunnel 4T (Fig. 17a) is
very similar to that in Tummnel 16T throughout the incidence range, the
midspan pattern (Fig. 17b) is quite different at the higher angles as
is the shock position at both stations (Figs. 18a and b) at pesitive
angles of attack. The pressure at station 3 is independent of porosity
in Tunnel 4T, However, there are small but significant differences
between the measurements at station 3 in Tunnels 4T and 16T at negative

incidence.

The data in Fig. 18 illustrates the flow over the forward portion
of the wing is more expanded in Tunnel 4T than in Tunnel 18T. Local
speeds are about 0.1 higher in Mach number in Tumnel 4T. However, based
upon an examination of local pressure versus incidence, the flew in
that region {(x/c = 0.2) appears to be separated in Tunnel 16T and
attached in Tunmel 4T. Thus, since the flow tends to stay attached,
both in the neighborhood of the shocks and at the trailing edge, more
in Tunnel 4T than in Tunnel 16T, it does not seem appropriate to
attribute the difference in local velocity entirely to tunnel wall-

interference perturbation velocities.
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Note that porosity variations in Tunnel 4T affect the shock/separation
locus on the M5 wing at M_= 0.9, whereas at lower Mach numbers the
pressure distributions were essentially independent of porosity. At
section 1, Fig, 18, the terminal shock at T = 3 percent is forward of
the shock in Tunnel 16T but is aft of the Tunnel 16T location at 1 = 5 and
7 percent. At sections 2 and 3, however, two other relationships are
evident. However, as may be seen in Fig. 16, porosity changes have little

effect on the total forces and moments with either model.

The force and moment data taken at M_= 0.95 are presented in Fig. 19.
Again, there is very good agreement between the data from Tunnels 16T and
11TWT for both models. In view of the differences seen at M =0.9 it
is surprising that the data for the M3 model from Tunnels 16T and 4T
agree so well. Near zero lift, the lift and pitching moment for the M5
model in Tunnel 4T agree well with the two large tunnels. However, the
wing pressure distributions for that condition, presented in Fig. 20,
show the terminal shock in Tunmel 4T to be 0.09¢c forward of the location
in Tunnels 16T and 11TWT. The windward pressure distribution (not
presented) are almost identical in each case. Obvicusly, the wing lift
is less and the wing pitching moment is more positive in Tunnel 4T.

Thus, it would appear that there is at CL=O, M_ = 0.95, effects at the
tail which exactly compensate for the discrepancies at the wing. At
higher or lower angles of attack, the effects are not exactly offsetting
but nevertheless appear to be opposite in sign in contrast to the
disturbances present at lower Mach numbers. Apparently a similar
phenomena also occurs with the M3 model since the agreement hetween

Cm in Tunnels 16T and 4T is much better at M_ = 0.95 than the lower

supercritical ceonditions.

The initial flow expansion over the forward portion of the wing
for a given incidence at M_ = 0.95 is essentially the same in the three
tunnels. Representative data are presented in Fig, 21. However, the

terminal shock is more torward and the trailing-edge pressure is higher
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in Tunnel 4T in every case. The difference between the shock location
in Tunnels 16T and 4T is a function of span station. Thus, if wall
interference is responsible for the shock displacement in Tunnmel 4T,
the perturbation velocities would appear to have a large spatial
dependency.
-

The force and moment data obtained at M_= 1.0 is presented in
Fig. 22, It is astonishing that the 1ift and drag data on the M5
agree so well and appear to be independent of porosity in Tumnel 4T.
While the 1ift data from the three tunnels on the M3 is also in excellent
agreement, the M3 drag in Tunnel 4T is considerably less than was
measured in either of the large facilities. The pitching-moment data
on both medels in Tunnel 4T are affected by disturbances probably
in the region of the empennage. M5 wing pressure distributions in
Tunnels 16T and 4T are essentially identical to the terminal shock
position at all angles of attack. Typical distributions are shown in
Fig. 23. The posgition of the terminal shock in Tummnel 4T is a function
of porosity, moving downstream with increasing porosity. The terminal
shock location at 7-percent porosity in Tunnel 4T at all angles of
attack is almeost ldentical to that in Tunnel 16T which accounts for
relatively good agreement of the pitching moments for those two cases

and poor agreement at- the lewer porosities.
4.2.3 Comparison of the C5 Model Data

Representative comparisons of the pressure distribution along the
C5 model are presented in Fig., 24. The symbol size is approximately the
same 4as the two-standard-deviation uncertainty of the data. The data
from Tunnels 16T and 11TWT agree, except in rare instances, within the
data accuracy at all Mach numbers. At M, = 0.8 and below, the data
from Tunnel 4T also agree {within the uncertainty band) with the data
from the larger tunnels except near the rear of the model at T = 7

percent. As Mach number is increased the pressures in Tunnel 4T are,
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in general, higher over the forward portion of the model and lower at
the rear. Somewhat surprisingly, however, the flow over the bulge in
the middle section which represents the wings is almoset identical in

2ll cases.

Theoretical calculations of blockage interference, using the
method described in Ref. 2, are presented in Fig, 25 for the C5 model
at various Mach numbers. The value of the porosity parameter, Q, of
0.6 is rthought to be close to an average value for Tumnnel 4T although,
in reality, the wall boundary condition varies spatially with Mach
number, porosity, and local boundary-layer parameters, The inter-
ference "trends" predicted by the subsonic theory are the same as
observed in the experimental data. However, the magnitude of the
interference pressure correction is less than the uncertainty of the
experiment and varies with increasing Mach number from a factor of two
to almost an order of magnitude smaller than the experimental data
indicates. Similar results were obtained for a 2D lifting wing reported
in Ref. 5. It should be noted that the experiment described in Ref. 2
used a model with a solid blockage and experimental technique almost
identical to the C5 model. The experimental interferences measured in
Ref. 2 were in good agreement with theory up to Mach numbers of 0.98.
The magnitude of the interference calculations for the two cases was
also very similar. However, the flow over the model in Ref. 2, a
supercritical body of revolution, did not contain strong shock waves.
In the present investigation a strong shock is present in the midportion
of the C5 model where theory predicts, perhaps coincidentzally, rela-
tively little interference. The effects of the shock propagating both
upstream and downstream could be the cause of the grossly underpredicted

interference by the subsonic theory in the present case.
To illustrate the variation of the "blockage interference' with

Mach number, the pressure at three axial stations on the C5 model is

presented versus Mach number in Fig. 26. Also shown adjacent to the data
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is the local pressure correction predicted by the subsonic theory

but with an ordinate scale ten times that of the data. The data from
Tunnels 16T and 11TWT are identical except in the region of the rapid
expansion at x/L = 0.536 where the Tunnel 11TWT data are in closer
agreement to the data from Tunnel 4T. It is suspected this discrepancy
is caused by a small separation bubble forming in Tunnel 16T which

did not occur in the other tunnels, If that is the case, then the
Tunnel 4T data indicate unmeasurable interference throughout the Mach
number range ir the neighborhood of x/L = 0.536. The interferences
upstream and downstream of the midsection, both measured and predicted,
are of opposite sipgn which illustrates that simply incrementing the
free-strean Mach number will not "correct" the data taken in the
transonic range on models whose length-to-tunnel height ratio is not

very small compared to unity.

It 1s interesting to note that the data on the forward portion
of the model at t = 7 percent in Tunnel 4T agree well with the larger
tunnel data throughout the Mach number range, In contrast, at the lower
Mach numbers, the flow over the rear portion of the model is overexpanded
at T = 7 percent in Tunnel 4T, It is possible the latter discrepancy
could have been caused by operating the tunnel at other than eptimum
pressure ratioc since the value used is an extrapolated value and not
the result of a direct calibration at the conditions of the test. At the
higher Mach number, however, the data from the rear portion of the model
at T = 7 percent is essentially the same as that of the other porosities.
Thus, it would appear that, in general, the better apreement obtained
between Tunnels 16T and 4T in the M3 and M5 pitching-moment data at
T = 7 percent at the higher Mach number is probably the result of a "more
favorable" interaction of the wing flow field with the tunnel boundaries
rather than a decrease in the blockage interference in the region of the

empennage with increasing porosity.
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5.0 CONCLUDING REMARKS

The large effects of Reynolds number, tunnel flow quality, and
small differences in model geometry do net allow an assessment of
wall interference to be made with the ONERA models. A primary cause
of the data differences between the test of the M3 and M5 models in
Tunnels 16T, 11TWI, and 4T is shown to be changes in the wing shock/
separation patterns throughout the range of test variables. Both the
M3 and M5 model data showed similar tunnel-to-tunnel variations except
for the M3 drag which was consistantly lower in Tunnel 4T than in the
larger facilities. However, as would be expected, the M3 model data
from Tunnel 4T was closer to the larpge tunmel data because of the
reduced blockage. Nevertheless, there was not a value of porosity in
Tunnel 4T at any Mach number which resulted in a replication of the
data from trhe larger facilities for either model. In fact, for a rare
case in which the 1ift, drag, and pitching moment from Tunnel 4T at
three values of porosity simultaneously agreed with Tunnels 16T and
T1TWT values, the M5 wing pressure distributions showed the agreement to
be fortuitous. Thus, the results of tests on the M3 and M5 models very
dramatically show the necessity of evaluating the susceptibility of model
data to Reynolds number and tunnel flow quality before attempting to lump
all data discrepancies measured between two tunnel tests into a single

category.

Tests to evaluate blockage effects of the C5 area equivalent body of
revolution showed the variatiom of the experimental "interference" to
agree well with the prediction of subsonic theory but to be larger in
magnitude by a factor of twe to ten as a function of Mach number. The
C> data also show that because the distribution of blockage interference
changes sign along the length of the model, simply incrementing the

free-stream Mach number will not compensate for the interference.
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Figure 9. Effect of Reynolds number on the ONERA model data in the three wind tunnels.
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Figure 14. Force and moment coefficients at M_ = 0.84

in Tunnels 16T, 1TTWT, and 4T.
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Figure 15. Selected M5 wing pressure distributions at M_ = 0.84.
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Figure 17. M5 wing pressure coefficients at x/c = 0.46 in Tunnels 16T and 4T,
M_ = 0.90.
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Figure 18. Representative M5 wing pressure distribution at M_ = 0.9, a = 0.5 deg.
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Figure 19. Force and moment coefficients at M_ = 0.95 in Tunnels 16T, 11TWT, and 4T.
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Figure 23. Representative M5 wing pressure distribution at M_ = 1.0, a = 0.5 deg.
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Figure 25. Theoretical blockage interference for the C5 model in Tunnel 4T, G = 0.6.
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NOMENCLATURE

Axial-force coefficient

Drag coefficient

Lift coefficient

Pitching-moment coefficient

Normal-force coefficient

Pressure

Pressure

Pressure

blockage

Pressure

coefficient

coefficient at sonic velocity

coefficient corrected for theoretical

interference

coefficient from measured pressures

Wing chord, meters

C5 model

length, meters

Free-stream Mach number

Free~stream total pressure

Porosity parameter

Reynolds number
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X Axial distance, meters

o Angle of attack, deg

o Angle of attack at zero lift, deg
T Tunnel wall porosity, percent
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