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PREFACE
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1.0 INTRODUCTION

Wall interference has affected wind tunnel data to some degree since
the Wright brothers tested their first airfoil. Fortunately, in most
instances, wall effects were either correctable or negligible, With the
recent interest in investigating transonic phenomena, however, it has be-
come increasingly clear that wall interference at transonic speeds is
neither correctable by available theory nor negligible except for extremely
small model-to-tunnel size ratios (Ref. 1). A great deal of effort has
been expended in recent years to determine Reynolds number effects on
various phenomena associated with aircraft development. Yet, it has
been shown (Ref. 2) that wall interference can overshadow the effects of
Reynolds number variations., Thus, ways must be found to compensate
for wall interference before other problems may be effectively resolved.

A theoretical and experimental effort has been undertaken at AEDC
to fully understand transonic wall interference phenomena and to devise
means to remove its effects from wind tunnel data. A portion of the
theoretical work has been published in Refs. 3 to 5. Reported herein
are the results of an experimental program to measure wall interference
effects on a three-dimensional lifting model in the Mach number range
from 0.6 to 1,3, Jacocks has shown (Ref. 6) that, while it is possible to
obtain correct lift data on an aircraft configuration by changing wall
porosity with Mach number, the drag and pitching moment thus obtained
are not interference free. A primary goal of the experimental effort re-
ported herein was to provide additional insight into the degree and mech-
anism of the drag and pitching-moment discrepancies. The interference
on pitching moment was thought to arisc from axial gradients of inter-
ference. Therefore, the model was designed with a metric horizontal
tail which could be tested in two axial positions to investigate the axial
interference variations. In addition, data were obtained with the tail-
alone configuration to provide information on the effect of model size,

The interference phenomena are evaluated by direct comparisons of
data obtained in the Propulsion Wind Tunnel (16T) and the Aerodynamic
Wind Tunnel (4T). In order to remove as many data anomaly producing
factors as possible, the tests in the two tunnels were conducted on the
same model and support combination at identical test conditions, using
the same instrumentation, data reduction, and testing procedures. The
model boundary layers were tripped with carborundum grit to remove
transition Reynolds number effects. The pressure difference across
the model forebody was calibrated versus the flow stream angle in
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Tunnel 16T so that data were obtained at the same angle of attack with
respect to the flow stream to within 0, 05 deg in each instance, The
only identifiable effects not accounted for, other than the wall interfer-
ence, is the influence of the different acoustical/turbulent environments
in the two tunnels on turbulent boundary layer growth with its inherent
effect on separation and the effect of the tunnel flow dynamics on the
pneumatic damping/amplification within the pressure tubing. Neither
of these factors is thought to seriously affect the results,

The tests were conducted in two phases - a force phase and a pres-
sure phase. Analysis of the force data revealed several inconspicuous
instrumentation difficulties which affected the data such that only qual-
itative wall interference effects could be ascertained, Unfortunately,
the models had been converted to measure pressure distributions before
the instrumentation problems were discovered., Thus, although the re-
sults of the two phases are in general agreement, only the pressure data
will be presented.

2.0 APPARATUS

2.1 WIND TUNNELS
2.1.1 Tunnel 16T

The AEDC Propulsion Wind Tunnel (16T) is a variable-density,
continuous-flow tunnel capable of operation at Mach numbers from 0.2
to 1,6 at stagnation pressures up to 4000 psfa., The test section is
16 ft square by 40 ft long and is enclosed by perforated walls of fixed
6-percent porosity. The general arrangement of the test section and
wall geometry is shown in Fig. la.

2.1.2 Tunnel 4T

The AEDC Aerodynamic Wind Tunnel (4T) is a variable-density,
continuous-flow tunnel capable of operation at Mach numbers from 0. 2
to 1.3 at stagnation pressures up to 3700 psfa. The test section is
4 ft square by 12.5 ft long and is equipped with variable-porosity
(0- to 10-percent) walls. The general arrangement of the test section
and wall geometry is shown in Fig. 1b.
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2.2 EXPERIMENTAL MODEL

The wall interference model, shown installed in the wind tunnels in
Fig. 2, consists of a rectangular planform wing and horizontal tail, each
separately sting mounted. The rectangular planform was selected for two
reasons. First, the variation of wall interference with position becomes
increasingly severe as Mach number increases toward unity. A rectan-
gular planform minimizes the necessity to account for the interference
gradients, In fact, the tail was made separately metric in an attempt to
separate the axial interference gradients., Secondly, it is currently not
known how sophisticated the mathematical representation of the model
must be to theoretically calculate wall interference effects in the tran-
sonic regime. Therefore, it was considered desirable to keep the model
configuration as simple as possible to facilitate its mathematical repre-
sentation. Each airfoil has the symmetrical NACA 63A006 profile which
was selected because of its smooth and continuous variation of aerodynamic
coefficients with angle of attack throughout the Mach number range and its
slightly higher drag than some other candidates, The wing was sized such
that the upwash interference angle of attack would be about one deg at
Ci, = 1 in a solid-wall tunnel with the constraint that the span to Tunnel 4T
width ratio be less than 0,7, The axisymmetric model centerbody radii

were calculated from
N ' 3
y/
2 4
e (3]

where the maximum radii (R, 4,) are 1.24 and 0,925 in. and the reference
body lengths (L) are 20. 87 and 12, 98 in. for the wing and tail, respectively.
The size of each centerbody was minimized, based on constraints estab-
lished by the balance size and anticipated loads, The tail was designed to
be tested in two axial positions by reversing the tail support strut, The
distances between the wing and tail 1/4-chord lines were 14 and 28 in,

for the forward and aft positions, respectively. In addition, the wing and
its sting could be removed leaving the tail alone in the tunnel (Fig. 2c).
Pertinent model dimensions are shown in Fig. 3. The solid-blockage
distributions for the three model configurations in Tunnel 4T are shown

in Fig, 4.

Both wing and tail models are equipped with rows of pressure orifices:
along the top and bottom rays of each centerbody and along the upper sur-
face of the right airfoil and the lower surface of the left airfoil at mid-
semispan. The location of the pressure orifices are shown in Fig. 5.
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2.3 INSTRUMENTATION

The steady-state pressures were measured by individual 15-psid
transducers in Tunnel 16T, In Tunnel 4T, 24-port scannivalves
equipped with 15-psid transducers were used. The gravimetric angle
of attack was measured with a damped-pendulum angle-of-attack sen-
sor located just behind the tail support (see Fig. 3).

3.0 PROCEDURE

3.1 EXPERIMENTAL PROCEDURE

The tests were conducted at a constant unit Reynolds number of
4 x 106 per ft at Mach numbers from 0,60 to 1,3. The tunnel total
temperature was maintained at 110 * 5°F in each tunnel. Thus, except
for flow angularity and the acoustic/turbulent environment, all free-
stream flow parameters were equal in the two facilities. The wall
porogity in Tunnel 4T was varied from 1 to 7 percent open as a test
parameter,

After the desired tunnel free-stream conditions were established
in Tunnel 16T, the model was positioned to discrete gravimetric angles
of attack from -4 to +6 deg and in some cases to +10 deg in 2-deg incre-
ments. The model was then rolled 180 deg, and data were obtained in
the angle-of-attack range of #4 deg to establish the flow angularity in
Tunnel 16T. After the establishment of the desired free-stream test
conditions and wall porosity in Tunnel 4T, the model was set to the
same angle of attack with respect to the flow stream as established in
Tunnel 16T by the procedure discussed below. In each tunnel, the
instrumentation readings were recorded by an on-line computer system
which reduced the raw data to engineering units, computed pertinent
parameters, and tabulated and plotted the results.

The force and moment coefficients for the wing and tail were ob-
tained by integration of the section pressure distributions and by assum-
ing a uniform spanwise loading. The model pitching moment was com-
puted about the wing 1/4-chord line.

3.2 DETERMINATION OF MODEL INCIDENCE

The upright and inverted data obtained in Tunnel 16T were used to
establish the relation,



AEDC-TR-74-76

5 .
awp = 2 AACp gy (1)

where, A; = f;(M,) and ACpwpj is the difference between the pressure
coefficients of the first upper and lower orifices on the wing centerbody.
Thus, the model centerbody was, in effect, calibrated as a flow angu-
larity probe. During the Tunnel 4T tests, not only was Eq. (1) used to
determine model incidence with respect to the flow stream but the model
was positioned such that

(ACpyp1)igr = (ACpypy)er * 0.003

at each test condition. The rather laborious and time consuming pro-
cedure was followed so that pressure distributions obtained in the two
tunnels could be compared directly rather than as a function of incidence
angle,

The same procedure was used with the tail-only configuration,
Fortunately, the calibration established for the tail in Tunnel 16T is a
very weak function of Mach number, thereby allowing an approximate
determination of the downwash angle at the position of the tail center-
body nose when the tail was tested in conjunction with the wing,

The angle measurements in Tunnel 16T were made with respect to
the angle sensor location (see Fig. 3) and do not include the deflection
of the sting forward of that point, For the purposes of the present
investigation, the sting deflections are of no consequence since any con-
venient reference would suffice,

3.3 PRECISION OF MEASUREMENTS

Uncertainties (bands which include 95 percent of the calibration data)
of the basic tunnel parameters (P¢, and M) were estimated from repeat
calibrations of the instrumentation and from the repeatability and uni-
formity of the test section flow during tunnel calibrations. Uncertainties
of the instrumentation systems were estimated from repeat calibrations
of the systems against secondary standards whose precisions are trace-
able to the National Bureau of Standards calibration equipment, The un-.
certainties were combined using the Taylor series method of error propa-
.gation to determine the precision of the reduced parameters presented in
the following table:
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Tunnel 16T . Tunnel 4T

M,

TAM :tACP :tACL :tACD :i:ACM TAM iACP :tACL :i:ACP :tACM
0.60] 0,002 )]|0,016) 0,005 0,005 0,004 0,002 {0,014 | 0,004 | 0.004 | 0,004
¢,80(0.003]|0.012] 0.004 ] 0.004 | 0.003 0.002 ] 0.009 | 0,003} 0.003 | 0,002
0.8510,004 10,012} 0,004} 0.004 1| 0.003 0,002} 0,009} 0,003} 0,003 ) 0,002
0,90 ] 0.004 ) 0,011| 0,003 ] 0.003 | 0.003 0.002 1 0.008 | 0,002 | 0,002 | 0,002
0,95| 0,005 0,012 | 0,004 | 0,004 | 0,003 0,002 | 0.008 1} 0,002 | 0,002 { 0,002
1,00 | 0,005 | 0,011} 0,003} 0,003 | 0.003 0.002 | 0.010 | 0,003 | 0.003 | 0,003
1,10 0,007} 0,011 0,004 | 0,004 | 0.004 0,005} 0,011 ] 0,003} 0.003 | 0.003
1,20 0,008 | 0,011 | 0,003 | 0.003 ] 0,003 0.006 | 0,013 ] 0,004 | 0,004 | 0,004
1,30 | 0.010 | 6.010} 0.003 | 0.003 { 0.003 0.010] 0.016 | 0.005 | 0,005 | 0,005

The gravimetric angle of attack and model incidences have uncertainties of
10, 03 and 0, 05 deg, respectively,

4.0 RESULTS AND DISCUSSION

In general, the data presented herein are a comparison at identical
test conditions of measurements obtained in Tunnel 16T with those ob-
tained in Tunnel 4T with various values of wall porosity. In many cases,
the data from Tunnel 16T are presented as a line with the data points
omitted. In those cases, the lines have been constructed to pass exactly
through the data points rather than as an indication of smoothed values.

4.1 FLOW ANGULARITY

Evaluation of wind tunnel wall effects must be preceded by a pro-
cedure to remove the effects of flow angularity, which is present in
nearly all tunnels, It has generally been tacitly assumed that it was
sufficient to correct the data by adjusting the gravimetric angle of
attack by an amount equal to half the difference between upright and
inverted data at zero lift, The tests reported herein offered an oppor-
tunity to test that rather basic assumption. Generally, model inverted
data are obtained over a small angle range, say 14 deg, to establish the
flow angularity increment. Small differences in 0Cy,/ 9« between the
upright and inverted data have been attributed to instrumentation or pro-
cedural inexactness, Since it was deemed imperative that the model
incidence with respect to the flow stream be known as exact as possible
in the present investigation, the procedure outlined in Section 3.2 was
devised which allowed the model incidence to be established for every
data point. The difference between the model incidence and the gravi-
metric angle of attack versus model incidence is presented in Fig, 6 for

10
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the three model configurations at various combinations of Mach number
and wall porosity. If the above assumption is correct, the ''flow angle"
will be constant for each test condition although its magnitude may
reasonably be expected to vary with Mach number and wall porosity.
Data are shown for 81 combinations of model, Mach number, and wall
porosity. Only 16 of the combinations have a ''flow angle'' which is con-
stant within 10, 1 deg, and of those, 9 occur with the low-blockage tail-
only configuration.

It could be argued that the model incidence measurement, partic-
ularly subsonically, contains, to some degree, an increment caused by
upwash interference. The upwash interference angle to a first-order
approximation is directly proportional to the lift coefficient, hence to
aWwRB, since Cj, is essentially linear with aywpB as shown in Section 4. 3.
The data in Fig. 6, however, are very nonlinear. Also the fact that the
"flow angle' is, in general, not constant at supersonic Mach numbers,
where the wing is entirely within the shock rhombus, tends to further
negate the argument that the measured interference angle is substan-
tially affected by upwash interference.

The center of rotation of the model system (see Fig. 3) is such that
the vertical movement of the wing-body nose is 0.5 in, at 6-deg incidence,.
Tunnel-empty surveys in Tunnel 4T do not indicate spatial gradients of
flow angle in the model vicinity greater than *0, 1 deg.

Evidence that the incidences inferred from the pressure measure-
ments are correct is indicated in Fig. 7, wherein the wing lift coeffi-
cients from Tunnels 16T and 4T are compared versus awpR and o for
two representative Mach numbers., It is evident that the data correla-
tion is excellent on the basis of aywpg, whereas, adjustment of oG by any
constant would not result in as good an agreement. It is recognized that
the incidence measurement is with respect to the Tunnel 16T flow field
and may not represent an absolute measurement of the actual incidence,
However, because of the small model size with respect to Tunnel 16T
and for the purposes of the present investigation any anomalies in the
Tunnel 16T flow field are not considered large enough to significantly
affect the results, Thus, all subsequent analyses have been accom-
plished on the basis of model incidence defined by the nose pressure
measurements rather than a "corrected" gravimetric angle of attack.

It is seen from Fig, 6 that the 'flow angle' variation appears to be

dependent on Mach number, wall porosity, and model configuration in
addition to model attitude. However, there are many other factors,

11
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both fluid dynamic and operational, which may be responsible for the non-
constancy of the flow angularity. While it is tempting to speculate on prob-
able causes, final understanding must await additional information. Two
particularly disturbing questions arise, however. Does the phenomena
exist in other ventilated tunnels? And, if so, how does one determine a
priori the model incidence with reasonable precision?

42 BLOCKAGE INTERFERENCE
421 Interference at Zero Incidence

Application of theoretical wall interference corrections have evolved
from an assumption of a small model with respect to the wind tunnel so
that the influence of the wall may be considered linear over the length of
the model. As Mach number increases toward unity, however, compress-
ibility effects cause, in general, a nonlinear variation of the perturbation
velocities over the model length. The wind tunnel model is in effect
tested in a flow field whose ''local equivalent free-stream Mach number"
is given by

M= Mw[1+(l+z—_2——l-Mi)e] @)

where M, is the tunnel calibration Mach number and € is the local value
of the blockage factor defined in Ref, 3. In general, since € is a function
of position, each point in the flow field has a different "'equivalent free-
stream Mach number' which is dependent on the model configuration, its
support system, and the tunnel wall configuration. From isentropic
relations, the change in pressure produced by a small change in Mach
number is given by

2y-1
AP =1 y2) »-1
= @+ 5w 1 aw 3)

Equations (2) and (3) may be combined with the definition of the pressure
coefficient to obtain

EZ’:_]_
o 250) " e 25

(Cp)m = (Cp)m + EL-_I (4)

-1 9 -1 9 ) y-1
{1+L2Mw[l+(l+z-2—— Mw)e]}

12
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which expresses the pressure coefficient referred to the undisturbed
free-stream conditions in terms of the measured pressure coefficient,
the tunnel calibration Mach number, and the blockage factor. The
blockage factor may be determined, using the superposition principle,
by representing the model, its support system, and the wake by appro-
priate distributed singularities.

Solutions for blockage interference factors for singularities located
away from the tunnel centerline in a perforated tunnel have not yet been
calculated. An estimate of blockage interference was made for the
present investigation by representing the model and its support system
as an area-equivalent body-of-revolution at zero incidence. The body-
of -revolution was described by distributed source-sink surface elements
whose strengths were obtained by the method of Ref., 7. The interfer-
ence factors as a function of x were then obtained by superposition of the
solutions presented in Ref. 3 for each singularity describing the model,
The resulting theoretical corrections, from Eq, (4), to the pressure
coefficients measured on the model in Tunnel 4T are presented in Fig. 8.
The corrections were calculated using a value of 0, 6 for the porosity
parameter (Q)(Ref, 3) which yielded reasonable agreement with the
experiment in Ref, 2 for porosities greater than 3 percent. In the pres-
ent case, it can be seen by comparing Fig. 8 with the table in Section 3. 3
that, except in the vicinity of the wing at M, = 0, 95, the blockage correc-
tions are within the precision of measurement.

Since the data from the two tunnels may be compared at essentially
the same incidence and free-stream conditions, it seems reasonable to
presume that any differences in the pressure distributions obtained in
the two tunnels along the model centerbodies, particularly forward of
the wing, can be attributed to blockage effects. Typical pressure dis-
tributions on the wing centerbody at M, = 0. 95, zero incidence, are
presented in Fig. 9., The data from Tunnels 16T and 4T at 5-percent
porosity are in excellent agreement except for a slight displacement of
the terminal shock, The data obtained at 7 = 1.5 do show a deviation
from the Tunnel 16T data. A comparison of the difference between the
pressure distributions from Tunnels 16T and 4T at 7 = 1.5 with the
theoretical solutions described above for three values of the porosity
parameter is shown in Fig, 10, While the solution for Q = 0, 6 predicts
the observed differences very well near the nose of the body, the axial
interference variation does not conform to theory. Several factors
could contribute to the descrepancy. First, the true wall boundary con-
dition is unknown. However, an empirical determination of the boundary
value could be made if that were the only problem, provided the assump-
tion of boundary homogeneity is applicable. Second, the theory is

13
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applicable only to subcritical flow, whereas the case under consideration
contains a supercritical region. Theoretical solutions using the tran-
sonic equations may be expected to modify the predicted interference dis-
tribution, Finally, the model is represented as a body of revolution
rather than a three-dimensional winged body. It is felt that the model
representation may be the most serious factor contributing to the dis-
agreement between theory and experiment. Thus, it appears that,

while subsonic theory can be used to predict the approximate magnitude
of blockage interference at rather high Mach numbers, the theoretical
treatment must be more complex if detailed data corrections are
required,

4.2.2 Interference at Angles of Attack

The discussion above pertains to data taken near zero incidence,
Pressure distributions along the upper ray of the wing centerbody at
angle of attack are presented in Fig. 11 for M, = 0, 95 and porosities
of 1.5 and 5 percent. These data, while not necessarily typical, are
representative of the data at lower Mach numbers, The pressure dis-
tributions obtained at 5-percent porosity in Tunnel 4T are in excellent
agreement with the 16T data except in the region of the terminal shock,
The pressure distribution in that region is influenced by the flow over
the wing as discussed below. Thus, only the measurements ahead of
the wing may be used to indicate blockage effects if the flow is super-
critical, It is evident that blockage interference is essentially zero
at 7 =5 percent, At T =1,5 percent, however, the difference between
Tunnel 4T and 16T data forward of the wing increases with increasing
inclination as may be expected because of the increase in wake block-
age with incidence. Theoretical treatment of blockage interference
for models at angle of attack at high subsonic Mach numbers is beyond
the present state-of-the-art.

Typical upper-ray wing centerbody pressure distributions at 6-deg
incidence are presented for the range of Mach numbers and porosities
of the tests in Fig. 12, The effect of blockage at 6-deg incidence is
greater than at lower angles at all Mach numbers. Therefore, the
data in Fig. 12 indicate the maximum deviation of the centerbody pres-
sures obtained in Tunnel 4T from those in 16T. Consider first the
data at subsonic Mach numbers (Figs. 11 and 12a), The interference
over the forebody (x/c < 0) with 7 = 5 percent is less than the precision
of measurement for all subsonic Mach numbers, The effect of varying
porosity, if the local velocity is subcritical, is, in general, small in
comparison with its effect on the supercritical portion of the flow field.
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It is supposed that, if the appropriate model representation and wall
boundary condition were known, classical theory would provide an
exact correction if the flow were subcritical, For supercritical flow,
however, it appears that the tunnel boundary can distort the flow field
to such an extent as to render treatment with small perturbation theory
inappropriate at rather low Mach numbers (0. 8) and relatively small
model blockage (0.9 percent). This point will be illustrated further
when the wing flow field is considered below,

The pressure distribution along the wing centerbody at supersonic
Mach numbers is presented in Fig, 12b, Where the flow over the fore-
body is subsonic, M, = 1,0 and 1, 1, the pressure distribution is a
function of porosity in Tunnel 4T with the measurements taken at low
values of porosity agreeing well with the 16T data. At x/c > 0, the
flow is entirely supersonic and independent of porosity except near the
trailing edge of the wing where the shock locus may be changed slightly
by its interaction with the tunnel boundary. At M, = 1.2, the wing
centerbody is entirely within the shock rhombus, and therefore, the
agreement between the two tunnels is excellent. The tunnel-empty
calibration at Mg = 1,3 (Ref. 8) indicates a Mach number gradient of
-0,0014/in, from the leading edge location (x = 0) forward caused by
the fact that Tunnel 4T has a fixed sonic nozzle, and therefore, the flow
is still accelerating at the location of the wing forebody. Correction of
the data to account for the Mach number gradient results in excellent
agreement with the measurements from Tunnel 16T as shown,

Theory indicates that the blockage interference at the tail position
is negligible (Fig. 8b)., However, because of upwash and wave inter-
ference and because the tail could not be deflected with respect to the
wing, the theoretical calculations for the blockage at the tail cannot be
substantiated by the present experiment., The interference at the tail
positions, as will be seen, is dominated by other factors which are not

. associated with blockage interference per se, Therefore, for the pur-
pose of the present report, it will be assumed that blockage interference
at the tail positions does not significantly affect the data.

4.3 INTERFERENCE AT THE WING POSITION

The lift coefficients obtained by integrating the pressure distributions
on the wing are presented in Fig. 13 for the tail-forward and tail-aft con-
figurations. The data indicate that the wing lift coefficient is relatively
insensitive to porosity at Mach number 0, 6 and Mach numbers above 1, 1.
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However, a more definitive measure of the agreement of lift on the wing
in the two tunnels may be obtained if it is assumed that the low-speed
upwash correction equation,

S

Aa = (a)IGT‘_ (a)4T = 8 C CL

(5)

is applicable over the entire Mach number range. Values for the up-
wash interference factor (6), determined in the least-squares sense
from the experimental data in the -4 to +6 deg incidence range, are
presented in Fig, 14 for constant values of porosity throughout the
Mach number range, The size of the symbols in Fig. 14 corresponds
to a Aa of £0.1 deg at a Cy, of unity. At Mach numbers less than 0.9
and above 1,1, the interference factor at a given porosity is essen-
tially the same (within experimental error) for the two models. At
Mach numbers 0, 95 and 1, 0, however, the interference factor is
model-configuration dependent, It is somewhat surprising that the
wing experiences larger values of interference with the tail in the aft
position than in the forward position. The wall interference resulting
from the distrubance caused by the tail in the aft position should be
negligible at the location of the wing. Thus, it would appear that the
wall interference caused by the tail in the forward position has an off-
setting effect on the interference at the wing. It is shown below, how-
ever, that the effect may be fortuitous.

The fact that the upwash interference factor is zero at the wing is
a necessary but not sufficient condition to indicate an interference-free
flow field. Pressure data obtained in the two tunnels on the wing with
the tail forward are compared in Fig, 15, The data were selected such
that the upwash factor is near zero or, in case of M, = 1, a minimum,
Only the upper surface pressures are shown for aywpg = 0 for clarity.
The pressure distributions at Mach number 0. 6 from the two tunnels
are essentially identical except for aywypg = 6 deg where the flow expands
a little more over the leading edge and the terminal shock is slightly
farther forward in Tunnel 4T than in Tunnel 16T, In the Mach number
range from 0, 8 to 0, 95, there is, in general, a compressive disturb-
ance on the upper surface with the terminal shock farther aft in Tunnel
4T, The lower surface is also affected by the wall constraint but to a
lesser extent than the upper surface., At Mach number 1, the data over
the forward portion of the wing are essentially the same in the two
tunnels except at oy = 6 deg where the upper surface flow field is
more expanded in Tunnel 4T than in Tunnel 16T, and the terminal shock
is further forward., Beyond M, = 1.0, the wing is within the shock
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rhombus, and the data from the two tunnels are in excellent agreement,
It is evident that, at Mach numbers below unity when the region of
supercritical flow reaches an as yet undefined state, the wall interfer-
ence can cause compensating effects which result in interference-free
values of the lift coefficient with incorrect pressure distributions.

4.3.1 Effect of Wall Porosity

The effect of varying porosity at a constant Mach number is illus-
trated in Fig, 16, It can be seen that both the upper and lower surface
pressures are affected by porosity changes. In the illustrated case,
the lower surface pressure distribution obtained in Tunnel 4T is in
agreement with the interference-free data at 7 = 7 percent (Fig, 16d).
However, the compressive disturbance on the upper surface was never
completely eliminated by porosity variations. The same effects are
observed at all Mach numbers and angles of attack where a moderate
to large region of supercritical flow exists.

4.3.2 Effect of Model Size

An indication of the effect of model configuration and size on the
interference field may be seen in Fig, 17, wherein the pressure distri-
butions on the wing with the tail forward and aft and the tail alone are
presented for various Mach numbers. The maximum solid-blockage
ratios in Tunnel 4T are 0, 90 percent for the wing configuration and
0. 26 percent for the tail-alone configuration., While there are discern-
ible differences in the wing pressure distributions at Mach numbers
above 0, 6, the tail-alone data from the two tunnels agree well at Mach
numbers below 0, 85, The compressive disturbance over the forward
portion of the airfoil's upper surface is generally more severe on the
wing with the tail forward than aft which, in regard to the lift coeffi-
cients, compensates for the shock position change, thereby appearing
to result in less interference with the former configuration., The com-
pressive disturbance does not appear on the tail-alone configuration
until M, = 0, 95 and disappears at M, = 1,0, Above M, = 1,0, the
data on the tail-alone configuration from the two tunnels are identical
and are not presented herein,

Comparing the interference effects on the three models, particularly
at Mach numbers 0, 9 to 1,0, shows that the variation of the interference
over the airfoil is a strong function of the model configuration. It is
relevant to recall that in Ref. 2 a compressive disturbance was observed
over the forward portion of a supercritical body of revolution (blockage
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ratio 1, 5 percent) which had a pressure distribution similar to the wing
in the present investigation. In that case, the data were partially cor-
rected by blockage theory. In the same paper, a two-dimensional wing
between end plates (blockage ratio 0. 69 percent) showed no effect of
porosity variations on pressure distributions over the first 30 percent
of the chord, but it did show a strong dependence of shock position on
wall porosity. The pressure distribution in the latter case indicated a
slower acceleration of the flow than with either the body of revolution
or the present airfoils, These results suggest that the influence of the
tunnel walls on the supercritical flow field is not only dependent on
model size but may also be dependent on the pressure gradient or some
other characteristic of the field, If this is true, theoretical computa-
tion of wall interference must be much more complex than the present
state-of -the-art allows. Further, to obtain completely valid data at
moderate incidences in the Mach number range from 0. 85 to 1.0, wind
tunnel models should be smaller than 1/4-percent blockage.

4.4 INTERFERENCE AT THE TAIL POSITION

Distortion of the flow field over the wing caused by wall interference,
particularly that which causes changes in the terminal shock strength,
obviously affects the flow field at the tail. Since it appears that wall
interference effects are configuration dependent in the transonic regime,
it seems impossible to experimentally separate the effects at the tail
caused by the wall interference at the wing from an additional increment
caused by the presence of the tail itself, However, if the effects can be
decoupled to the extent that the wall interference on the tail-alone con-
figuration may be considered indicative of the interference on the tail
in the presence of the wing, some qualitative separation may be attained.
The data presented in Fig., 17 indicate that the tunnel walls appreciably
affect the tail data only at Mach numbers from 0, 85 to 1.0, Further,
the interference effect is seen primarily as a change in location of the
terminal shock on the tail surface. When the tail is in the presence of
the wing, either in the forward or aft position, the flow over the tail is
supercritical at M, = 0.9 and above. Thus, it is argued that, as far as
the present data are concerned, the interference at the tail results
almost entirely from disturbances caused by the presence of the wing
except possibly at M, = 0.9 and 0. 95,

The change in local flow angle between the two tunnels at the location

of the first two orifices on the tail centerbody is presented in Fig, 18 as
a function of the wing lift coefficient. The fact that Aaj is nonzero at
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Cr,w = 0 is attributed to differences in the flow angle gradient between
the two facilities except at M, = 0. 9 and 0, 95 with the tail forward, The
large variation in Aoy at Mach number 0. 95 with the tail forward (Fig. 18c)
is caused by the wing's trailing shock system. Schlieren photographs
taken in Tunnel 16T show that the terminal shock system from the wing
passes just in front of the tail centerbody in the forward position. A
slight change in the shock system would cause a significant change in the
nose pressures used to indicate the flow angle. The data in Fig, 15 indi-
cate that shock position does change significantly at M, = 0. 95 and to a
lesser extent at M, = 0,90, Thus, it is concluded that the measurement
of Aag is not valid above My = 0,9 with the tail in the forward position.

At a given porosity in the 0.6 to 0,85 Mach number range, portions
of the Aay, Cp,w curves are linear. Those portions which are linear
coincide with the condition of subcritical or very little supercritical
flow over the wing. As the extent of the supercritical flow increases,
whether caused by Mach number or incidence increases, the variation
of the interference angle with the wing lift coefficient becomes non-
linear. Sufficient data are not available to determine the mechanism
producing the nonlinear behavior, At supersonic Mach numbers, the
flow approaching the tail in the aft position is obviously affected by
wave reflections at some conditions. The effect of wave reflections are
more readily seen by examining the tail lift coefficients and pressure
distributions presented below,

4.4.1 Comparison of Experiment and Theory

The linear portions of the Aaj, Cy,w curves at subsonic Mach num-
bers (Figs. 18a, b, and c) were used in conjunction with Eq. (5) to com-
pute a value of the upwash interference factor at the measurement posi-
tion. The results of the calculations, performed in the least-squares
sense, along with the upwash interference factor at the wing averaged
over the 0, 6 to 0, 85 Mach number range from Fig, 14 are compared
with the theory of Ref. 3 in Fig., 19, The wing 1/4-chord is taken as
x =0, Values of the porosity parameter (Q) were selected such that
the theoretical curves passed through the upwash interference factors
determined for the wing., Since the theory is calculated only along the
tunnel centerline, whereas the measurement positions were above the
centerline (z/b = 0, 21), the interference factors from the tail would be
expected to be greater than predicted, Also, as x/Bb increases, either
because of increases in x or Mach number (decreasing ), the increment
of interference caused by being off the centerline should increase. Both
of these expectations are reflected in the experimental data, although
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the data from the tail in the aft position is lower than expected. It
should be noted that the slope (dAay/dCy,w) from which 6§ was computed
was evaluated from only three or four points. Thus, its accuracy is
questionable. Nevertheless, it appears that small perturbation theory
using the small span model assumption provides a reasonable predic-
tion of the upwash interference provided the flow is everywhere sub-
critical and the porosity parameter (Q) is known. Thus, under those
conditions, one could calculate corrections to aircraft pitching moment
by employing a simple angle-of -attack correction for the tail,

4.4.2 Effect of Wall Porosity

The effect of porosity variations in Tunnel 4T on the tail 1ift coeffi-
cient is presented in Fig. 20. Representative pressure distributions on
the tail airfoil are presented in Fig, 21 for selected values of the wall
porosity which result in the best agreement with the data from Tunnel 16T,
At Mach number 0, 90 and below, porosity variations have little effect on
the 1lift coefficient whether the tail is in the forward or aft position. How-
ever, the lift data from the two tunnels, in general, agree better with the
tail forward. As with the wing, attainment of "correct’ lift data does
not ensure an interference-free flow field. Examination of Fig, 21 shows
that the pressure distributions obtained in Tunnel 4T are significantly
affected by the presence of the walls, As with the wing, agreement of
the 1lift data from the two tunnels is, in most instances, fortuitous. The
mechanism of the interference at the tail at high subsonic Mach numbers
appears to be associated with reflections of portions of the wing's super-
critical flow field from the tunnel wall, The interference is particularly
severe at M = 0, 95 where the location of the free-air sonic line is far
beyond the tunnel boundary and the wing trailing edge shock is almost
normal to the wall,

Unlike conditions at the wing, the interference effects at the tail ex-
tend well into the supersonic speed range., At a given supersonic speed,
waves of different strengths are generated along the wing centerbody and
between the wing's leading and trailing edges. The waves reflect from
the tunnel boundary with strengths dependent on the strength of the inci-
dent wave and the boundary crossflow characteristics. It is evident
from Fig, 20 that the interference is very severe at M, = 1.0, partic-
ularly at the tail's aft position. Not only is there no value of porosity
which will yield interference-free data, the variation of the interfer-
ence (as indicated by ACjy,) is not monotonic with porosity. As Mach
number increases, the advantage of a variable porosity tunnel is clearly
evident as the value of porosity producing minimum interference is a
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function of Mach number, It should be noted, however, that the value
of porosity needed to reproduce the interference-free tail lift coefficient
is also dependent on tail location, This dependency arises because the
waves, which have the possibility of reflecting onto the tail at a given
position, require different values of porosity for their 'cancellation"
because of their different strengths and incidence angles, While it has
been shown that the 60-deg inclined hole wall has good wave attenuation
properties for a cone-cylinder model above a Mach number of about 1.1
(Ref. 9), there have been little data acquired to assess the cancellation
requirements for waves produced by winged models. The ''wave inter-
ference pattern' for a winged model is dependent on model-attitude,
Mach number, and porosity and is currently impossible to predict for
general configurations at low supersonic Mach numbers because of the
lack of detailed knowledge concerning the ''wave reflectance'’ properties
of the porous walls,

45 INTERFERENCE EFFECTS ON PRESSURE DRAG AND PITCHING MOMENT

The variation of the pressure drag coefficient obtained in Tunnel 16T
and at various values of porosity in Tunnel 4T is presented in Fig, 22 for
the wing and wing plus tail. It should be noted that the integration of the
pressure measurements does not result in very accurate values of the
axial force because of the lack of a sufficient number of orifices near
the airfoil's leading edges. Comparison of the data from the two facili-
ties is reasonable, however, since both data sets suffer the same limi-
tations. For the most part, the differences between the drag polars ob-
tained at a given Mach number are within the data precision (see Sec-
tion 3.3). This arises because the interference affects the pressure
distributions in regions of small area change. Hence, a relatively
large interference on the pressure distribution is not appreciably
reflected in the axial force, Thus, with a notable exception at M, = 0, 95
where the shock position on the wing changed significantly at low inci-
dences in Tunnel 4T (see Fig, 15c¢), the data are not precise enough to
detect meaningful results. Had skin friction been included the data dif-
ferences would possibly have been greater,

The effect of porosity on the pitching moment about the wing 1/4-chord
is presented in Fig. 23, The differences between the data obtained in
Tunnels 4T and 16T are primarily the result of disturbances at the tail
position, With the tail forward, particularly at low Mach numbers, the
effect of porosity variations in Tunnel 4T are relatively minor., Except
for Mach numbers 0. 95 and 1.0, the agreement of the data from the two
facilities is satisfactory for many test programs. Most of the pitching-
moment data taken in Tunnel 4T with the tail in the aft position show large
interference effects for the reasons indicated in Section 4. 4.
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5.0 CONCLUDING REMARKS

The experimental program reported herein was designed to mini-
mize, in as much as possible, the effect of all factors, except wall
interference, which may cause discrepancies in wind tunnel data, It
was shown that a flow angularity can be induced into the tunnel flow
which is an apparent function of model configuration, model attitude,
and tunnel configuration and not associated with wall interference in
the normal sense of the term. An effect of the flow angularity phe-
nomena, while small, could nevertheless be construed as an upwash
interference., Unless its cause can be identified and eliminated where
it exists, application of strictly theoretical corrections for ventilated
wind tunnels is impossible,

The model was purposely made small in cross-sectional area to
minimize blockage interference., Theoretical computations, with the
model represented as an area equivalent body of revolution at zero
incidence, indicated the blockage interference to be within the pre-
cision of the data except at Mach number 0, 95, At that Mach number,
the experimental corrections did not entirely agree with theory even
though the flow was locally subcritical. The disagreement is believed
to stem from the model representation. As sonic Mach number is
approached, the three-dimensional area distribution becomes an in-
creasingly important factor affecting the flow field. Thus, it is felt
that a three-dimensional model representation will be required for
blockage interference calculations in the transonic speed range.

The data at angles of attack other than zero indicate blockage effects
which increase with increasing incidence and Mach number, At each
Mach number, however, a value of wall porosity was found which resulted
in negligible amount of blockage interference at all incidences. The vari-
ation of the ''zero blockage interference' porosity with Mach number
(shown in Fig, 24) agrees with the porosity schedule currently used in
Tunnel 4T which has evolved from the analysis of a number of investi-
gations.

Unhappily, the influence of porosity on upwash interference is not
as straightforward., The data indicate that present subsonic theory will
provide reasonable upwash corrections and pitching-moment corrections
(provided one knows the ''right' value of the porosity parameter) if the
flow is everywhere subsonic. However, at M, < 1 with moderate to
large regions of supercritical flow over the model, the interference is
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characterized by an apparent distortion of the supercritical portion of
the flow field. There is no value of porosity with the present wall con-
figurations which will yield interference-free pressure distributions

for mixed-flow conditions with reasonable size models. The extent of
the interference is thought to be a function of the size of the super-
critical region with respect to the tunnel semiheight. However, there
are hints that the interference may also be a function of some other
flow field property, possibly the pressure gradient, Sufficient informa-
tion is not yet available to establish definitive guidelines for predicting
the interference at supercritical conditions. The results of the present
study do provide, however, an insight into the magnitude of the problem,

At Mach numbers above unity, the wall interference which exists
is, of course, characterized by wave reflections. While the variable
porosity walls alleviate wave reflections in many instances, they are
far from perfect, particularly in the low supersonic speed range.

The data analysis has been undertaken with a purist attitude in that
many of the data differences noted between the two tunnel tests have
little effect on many routine wind tunnel programs. In those instances,
it is recommended that the porosity schedule shown in Fig, 24 be used
in the Tunnel 4T facility with the recognition that a distortion of the
supercritical flow field will occur depending on the model and test con-
ditions. In cases where exact data are required, it is evident that
great care must be exercised during tests in the transonic speed range
and that the experimenter must have a greater knowledge of the tunnel
than he now, in general, possesses.
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Figure 24, Porosity schedule for zero blockage correction.
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NOMENCLATURE

Coefficient

Tunnel semiwidth

Tunnel cross-sectional area
Drag coefficient

Lift coefficient
Pitching-moment coefficient
Pressure coefficient

Value of Cp at local sonic conditions
Airfoil chord

Reference body length

Mach number

Pressure

Total pressure

Porosity parameter as defined in Ref.

Radius

Area of lifting surfaces
Axial coordinate
Vertical coordinate
Angle of attack

Gravimetric angle of attack

AEDC-TR-74-76

3

Wing incidence determined from wing centerbody pressure

measurements

Compressibility factor, Y1 - Mi

Specific heat ratio

Interference angle, difference in flow angle at a point between

the Tunnel 4T and 16T flow fields
Upwash interference factor

Blockage interference factor
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) Solid blockage ratio, local model cross-sectional area
to tunnel cross-sectional area

T Wall parasity

SUBSCRIPTS

m Measured quantity

max Maximum

T Tail

AW Wing

WB Wing centerbody

® Free stream

4T Tunnel 4T

16T Tunnel 16T
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