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Wind-Tunnel Blockage Correction
for Two-Dimensional Transonic Flow

James A. Blackwell Jr.*
Lockheed-Georgia Company, Marietta, Ga.

An empirical method for correcting two-dimensional transonic flow results for wind-tunnel wall blockage
effects has been developed. The empirical method utilizes velocity calculations based on linear theory with free-
air boundaries evaluated at vertical positions representative of the wind-tunnel walls and experimental velocity
data obtained near the tunnel walls above and below the model. Derivation of the empirical method is presented
in detail. Experimental results on 10% and 20% thick supercritical airfoils obtained at transonic speeds and over
a wide range of wind-tunnel wall porosities are used to establish the validity of the empirical correction.

Nomenclature

A =airfoil cross-sectional area nondimensionalized by
the chord squared

=chord of airfoil, cm (in.)

=section normal-force coefficient

=pressure coefficient

=freestream Mach number

AM, =freestream Mach number correction due to solid
blockage effects in a wind tunnel

E'u(j :O °

M, =freestaeam Mach number corrected for blockage
_ effects’
M, =average experimental Mach number evaluated over

the model*chord at positions above and below the
model near the wind-tunnel walls

M, =average theoretical Mach number evaluated over the
model chord at a position representative of the wind-
tunnel walls

u/U, =perturbation velocity along X axis normalized by
freestream velocity

X,Z =Cartesian coordinates with origin at airfoil leading
edge and X axis along the airfoil chord, cm (in.)

X,Z =reduced coordinates, Eq. (4)

1o =angle of attack, deg

8 =VI-M?

T =wind-tunnel wall porosity (open area/closed area), %

m =doublet strength, cm? (in.?)

Subscripts

¢/4 =airfoil quarter-chord
D =design condition

¢ =lower

u =upper

Introduction
VER the years, aerodynamicists have used data from
scale-model, wind-tunnel tests to predict the transonic
flight characteristics of full-scale aircraft. When this is done,
difficulty arises in determining the proper corrections that

should be applied to the wind-tunnel data to account for-

wind-tunnel wall interference. Recent experiments' have
shown that wall interference on aerodynamic performance at
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transonic speeds can be very large. Use of conventional
subsonic corrections? to account for transonic wind-tunnel
wall interference effects has been demonstrated in Ref. 1 to be
inadequate.

Currently, work on ‘‘smart’’ wind-tunnel walls3* is pro-
gressing at a fast pace and appears to offer considerable
promise for minimizing wall interference effects. However,
even if this approach proves satisfactory, it will still be many
years before existing production transonic facilities can be
retrofitted with these walls or new tunnels, designed around
this concept, constructed.

Sophisticated transonic computational codes which can
assess the effects of wind-tunnel wall interference are also
under development. Currently, these codes are restricted to
viscous two-dimensional flow around airfoils using a small-
disturbance formulation which is not adequate for analysis of
thick airfoils or inviscid two-dimensional flow using a full-
potential formulation. ¢ Considerable uncertainty still exists
as to the proper model for the wind-tunnel walls. Further
developments in these codes are expected in the future;
however, it will be some time before they are adequately
developed and verified to be of general use in determining
wall interference effects in conventional transonic wind
tunnels.

Until such time as additional facility developments and
theoretical advancements are made, it is clear that an interim
method for correcting data obtained in conventional tran-
sonic wind tunnels for wall interference effects is urgently
needed. It is the purpose of this paper to address the
development and verification of such an interim approach.

Specific objectives of this work are:

1) Describe an empirical method for correcting transonic
flow results for wind tunnel solid model blockage effects.

2) Establish the wvalidity of the empirical blockage
correction method using experimental data obtained on 10%
and 20% thick supercritical airfoils.

Empirical Method

Assumptions

In developing the empirical blockage correction method,
two assumptions are made:

1) It is assumed that solid blockage effects at high-subsonic
Mach numbers can be adequately represented by a correction
to the freestream Mach number. Moreover, this correction is
assumed constant over the length of the model.

2)It is assumed that for high-subsonic freestream Mach
numbers, the subcritical flowfield surrounding both the
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airfoil and its embedded supercritical flow regions can be
adequately described by linear aerodynamics.

The first assumption appears from the outset to be a poor
assumption due to the nonlinearity of the transonic flow.
However, some evidence, although limited, was presented in
Ref. 1 that indicated the gross effects due to solid blockage at
transonic conditions were adequately accounted for by a
correction to the freestream Mach number. In addition, it is
well known that current theoretical airfoil analysis methods
(without wall modeling) such as Bauer et al.” generally are
able to correlate well with wind-tunnel data where wall effects
are present. Indeed, it has been observed in Ref. 7 that
correlations with airfoil data were further improved for some
cases when adjustments were made to the freestream Mach
number. It is conjectured here that the gross effects due to
solid blockage present in the experimental data shown in Ref.
7 were accounted for by this adjustment to the theoretical
freestream Mach number.

The assumption of linear aerodynamics in the subcritical
flowfield is good (as indicated in Ref. 8) as long as the
calculations are made at some distance from the sonic
boundary around the airfoil and the supercritical region in the
flowfield is small. As the sonic line is approached, it is ob-
vious that linear theory cannot approximate a nonlinear
flowfield. In the following derivation all calculations using
linear theory will be made at vertical positions representative
of wind-tunnel wall locations. The use of this assumption will
improve as the tunnel height-to-chord ratio is increased. The
supercritical flowfield requires more space than subsonic
flow; therefore, the outer subsonic streamlines around a
model are widened outward not only by the model but by the
additional displacement due to the supercritical flow. Ob-
viously for conditions where the supercritical flow region is
kept small the linear flowfield assumption improves.

To further test the validity of using linear theory to ap-
proximate the flowfield in free air at a vertical location
representative of wind-tunnel walls, flowfield calculations
were made using the aifoil analysis program TSFOIL® for a
NACA 0010 airfoil at approximately 1.95 chords above the
model. These results for a Mach number of 0.83 are shown in
Fig. 1. Substantial supercritical flow was present, as
evidenced from the pressure distribution shown in Fig. 1. Also
included in Fig. 1 is the flowfield predicted using linear
aerodynamics |see Eq. (5) in the following section|. As can be
seen, the approximation is good. The average deviation in
local Mach number in Fig. I is less than 0.005.

Method Development

Based on the preceding assumptions, the empirical method
is postulated as follows: The freestream Mach number
correction due to solid blockage can be determined by
calculating the average theoretical free-air velocity at a
vertical position representative of the wind-tunnel walls using
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——— NONLINEAR (REF. 5)
— — - LINEAR (EQ. 5)
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Fig. 1 Comparison of linear and nonlinear theory in the flowfield
for a NACA 0010 airfoil at transonic speeds and « = 0 deg.
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linear theory and subtracting the average experimental
velocity measured near the wind-tunnel walls above and below
the model to obtain a blockage Mach number correction,
denoted AM. In effect, this approach states that the dif-
ference in average velocities measured experimentally near the
wind-tunnel walls and what should exist at that location
without any walls (free air) represents the blockage Mach
number correction. Furthermore, the correction determined
in this manner from measurements and calculations near the
wall locations is applied uniformly throughout the flowfield.

Based on the preceding postulate, the blockage correction
can be expressed mathematically as

AMy=M;~M, (1)

The remainder of this section is devoted to the theoretical
derivation of the average theoretical Mach number in free air
(M) at a position representative of the wind-tunnel walls and
an outline of the representative steps necessary to obtain the
average experimental Mach number (M) near the wind-
tunnel walls.

Theoretical Development

The free-air theoretical linear velocity near the wind-tunnel
wall is computed by representing the thickness effect of the
airfoil with a point doublet located at the airfoil quarter-
chord. This arrangement is depicted in Fig. 2. The
longitudinal pertubation velocity for a compressible point
doublet is given by:

W n (B2 = (X=X’
U ‘zw{ [(X—XMVHBZV]?I @

The doublet strength p is equal to the cross-sectional area of
the airfoil. For convenience, the doublet strength will be
expressed as

u=c’A 3)
where A is the airfoil cross-sectional area nondimensionalized

by the chord squared. Defining

X-X. ;
(X=Xera) and Z=— 4)
¢ C

X=

Eq. (2) becomes

&)

POINT DOUBLET

FLOW FIELD COMPUTED AT
WIND TUNNEL WALL LOCATIONS

Fig.2 Theoretical free-air model.
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Fig.3 Tunnel pressure rail installation.

Since the blockage correction is assumed to be constant
over the length of the airfoil, it is necessary to know only the
average pertubation velocity in this region. This is obtained by
integrating Eq. (5) over the airfoil chord which yields

Uimzﬁ{[ (0.7.?‘)25+Z'2] +[ (0'2?.)2254_2'2]} 6)

The average theoretical Mach number near the wind-tunnel
wall over the region influenced by the airfoil can be deter-
mined using Eq. (6) and the following isentropic relation
relating the velocity perturbation and Mach number

S5+M?
1-02M? (/U +1)?

itr={ — -5} )

Experimental Development

The experimental velocities along the wind-tunnel walls
above and below the airfoil model can be measured in solid,
slotted, or porous transonic wind tunnels by means of
calibrated flush-mounted pressure orifices. Practically,
however, this method is often unsatisfactory since it is very
difficult to keep foreign matter out of the orifices mounted in
the bottom floor and to eliminate disturbances from adjacent
holes if the wall is porous.

An alternate means of measuring wall velocities was
suggested in Ref. 9 and is shown in Fig. 3. This method uses
calibrated pressure rails mounted on the top and bottom
wind-tunnel walls. (This method was used in the experimental
investigations to be subsequently discussed.)

Irrespective of the method of measurement of the wall
Mach number distributions, the average experimental Mach
number over the region of the airfoil is computed by:

.
M= fg M, +M, ®)
cJo 2

The upper and lower wall distributions are averaged to
eliminate the effect of the airfoil lift such that only the effect
due to airfoil thickness remains.

Experimental Verification of Empirical Method

To provide verification of the empirical blockage method,
experimental data selected from investigations of 10% and
20% thick supercritical airfoils are used. These data were
obtained at transonic speeds over a wide range of porous wall
geometries in the Lockheed Compressible Flow Wind Tunnel
(CFWT). Both airfoil data and Mach number distributions
are available.

A description of the experimental tests will be given first.
This will be followed by a discussion of the experimental
results. Finally, the empirical blockage correction will be
applied to the data and its validity assessed.
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Fig.4 Model of 20%-thick supercritical airfoil installed in CFWT.
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Fig. 5 Details of static pressure measuring rails.

Experimental Tests

Test Facility

The Lockheed-Georgia Compressible Flow Wind Tunnel is
a blow-down wind tunnel capable of operating at Mach
numbers from 0.2-1.2. The test section with the 20% thick
supercritical airfoil model installed is shown in Fig. 4. The test
section is 50.8-cm (20-in.) wide X 71.2-cm(28-in.) high x 183-
cm (72-in.) long. For two dimensional tests, the test section
consists of solid side walls and variable porosity top and
bottom walls.

Pressure rails were installed on the tunnel floor and ceiling.
These rails were used to make flowfield measurements as close
to the tunnel walls as possible without interference from the
porous wall. A sketch of the rail design is shown in Fig. 5.
This design was patterned after the installation used for
similar measurements in Ref. 9.

The variable porosity top and bottom test section walls
consist of two adjacent perforated plates with 0.635 cm (0.25
in.) diam holes slanted 60 deg from the vertical. The porosity
of the wall may be varied from closed to 10% open by moving
the outside shutter plate upstream to misalign the per-
forations.

Models

The supercritical airfoil models have a chord of 17.78 cm (7
in.) and completely span the test section. Surface pressure
orifices were installed near the midspan region of the model
on the upper and lower surfaces to provide for measurement
of the chordwise distribution of pressures.



APRIL 1979

Test Techniques

The airfoil section normal-force and pitching-moment
coefficients were computed by integration of the chordwise
pressure distributions.

Test Conditions.

The data presented for the 10% supercritical airfoil were
obtained at a Reynolds number, based on chord, of 7 million.
Transition was fixed at the airfoil leading edge (0.05¢).

All data for the 20% supercritical airfoil will be presented
at a Reynolds number of 11 million. The model was tested
without fixing boundary-layer transition, since transition
occurred naturally at the airfoil leading edge for this Reynolds
number.

The Mach number range of the investigations were 0.6-0.84
and 0.45-0.72 for the 10% and 20% thick supercritical air-
foils, respectively. The accuracy of the Mach number for
these tests was on the order of +.003.

Presentation of Results

The experimental results presented in this paper will
generally be limited to data for the design normal-force
coefficient and the design geometric angle of attack which are
defined as: C, . is the airfoil design normal-force coefficient
and ap is the airfoil geometric angle of attack that ap-
proximately yields C, _ at the design Mach number.

To better illustrate ?he pertinent aerodynamic effects, some
of the experimental data will be denoted by line symbols
rather than point symbols. Also, the force data variations will
be presented in incremental form with results for a wind-
tunnel wall porosity of 4% used as a datum.

Experimental Results

The results for the 20% supercritical airfoil will be
presented first since it represents the most severe test of the
empirical blockage method.

Twenty Percent Supercritical Airfoil

In order to evaluate Eq. (8), the Mach number distributions
near the wall are required. Typical Mach number distributions
near the top and bottom walls for the 20% supercritical airfoil
at its design normal-force coefficient and Mach number (0.70)
are presented in Fig. 6 for wind-tunnel wall porosities of 2, 4,
6, and 8%. The substantial influence of porosity is obvious.

Data, such as those in Fig. 6, have been integrated ac-
cording to Eq. (8) to yield the average experimental Mach
number (M) at the wall over the region of the model. These
results then have been combined with the average theoretical
Mach number (M) at the wall over the region of the model,
as calculated from Eq.(7), to yield the empirical blockage
Mach number correction (AMg). Typical results from this
process are shown in Fig. 7 at wall porosities of 2% and 4%
for a series of model angles of attack. As can be seen, the
blockage correction is invariant with normal-force coef-
ficient. This is also true for the other porosities investigated
(6% and 8%).

Using a mean of the data for each freestream Mach number
in Fig. 7 and doing likewise for similar data at porosities of
6% and 8%, the blockage corrections can be summarized in
Fig. 8 independent of normal-force coefficient. As can be
seen, the results indicate the blockage correction to be zero
near a wall porosity of 4%. Also the correction is largest as a
closed wall is approached, as would be expected. The data in
Fig. 8 are presented in an alternate manner in Fig. 9. As in-
dicated in this figure, the blockage correction increases
rapidly with Mach number. ]

Airfoil pressure distributions for the 20% supercritical
airfoil at a Mach number of 0.70, and the design angle of
attack are presented in Fig. 10. As can be seen, the differences
in the data over the porosity range of 2-8% are substantial.
Some of the differences are eliminated when the data are
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Fig. 6 Variation of wall pressure distribution with porosity at design
normal-force coefficient for 20% supercritical airfoil, M= 0.70.
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Fig. 7 Variation of blockage Mach number correction with normal
force coefficient for 20% supercritical airfoil.

compared at a constant normal-force coefficient (Fig. 11)
since lift interference effects are neutralized. The remaining
effects can be attributed to solid blockage interference.

Using the blockage corrections to Mach number shown in
Fig. 9, experimental data were obtained for the 20%
supercritical airfoil at freestream Mach numbers equal to M —
AM g for each of the four wall porosities (2, 4, 6, and 8%).
Application of the blockage corrections to these data should
then result in the same corrected freestream Mach number
(M) for each wall porosity. If these data collapse at a con-
stant normal-force coefficient, then it can be concluded that
the empirical method has provided corrections of the proper
magnitude.

Data obtained in the preceding manner is presented in Fig.
12. The differences in airfoil pressure distribution relative to
those shown in Fig. 11 are considerably smaller. In particular,
only small differences occur in the pressure distributions for
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Fig. 8 Variation of blockage Mach number correction with porosity
for 20% supercritical airfoil.
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Fig. 9 Variation of blockage Mach number correction with nominal
freestream Mach number for 20% supercritical airfoil.

wall porosities of 4, 6, and 8%. The pressure data for 2%
porosity is in substantially better agreement with the other
porosity data than was the case when no corrections were
applied in Fig. 11. However, some discrepancies still remain.
Part of this difference may be explained by the 2% data being
obtained at a slightly lower normal-force coefficient than the
other results.

From the comparison of the pressure distributions for the
various wall porosities (Fig. 12), it generally can be concluded
that the corrections provided by the emprical blockage
method do indeed provide Mach number corrections of the
right order of magnitude to collapse the data obtained at
various wall conditions. Also, it appears that a correction to
freestream Mach number is sufficient to account for the gross
solid blockage effects on the data.

Ten Percent Supercritical Airfoil

Typical Mach number distributions near the top and
bottom walls for the 10% supercritical airfoil at its design
normal-force coefficient and Mach number (0.80) are
presented in Fig. 13 for wind-tunnel wall porosities of 2, 4,
and 6%. As with the 20% supercritical airfoil, the substantial
influence of porosity is obvious.

Data, such as those shown in Fig. 13, have been integrated
according to Eq. (8) and combined with the theoretical results
of Eq. (7) to yield the empirical blockage Mach number
corrections for the 10% supercritical airfoil. The results are
shown in Fig. 14.

J. AIRCRAFT

1 i L 1
0 .2 A .6 .8 1.0
X/C
Fig. 10 Variation of airfoil pressure distribution with porosity at
design angle of attack for 20% supercritical airfoil, M =0.70.
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Fig. 11 Variation of airfoil pressure distribution with porosity at
design normal-force coefficient for 20% supercritical airfoil,
M=0.705.

Airfoil pressure distributions for the 10% supercritical
airfoil at a Mach number of 0.80 and the design angle of
attack are presented in Fig. 15. The effect of changing wall
porosity -as shown in this figure is substantial. The shock
travel is approximately 30% chord. The variation in pressure
distributions shown in Fig. 15 is reduced by comparing the
data at constant normal-force coefficient. This comparison is
presented in Fig. 16. However, considerable differences still
remain that can be attributed to solid blockage wall in-
terference.

Experimental data were obtained for the 10% supercritical
airfoil at freestream Mach numbers equal to M — AM, where
the blockage correction was determined from Fig. 14. These
data are shown for a corrected freestream Mach number of
0.8 in Fig. 17 for wall porositics of 2 and 4%. The differences
in pressure distribution relative to that in Fig. 16 are substan-
tially smaller. In general, it can be said the agreement in Fig.
17, considering the small difference in normal-force coef-
ficient, is good.
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Fig. 12 Variation of airfoil pressure distribution with porosity at
design normal-force coefficient for 20% supercritical airfoil,
M, =0.700.
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Fig. 13 Variation of wall pressure distributions with porosity at
design normal-force coefficient for 10% supercritical airfoil,
M =0.80.
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Fig. 14 Variation of blockage Mach number correction with porosity
for 10% supercritical airfoil.

As with the 20% supercritical airfoil, it generally can be
concluded that the empirical blockage method does provide
corrections of the right order of magnitude to collapse the
data obtained at various wall conditions.

Summary

Although the data presented to verify the empirical
blockage method are limited, it does appear that the method
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Fig. 15 Variation of airfoil pressure distribution with porosity at
design angle of attack for 10% supercritical airfoil, M =0.80.
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Fig. 16 Variation of airfoil pressure distribution with porosity at
design normal-force coefficient for 10% supercritical airfoil,
M=0.80.

provides blockage corrections of the right order of magnitude
to collapse data obtained for various wall conditions. It can
only be inferred that the corrected airfoil wind-tunnel data
approximate free-air results since the average flowfield
characteristics near the wall are the same. Also it can be
concluded that a correction to freestream Mach number is
sufficient to account for the gross solid blockage effects on
the data.

Comparison of Correction Methods

Since subcritical methods have been used in the past to
account for solid blockage effects at subsonic and transonic
speeds, it is of interest to compare the corrections predicted by
these methods with those of the empirical approach. Two
subcritical methods were considered. The first is the con-
ventional AGARD subcritical wall interference correction
method of Ref. 2. This approach assumes the wall resistance
factors for a porous wall to be the same on the top and bottom
wind-tunnel walls. Values of the resistance factor are
determined empirically. Those used in the present comparison
were taken from Ref. 10.

A second method has been developed at NAE® which
allows a differential wall resistance factor between the top and
bottom walls. This method is based on the observation that
the individual tunnel walls may have different resistances to
the flow depending on whether they are experiencing inflow
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Fig. 17 Variation of airfoil pressure distribution with porosity at
design normal-force coefficient for 10% supercritical airfoil,
M, =0.80.
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Fig. 18 Wind-tunnel blockage corrections at design normal-force
coefficient for 10% supercritical airfoil.

from the plenum chamber into the test section or outflow
from the tunnel test section into the plenum chamber. The
resistance factors for each wall are determined by matching
the theoretical wall (top and bottom) pressure distributions
with the experimental data.

The blockage corrections to Mach number as calculated
from the two subcritical methods are compared with the
results from the present empirical approach in Figs. 18 and 19
for the 10% and 20% supercritical airfoils, respectively.

In Figs. 18 and 19, the AGARD corrections can be seen to
be substantially smaller in magnitude than the other methods.
From the data presented herein, it has been shown that
corrections of substantially greater magnitude than that
predicted by the AGARD method are needed to correlate the
experimental data for the various wall porosities. Clearly, this
method is inadequate to predict blockage corrections at
transonic speeds.

The NAE wall-matching  method yields results that are
approximately the same order of magnitude as produced by
the empirical approach; however, the NAE corrections are
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Fig. 19 Wind-tunnel blockage corrections at design normal-force
coefficient for 20% supercritical airfoil.

generally displaced in the positive direction. Consequently,
the porosity for zero blockage, as indicated by the NAE
method, generally occurs at a higher value of porosity than
that given by the empirical approach. In particular for the
20% supercritical airfoil at M=0.70 (Fig. 19), no value of
zero blockage Mach number was found over the porosity
range investigated.

No solution could be obtained from the NAE method for a
porosity of 2% and Mach number of 0.70 for the 20%
supercritical airfoil. This was due to the failure of the linear
theory to predict flowfield velocities higher than the
freestream value on the lower wall (see Fig. 6) for any
combination of wall resistance factors.

Concluding Remarks

An empirical method for correcting two-dimensional
transonic flow results for wind-tunnel blockage effects has
been developed. The empirical method utilizes velocity
calculations based on linear theory and experimental velocity
data obtained near the wind-tunnel walls.

Experimental results on 10% and 20% thick supercritical
airfoils obtained at transonic speeds over a wide range of
wind-tunnel wall porosities have been used to establish the
validity of the empirical blockage correction. It can be
concluded from this validation process that for the range of
airfoils and Mach numbers investigated, a simple correction
to the freestream Mach number is sufficient to account for the
gross solid blockage effects.

The experimental verification also indicated that the em-
pirical method does provide blockage corrections to the
freestream Mach numbers that are of the right order of
magnitude needed to collapse the experimental airfoil data
obtained for various wind-tunnel wall conditions. It only can
be inferred at this time until additional experimental studies
are accomplished that the corrected airfoil wind-tunnel data
approximates free-air results. This inference is based on the
average flowfield characteristics being the same for the ex-
perimental wind-tunnel data near the wall and the theoretical
free-air results at vertical positions representative of the wall.
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