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Fig. 4 Interaction curves for combined shear and axial com-
pression for Case I of Ref. 2.
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Rayleigh-Ritz solution (within 5%).6 Some effects from
the differences in assumed deflection functions and
boundary conditions (see Case C-4) are seen in the slight-
ly lower buckling load predicted by the current analysis.
It was also found that by increasing the problem size from
a five-term solution to an eight-term solution, the predict-
ed buckling load decreases by 2.5%.

Case C-4 was analyzed as a result of the behavior seen
in Case C-2. In this case, a similar behavior was noted, in
that a very good agreement was seen in the case of panels
having a very large aspect ratio and differing by as much
as 10% for an aspect ratio of one. To determine the source
of the difference in this case and possibly that in Case
C-2, the original analysis5 for this case was reviewed. That
analysis was solved by the Lagrange multiplier method;
however, explicit boundary conditions for the displace-
ment components u and v were not presented. It is likely
that they were zero at all boundaries, in which case the
boundary conditions used here are slightly more flexible.
This would account for the slightly lower predicted buck-
ling load and would tend to become less significant as the
panel aspect ratio increases, which is in agreement with
the observed behavior. Practical shear panels have bound-
ary conditions that fall somewhere between those of this
analysis and those of Ref. 5.

In general, the buckling load depends upon twelve ma-
terial and geometric parameters; thus, it is impractical to
present results of a general nature. However, for the case
of a flat panel without shear flexibility, the buckling load
can be expressed in the dimensionless form, Ks =
(NXy)crb2'/ir2Dy, as a function of the dimensionless geo-
metric parameter a/b and the two dimensionless material
parameters, Dx/Dy and vxy + (Dxy/Dy). Using the Table
2 parameters for various composite materials, the design
curves in Figs. 1 and 2 for clamped edges were calculated.
For curved isotropic rectangular panels, the dimensionless
design curves of Fig. 3 were generated.

Combined Shear and Axial Compression

For this combined-loading situation, only typical inter-
action curves were generated. These are for the glass-
cloth-reinforced plastic facing, hexagonal-cell aluminum
honey comb-core panels denoted as Case I in Ref. 2. For
simply-supported and clamped edges, these curves are
shown in Fig. 4.
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Nomenclature

B = cross section area of wake
C = cross section area of wind tunnel
D = drag
CD = drag coefficient D/qS
H, pm , U - total head, static pressure and velocity of undisturbed

stream
k2 = base pressure parameter, 1-CP
^ : ( f e 2 - 1 ) = _C

ro = B/S
p = static pressure
pb - base pressure
Cp = pressure coefficient (p-p )/q
Q
S

= dynamic pressure of the undisturbed stream
= reference area of the model

Subscripts
c = suffix denoting effective or corrected values
cc = suffix denoting the unconstrained values far from the

wall

Introduction

SINCE 1965, when a theory for the blockage effects on
bluff bodies including stalled wings was published by
Maskell,1 there have been several attempts to determine
the range of validity of the theory as well as other limita-
tions if any.2'3 There seems to be agreement now that the
theory is valid up to blockages of about 8% (Ref. 4) in
uniform wind beyond which, Melbourne,2 for example,
finds the similarity hypothesis (p - pb)/(H - p&), from
which Maskell worked out the blockage corrections, no
longer valid. There was also clear indication that the con-
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Fig. 3 Effect of proximity of the wall on base pressure pa-
rameters.

Fig. 1 Schematic of experimental setup.

stant 1/KC
2 in MaskelFs final expression

CD/CD= I + CD(S/C)/KC
2 (1)

required modification. Finally, there has arisen also the
need to verify the effect of the nearness of one wall on the
corrections to be applied. Such problems arise in testing
ground effect machine models, landing and takeoff config-
uration of highly swept wing aircraft, nonaeronautical
structures such as antenna dishes, building models on
stilts etc. In order to throw light on the nature of correc-
tions for such conditions as well as to determine the range
of validity of Maskell's correction near the center of the
wind tunnel itself, a series of experiments were made on
flat circular, rectangular and square disks of different
sizes in three wind tunnels. The studies, which covered
blockages up to 22% show that the nature of the correc-
tions for drag envisaged in Eq. (1) holds for all distances
from the wall, but that the base pressure parameter
Cpc/Kc2 in Eq. (1) is a complex function of the distance
from the wall. However, at the wall, it assumes a particu-
larly simple form Coc/Kc4-
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Experimental Set Up

Figure 1 shows the general arrangement used in the ex-
periments. The three wind tunnels used were 7 x 5 ft re-
turn circuit type of elliptic cross section, 14 X 9 ft open
circuit type of octogonal cross section and 9 x 6 ft return
circuit type of octagonal cross section. A central plate
spanning the length and breadth of the 7 X 5 ft wind
tunnel was used to obtain larger blockages. The models
were made from \ in. thick mild steel plates whose edges
had been chamfered by 45° in the downstream direction.
Before each test, the flow dynamic pressures in the region
where the model was to be located was calibrated. A
check was made in the 7 X 5 ft tunnel to ensure that the
upstream influence of the model did not affect the normal
reference pressures on tunnel walls in all tunnels as well
as to take account of any deflection of the flow under-
neath the central plate (the difference in the flow above,
with and without a model below was negligible). Drag was
measured by a specially made strain gauge drag balance
located just behind the model as shown in Fig. 1 while the
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Fig. 2 Relation between CD and CD(S/C) for different dis-
tances from the wall.

Fig. 4 Variation of MaskelPs hypothesis Co/R2 and present
hypothesis Co/(R'2 - 1) with blockage.
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base pressures were measured by averaging the static
pressure readings of four static tubes at the base, con-
nected to an inclined (30°) alcohol manometer. The mea-
surements quoted are the averages obtained at three
speeds (typically 70, 90 and 100 fps).

Results and Discussions

Figure 2 shows the variation of CD vs CD (S/C) from the
present and the earlier data. It is observed that this rela-
tion tends to be a straight line within experimental scat-
ter up to the maximum blockage tried, regardless of the
nearness of one wall and the geometric shape of the body.
The slope of the straight line fitted here is slightly less
than the value given by Maskell on the basis of data for
up to only 5% blockage but the linear relation seems to be
hardly in doubt. This relation in general can be written as

CD = CDc + Q.8CDcCD(S/C)/Kcc
2 (2)

It is also observed that CDC is practically independent
of the distance from the wall but that Kc

2 changes signifi-
cantly as the wall is reached. This variation is shown in
Fig. 3 where [kc

2 + Cpb\ is plotted against k2(S/C). The
relation is observed to be an exponential of the form

CPb = ~k2 + exp(-A2k2(S/C)) (3)

It is obvious that for small (S/C) at the center of the
wind tunnel, Eq. (3) must be compatible with Eq. (2)
with (CD/&2) constant. A further check in fact shows that
A2 is very closely 0.8 CDc/Kc

2 so that
CPb = -k2 + exp(-Q.ZCDck2(S/C)/Kc

2) (4)

Assuming the similarity of the parameter (p - pb(l)/(H
- pb) under constraint, Maskell showed that a straightfor-
ward application of momentum balance yields, with a few
plausible assumptions, a linear relation between CD and
CD(S/C) for small (S/C). The fact that this is valid for
blockages up to 20% indicates that the significant local
departure of pressure at a point, from the similarity,
tends to even out in the integrated pressure differential.

The quantity [CDc/Kc
2] was found to be independent

of the ratio of model size to boundary-layer thickness
(about 2 in.) in our experiments, depending only on the
fraction of the boundary-layer thickness at which the bot-
tom edge of the plate was located. Closer to the wall and
at the wall, when an upstream bubble was presumably
formed (Fig. 1), Eq. (3) could be described by the simpler
relation: ,

It is therefore observed that the base pressure variation
depends on the three regimes namely the uniform up-
stream, shear flow, and proximity to wall. A plot of Co/h2

and CD/K2 is shown in Fig. 4 where it is observed that the
range of (S/C) over which Maskell's Hypothesis is valid
seems to decrease with increased nearness to the wall as
would be implied also from Eqs. (2) and (4). On the other
hand, the quantity Co/K2 tends to a constant value for all
(S/C) tried as the wall is reached. Thus it is observed
that while far from the wall, the hypothesis that CD/k2 is
constant is valid for small S/C, Co/Ik2 - 1) is constant at
and very close to the wall. The latter condition implies
that very near and at the wall (p - pb )/(p0 - Pb) remains
invariant under constraint. Clearly the velocity scale is
not the shear layer velocity kUo found by Maskell far from
the wall, but depends on the dynamic pressure differential
[((%)pW - (%)pfe2W], K2 being presumably related to
the re attachment velocity.

Following Maskell,1 one can derive the expression for
drag coefficient of the body under constraint as

[Maskell's Eq. (8) simplified]. From the condition that
CD/K2 = CDc/K2 = m{k2 - [C/(C - B)]}/K2 - mc (7)

one can derive for small S/C, assuming that m = aK2,

CD=CD + (CD CD(S/C)/KC*) (8)

K2 = Kr (CDGPb(S/C)/Kc*) (9)

In the present experiments, CDC 1-15 and Kc
2 « 0.66,

giving CDcIKc* = 2.65 compared with the experimentally
observed value of 2.56. As Maskell has pointed out, some
additional corrections due to wake distortion has to be
made but this is not attempted; these corrections seem,
in any case, to be small.

Application

To apply the corrections, one measures CD and
Cpb (or-K2) and uses the pair of relations (8) and (9) for
bodies on the wall, to evaluate CDC and CPbc Far from the
wall, Eqs. (2) and (4) can similarly be used. Elsewhere
in the presence of shear, Maskell's procedure is observed
to be insufficient to determine CDC

 and a further relation
between Kc and Kcc is required.
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Prediction of Airfoil Shock Location
in Transonic Flow

Victor E. Studwell* and Jain-Ming Wuf
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IT is well known that a wing moving at transonic speeds
will have a near normal shock wave standing near the
midchord. Usually, this shock wave is coupled with a
local boundary-layer separation. The shock wave location
strongly influences1 the aerodynamic force and thus the
performance and stability characteristics of an aircraft.

D = m{k2-[C/(C-B)]} (6)
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