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Wake Blockage Corrections and Ground Effect
Testing in Closed Wind Tunnels

J. E. Hackett* and R. A. Bolesj
Lockheed-Georgia Company, Marietta, Ga.

A new method for estimating blockage corrections is described which relates wall static pressure measure-
ments at the test section entry and exit directly to the interference velocities experienced at the model. Model, rig,
and power effects are included. Using this method, tests on a 20 in. jet flap model in a 42 in. wide tunnel
correlated well with "free air" results in a large tunnel. The highest test lift coefficient was 15 and a moving
ground was used. Theoretical and experimental studies are described concerning the use of a tangentially blown
wind tunnel floor to replace a moving ground. Tests on the above model, at one chord altitude, confirm the
feasibility of this approach. Applications of the new procedures are described and discussed.
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Nomenclature
= aspect ratio
= cross-sectional area of test section
= wing chord
= drag coefficient
= lift coefficient
= lift coefficient based on area between wing and

ground
= pressure coefficient
= reference chord
= momentum coefficient
= section lift coefficient based on wing chord
= section lift coefficient based on height above ground
= drag
=jet diameter
= height of jet above ground
= height of wing quarter chord above ground
= knee-blown flap
=jet half -width
= wall jet blowing constant
•= blockage correction factor
= pressure
= source
= dynamic pressure
= Reynolds number
= wing area
= ground blowing slot height
= velocity or induced velocity (horizontal)
=jet velocity
= ground blowing slot velocity
= velocity or induced velocity (vertical)
= blocked velocity
= calibrated velocity
= velocity at the model
= distance from jet virtual origin
= angle of attack
= conventional boundary correction factor
= spanwise station
= air density

Subscripts

1 = conditions at pressure orifice at upstream end of
contraction
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2 = conditions at pressure orifice at downstream end of
contraction

M = conditions at model location
NOM = nominal
TE — trailing edge
oo = freestream

I. Introduction

LARGE scale wind tunnel tests on powered STOL models
can experience at least two major difficulties in

establishing confidence in the results. The first concerns the
application of wind tunnel blockage corrections ("we .never
use them for powered models"). The second problem arises
during ground effects testing over a nonmoving tunnel floor
or ground board which frequently is the only option at large
scale. Here, ground (or tunnel floor) separation can invalidate
the results of high lift tests.

The first half of this paper describes work directed at the
tunnel blockage for centrally mounted powered models.
Though considerable effort has been expended during the past
decade on wall interference corrections for powered models,
very much less can be found in the literature concerning their
blockage effects, which are at least as important. Ac-
cordingly, an opportunity was taken to make measurements
in a large (2314 x 1614 ft) and in a small (42 x 30 in.) wind tun-
nel using a 20 in. span model designed for very high lift. The
results are described in Sees. II and III, together with a new
wake blockage correction method which relates interference
at the model directly to static pressures measured at orifices
mounted in the tunnel walls, roof, and floor.

The second half of the paper concerns ground effects
testing, which is also described in Ref. 1-3. The problem is ad-
dressed of simulating a moving ground without actually
having one. This is most desirable because of the logistic and
operational problems associated with the belt type of moving
ground at large scale. Theoretical and experimental studies
are described in Sec. IV concerning ground effect and its
simulation using a moving ground and via a newly developed
boundary-layer control scheme.

II. Tunnel Blockage Estimation for Powered and
Unpowered Models

A. Conventional Blockage Corrections
The presence of a viscous wake with a positive displacement

thickness reduces the effective tunnel cross-sectional area
downstream of a wind tunnel model. This increases the mean
velocity in the downstream part of the test section and a por-
tion of this increase is felt at the model. The purpose of
blockage corrections is to remove this effect. A second, essen-
tially inviscid class of wake blockage effects concerns solid
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blockage and somewhat analogous flow around closed
separation bubbles. Model volume and base pressures are
used for estimating these effects. References 4-7 describe the
conventional techniques in general use.

For unpowered models, viscous wake blockage corrections
should be based on skin friction contributions including the
model and its supports and (strictly) should include the effects
of any changes in tunnel wall skin friction caused by model-
induced pressures. In practice, rig drags are usually estimated
and model skin friction is obtained by subtracting lift-
dependent drag from total drag. Induced drag at zero lift
(caused by wing twist, for example) and due to lateral forces
thus sometimes incorrectly become included during blockage
estimation. Changes in tunnel wall friction are never included.

For blockage correction purposes, the body is replaced by a
source of strength Q ft3/sec (see Fig. 1), at the model
location, together with appropriate sets of images in the same
cross-sectional plane. The images have no direct effect at the
model. To satisfy continuity, a sheet of sinks is introduced at
infinity downstream which induces a super-velocity aft of the
model equal to Q divided by tunnel area. At the model, half
this value is taken in classical correction theory.

For powered models, it is usually assumed that a jet acts
like a /'negative wake" and the same procedure is used.
However, though a jet does indeed introduce blockage, there
exist both geometric and fluid-mechanical differences bet-
ween jet and wake flows which make the conventional
negative wake approach inappropriate.

B. Power Effects
In order to typify the general characteristics of powered

models, let us first consider the simplified case of a jet
exhausting horizontally. It is well known that the far field out-
side of a circular jet exhausting into quiescent free air may be
represented by a line sink extending from the orifice to down-
stream infinity. In the confines of a wind tunnel and at low
forward speed this representation remains valid for a short
distance downstream, after which spreading is accelerated via
the influence of image sinks (ejector effect). However, the
replacement of the point sink of conventional theory by a line
sink increases the (negative) blockage effect because of a
direct contribution from the image sinks. The one-half factor
clearly is no longer appropriate. The factor will also change
depending upon whether the jet geometry is axisymmetric or
two-dimensional, for example. In the limit, with entrainment
effects concentrated predominantly far aft of the model, the
conventionally calculated blockage correction could be
doubled by this effect.

Another aspect of the same problem concerns the mixing
properties of jets and wakes, which determine their effective
sink strengths. Figure 2, which is adapted from Ref. 9, shows
the variation of jet half-width with excess velocity ratio. The
half-width has been normalized on x, the distance from the jet
virtual origin. Points on this plot may be regarded either as
describing the same jet at successive streamwise distances or
as initial conditions for differing jets. A jet in a slow stream
("A" in the figure) spreads almost in proportion to x (i.e.,
L/x is nearly constant). As the excess velocity diminishes (ap-
proaching "B"), spreading becomes less rapid and the ef-
fective sink strength is reduced. If, alternatively, "A" and
"B" are regarded as separate jets which have differing exit
velocities at the model, we see that the average spreading rate
for "B" is the smaller. We also note that, at a particular ab-
solute value of the velocity ratio, the spreading rate of a

wakej (e.g., at C) is greater than that for a jet. The fact that
Fig. 2 is not symmetric about the origin thus demonstrates
that a jet cannot be regarded simply as a negative wake, even
in free, incompressible flow.

The discussion so far has centered mainly upon simple,
axisymmetric jets and wakes; even for these, it has become
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Fig. 1 Conventional blockage assumptions.

JNote that, in order to show continuity of the curve through the
origin, L/x has been assigned negative values for wakes.
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Fig. 2 Growth characteristics of axisymmetric jets and wakes.

clear that the application of blockage corrections to powered
models is no longer straightforward. In high lift testing, fur-
ther complications are added, such as unconventional nozzles,
including jet flaps; jets inclined at large angles to the flow;
thick, viscous wakes in proximity to jets; etc. Tunnel floor
skin friction, compared with the situation during calibration,
is also highly modified when a moving ground is needed
during ground effects testing. The chances appear slim for ex-
tending conventional blockage corrections successfully under
conditions such as these.

C. Direct Method for Blockage Estimation
It is evident that a blockage correction method is needed

which is direct in the sense that all of the complications above
can be accommodated without specific attention to detail. The
possibility of determining blockage experimentally is
therefore considered.

If it were practical, a velocity and total pressure survey
could be made in the entire working section, and a detailed,
equivalent theoretical blockage body could be constructed,
centered about the various wake and jet centerlines emanating
from the model and with the equivalent jet cross sections
being of negative area. A detailed image system would then
provide not only the mean blockage effect, but also its
distribution across and along the working section. Such a
system is, of course, neither practical nor necessary. First, a
mean effect is generally sufficient, and, second, com-
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prehensive pressure measurements are not required because
wall static pressures reflect equivalent information, provided
they can be measured and properly interpreted.

Perhaps the most obvious place for wall static pressure
measurements is in the same cross-sectional plane as the
model (see "M" in Fig. 1). These are probably necessary to
estimate solid or bubble blockage effects, but are not required
for the viscous-wake-related blockage effects which will be
treated in the present paper.

At some distance downstream from the model, the only
significant model-induced flow effects (other than blockage)
at the tunnel walls are due to the trailing vortex system. This
induces components normal to the mainstream direction
which affect wall static pressures very little. In many tunnels
the breather slot is situated at an appropriate station and, in
fact, defines this mean static pressure. Positive blockage is
then felt as an above atmospheric absolute pressure at
working section entry (2 in Fig. 1). This is readily measureable
on most tunnel systems using the working section entry
piezometering.

The correction to dynamic pressure is then obtained as
follows: mainstream volume flow at "2" (Fig. 1) =
VCAL^T and mainstream area opposite to breathers =
AT — (Ql VCAL ) » where Q is the total source strength between
"2" and the breather. Hence, opposite to the breather

AT-(Q/VCAL) = VCAL (1)

giving &Cp2=2Q/ATVCAL to first order, where ACp2 is
measured, blockage-induced change in static pressure coef-
ficient at "2" (Fig. 1), above the tunnel-empty (calibration)
condition. Using

VM=Vr + n-

we obtain

or
'CAL

— = n&Cp2 to first order

(2)

(3)

(4)

For wake contributions, experience has shown point sinks to
be successful, using n= !/z. For jets, we saw in the previous
section that larger values are implied by line-sink entrainment
effects. However, this effect is attenuated when the breather
or equivalent downstream measurement station is situated not
far aft of the model. Pending experimental evidence to the
contrary, n = !/z will be taken, giving the blockage correction:

—— = l/2t±Cp
Q

(5)

Since the above method relies upon measurements of far
upstream and far downstream conditions, the corrections ob-
tained apply only to streamlined flow wake blockage. Solid
body blockage and that due to bubble-type separations, not
detected by the present method, may be, obtained con-
ventionally. Work is currently in progress to determine these,
too, via analogous measurements of wall static pressures.

III. Tunnel Blockage Experiments

A. Wind Tunnel Model and Equipment
Figure 3 shows a 20 in. span, knee-blown jet flap wing

model tested at the Lockheed-Georgia Company. The model

FULLY

30 PRESSURE ORIFICES
PER SECTION

ADDITIONAL ORIFICES

"I IINSTRUNtNItU

n = 0.643 —

n = Q

_

1
• +P U

• +P •

_ _ _ _ _ __ _ _ _ _ __

+P k

.
• •*

<^
^rrrrm
SAMPLE POINTS
ONLY ON RIGHT

WING

s~^^S\s^\ S~

•

"-pr

( —

^A^

—

C/)
__ UJ

*j SEMI-SPAN
— > 10.00"

.2i—
— uj>%

UJ

—— yj
Z

_J

|

———— = ——————————

= A

/ PRESSURE
TUBES

SUPPLY

Fig. 3 The knee-blown flap (KBF) model.

was designed for basic studies at very high lift and is described
in detail in Ref. 10. Testing was carried out in the Research
Low Speed Wind Tunnel (see Fig. 4) and in the 23'Ax
16!/4 ft wind tunnel. The latter "free air" results and
test/analysis procedures are reported in Ref. 10. All of the
data in this section are derived from wing surface pressure
measurements and include estimated slat loads.

In the smaller tunnel, a moving ground was run at main-
stream speed to prevent floor separation at the higher lift
ranges. The model was centrally mounted. The tunnel was run
at a contraction pressure drop corresponding to 5 psf dynamic
pressure with working section empty. Only the side pressure
orifices were used at the working section entry and their
reading was recorded independently of the upstream value.

B. Test Results
Figure 5 shows a comparison between lift performance of

the KBF model in the small and large ("free air") wind tun-
nels. The excellent high lift capability of the model is also
evident. The fact that flow remained fully attached along the
entire CM = 5.8 curve testifies to the effectiveness of the slat.
Of the maximum "free air" lift coefficient of about 14, about
8.5 can be attributed to circulation lift. Under this condition,
the front stagnation point had moved back below the flap
knee.

In the smaller tunnel, the high lift results are marked by a
sudden rise in lift, starting at between 12 and 16 degrees of in-
cidence. It is in this range that the upper surface of the flap
swings through the vertical position, and it appears that the
jet flips forward, just above the moving ground, as illustrated
in Fig. 6. Forward moving jet fluid eventually escapes
sideways, around the edges of the floor pressure footprint,
creating considerable viscous losses and blockage. The
CMV =6.0 curve in the lower part of Fig. 7, which shows a
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——0— 42- BY 30-INCH TUNNEL
— x — 23 1/4- BY 16 1/4-FOOT TUNNEL

MOVING GROUND
(INTERCHANGES WITH
BLOWN GROUND)

INCIDENCE QUADRANT
(JOINED TO STING)

VARIABLE-HEIGHT
LIFT TABLE

Fig. 4 The Lockheed-Georgia 42 x 30 in. Research Laboratory wind
tunnel (conceptual sketch).

(MOVING GROUND)

a<14°, LOW Qj

//////////.
c*>14°, LOW <

HIGH CM a> 14°, HIGH

Fig. 5 Lift performance of the KBF model.

corresponding static pressure rise at working section entry,
confirms this explanation.

At lower incidences, it was evident that the jet sheet exerted
a strong pumping action on the working section flow. It was
necessary to reduce tunnel fan rpm quite appreciably in order
to hold speed under these conditions.

C. Application of Wind Tunnel Constraint Corrections
A significant difficulty in assessing the success of wind tun-

nel corrections concerns the separation of lateral (lifting) con-
straint effects from longitudinal (blockage) ones. Fortunately,
the upstream pressure measurements just described demon-
strate an obvious and easily recognizable example of wind
tunnel blockage. Nevertheless, to check the success of the
method, a suitable set of incidence corrections also must be
made.

Since the model is reasonably small (47.5% of tunnel width)
and employs uniform, full-span blowing, a conventional,
powered model incidence correction may be used. Thus

C
(6)

(7)

10 3020
a DEGREES

Fig. 6 Jet distortion by the wind tunnel floor.

40

(8)

(9)

Figure 8 shows the results of this procedure, applied to the
basic data of Fig. 5. The method is evidently quite successful.
The only significant exception occurs at CM =3. Here, closer
studies showed that the small tunnel results are inconsistently
high and are probably in error. It should be remarked that the
jet becomes sonic at the slot exit somewhere near CM = 3.

The success of the present wake blockage corrections (Fig.
8) is attributable to lack of significant bubble-type separations
under high lift conditions. Had these been present, the dif-
ferences between tunnels would have been even larger and the
above correction method would have removed only the
blockage effect associated with wake total pressure losses.

Moving Ground SimulationIV.
A. Basic Flows

In two-dimensional potential flow a wing experiences in-
creasing ground-image-induced, counter-to-mainstream flow
as the ground is approached or as circulation is increased.
This reduces the available lift below the free air value and
eventually a limiting value is reached (see Fig. 9 and Ref. 1).
Approaching the ground still closer, or by some means in-
creasing wing circulation, then yields decreasing lift until
counterflow nullifies the mainstream velocity and zero lift
results.

In three dimensions, the above effects are halved at the tip
and there follows a tendency for the span load shape to flat-
ten. The action of the trailing vortex system tends to oppose
this trend.
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Fig. 7 Measured static pressures at working section entry (small tun-
nel): side wall orifices only.

It is obvious, and well known, that a wind tunnel fixed
ground experiences separation long before the above ten-
dencies can be measured; this has brought the moving ground
into use. Even with a moving ground, however, "separation"
can and should occur at sufficiently high lift (see Fig. 9, lower
part).

Figure 10(a) shows an experimentally observed flow, using
the model described in Sec. Ill situated above a moving
ground. The figure combines the results of surface pressure
measurements and flow visualization of several kinds. It is
evident that, even with a moving ground, a trapped vortex oc-
curs. Figure 10(b) shows that the mechanism of ground-
induced lift loss is via undersurface suctions induced by this
vortex. With a fixed ground (0% belt speed), the loss is greatly
magnified by premature separation. In this high lift regime a
moving ground is evidently necessary in order to position the
ground stagnation points correctly so that proper un-
dersurface interference occurs. Any device designed to replace
a moving ground must also have this property.

Though it is not currently possible to theoretically in-
vestigate viscous flows with a trapped vortex, a quite extensive
investigation was made into prestagnation boundary-layer
flows' so as to provide a better understanding of the problem.
Figure l la shows calculated displacement thickness beneath
an idealized horseshoe vortex situated above a fixed ground.
Lift is almost sufficient to precipitate separation. The strong
fore-aft symmetry of the displacement surface is quite
remarkable and is caused by a corresponding fore-aft sym-
metry in the ground pressure distribution (which is typical),
coupled with an almost elastic response of the boundary layer
(at least at this low Reynolds number). Because of the fore-aft
symmetry of the boundary layer displacement surface, the
wing experiences increased local velocity and positive flow
cambering. However, it experiences very little incidence
change. This is perhaps contrary to expectation. At higher
Reynolds numbers, the aft thinning of the boundary layer is
more marked and some induced incidence effects should be
expected. Figure l ib shows the results of a similar com-

LARGE/SMALL TUNNEL CORRELATION

X 16 1/4-BY 23 1/4-FOOT TUNNEL. NO CORRECTIONS.
© 30- BY 42-INCH TUNNEL. NO CORRECTIONS.
Q SMALL TUNNEL, WITH WALL AND BLOCKAGE CORRECTIONS.

(EQN 3.2)

TOP OF FLAP VERTICAL

TOTAL LIFT 9
COEFFICIENT

12 16 20 24 28 32 34
INCIDENCE - DEGREES

Fig. 8 Large/small tunnel comparison: effect of wall and blockage
corrections.

putation for a moving ground boundary layer. Though the
physical thickness is, of course, positive, the displacement
thickness is now negative. This is because the belt moves
faster than the flow immediately above it (which is retarded
by the action of the bound vortex) and consequently entrains
air via viscous action. The effect is automatically greatest
where the static pressure maximized and can be thought of as
self-optimizing boundary-layer control. Once again, fore-aft
symmetry occurs in the displacement surface and there is little
incidence change induced at the model. For the moving
ground, however, the effective velocity at the model is
reduced (slightly) and negative flow cambering occurs. For
both the fixed and moving ground boundary layers, Fig. 11
shows that displacement thickness represents only a small por-
tion of model height, even at low Reynolds number.

B. Tangential Blowing as a Replacement for Moving Ground
In principle, a constant peak velocity, equal to mainstream

speed, could be maintained by using a series of slots blowing
tangentially along the wind tunnel floor. However, the use of

Table 1 Boundary-layer-induced velocities at model
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c,

1.0

2.0

.3.0

4.0

1.0

2.0

3.0

4.0

Fixed
Ground

Low Re*

+.0014

(S)

(S)

(S)

+.0123

(S)

(S)

(S)

High Re +

+.0010

-.0010

(S)

(S)

+.0065

+.0200

(S)

(S)

Moving
Ground

Low Re

-.0001

-.0001

+.0001

-.0017

-.0005

-.0125

High Re

+.0024

+. 0038

+.0047

-.0026

-.0005

-.0098

Blown
Ground

Low Re

+.0003

-.0004

-.0011

-.0012

-.0065

-.0180

High Re

-.0002

-.0009

-.0017

-.0014

-.0065

-.0183

*Re = 0.35 X 106 +Re = 9.86 X 106 (S): Separated
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Fig. 9 Lift reduction by the ground image of a bound vortex.
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Fig. 10 Formation of a trapped, underwing vortex.

a single properly sized and positioned slot is more desirable. A
series of theoretical calculations was therefore made1 to
provide a baseline for experimental studies.

Figure 12 includes the geometry of a possible ground
tangential blowing scheme designed for use with the KBF
model. It will be noted that the peak velocity remains fairly
constant for some distance fore and aft of the model position.
However, the velocity profile differs markedly from that for a
moving ground and, in fact, has about sixteen times the
(negative) displacement thickness of the corresponding
moving ground boundary layer. Whether this matters can be

6*
FEET

.FIXED GROUND CL = 0.95 x SEPARATION VALUE = 1.74

-1.0 -.8 -.6 -.4 -.2 0 .2 .4 .6 .8 1.0
X FT

SEMI-SPAN = 1 FOOT HEIGHT = 0.337 FEET

MAINSTREAM = 159 FT/SEC

Fig. 11 Calculated boundary-layer displacement thickness on fixed
and moving grounds.

-̂ | VELOCITY PROFILES
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OUTER SURFACE
OF JET LAYER 0 50 100 -FT/SEC

0.067"
300̂  291 FT/SEC

200"
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•DISPLACEMENT
SURFACE
PEAK = - 1.53"

TANGENTIAL BLOWING
/PEAK VELOCITY

MOVING
' GROUND SPEED

Fig. 12 Application of ground tangential blowing at CL - 4.0.

determined by calculating displacement effects but ultimately
must be decided by experiment. Table 1 summarizes
calculated values of boundary-layer displacement-surface-
induced velocities, at the model, for three varieties of
simulated ground. The large disparity in displacement
thickness is not reflected in the displacement-surface-induced
velocities because the model-induced changes in displacement
thickness are similar for moving ground and tangentially
blown boundary layers. The latter have a large, constant com-
ponent of displacement thickness. The results shown in Table
1 were sufficiently encouraging for confirmatory ex-
periments, extending into the post-separation CL range, to be
undertaken.

C. Tangentially Blown Ground Experiments
Individually controlled tangential blowing slots were con-

structed in the floor of the 30x42 in. wind tunnel. Suitable
static and skin-friction instrumentation permitted checks to
be made against theoretical predictions. Slot blowing
velocities were calculated using the equation:

(10)

where N is a constant determined from wall jet calculations to
lie in the range 2 < 7V< 3.
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Fig. 13 Effect of ground tangential blowing on wing lower surface
pressures. Cu ̂  = 3.0, a = 0°.r V '

MOVING OR TANGENTIALLY
BLOWN GROUND REQUIRED

FIXED GROUND
ACCEPTABLE

_J
.2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

FLAP TRAILING EDGE HEIGHT - HTE/C
Fig. 16 Boundaries for the use of a tangentially blown floor: wing
lift critical.

a) h = 3" b). h = 4"

0 1.0 2.0 3.0 1.0 2.0 3.0

Fig. 14 Local lift coefficients for various ground simulation
techniques, r/ = 0.643.

Fig. 15 Distortion of jet exit plane pressure distributions in ground
effect, VjlV^ =5.0.

Experiment showed that, for most conditions of interest, a
slot two chords ahead of the quarter-chord line was optimum.
Figure 13 shows typical underwing pressure distributions
for various N values and for fixed and moving ground con-
ditions. It is clear that proper flow conditions are achieved
with the ground tangentially blown, even with a trapped vor-
tex present. Extensive additional tests confirmed these results
over ranges of model height, blowing level, and slot gap and
position.2 Figure 14 shows local lift coefficients correspon-
ding to the 7^=0.643 curves of Fig. 13. These values exclude
slat loads, which were shown to be small for the present, zero-
incidence tests. The corresponding free-air total lift coef-
ficient (see Fig. 8) is approximately 5.5 at unit CM, rising to
8.6 at CM = 3. A detailed study over this range2 for h = 3 in.
shows that fixed ground lift erroio may be reduced from as
much as - 1.5, in CL, to ±0.2 by the use of floor blowing

MOVING OR
TANGENTIALLY-
BLOWN GROUND
REQUIRED

Fig. 17 Boundaries for the use of a tangentially blown floor: jet lift
critical.

with N=3. At 4 in. altitude (one nominal chord) a similar ef-
fect is observed with TV =2, 3, or 4.

As a point check on the wider applicability of the floor
tangential blowing scheme, limited tests were carried out on a
model with a 1.75 in. diam. round jet exhausting vertically
from the bottom of a 2.75 in. wide fuselage.2 Figure 15 shows
that, even under quite extreme conditions, the errors due to
ground separation are likely to be much less than previously.
In fact, there was no measurable ground effect when
Ujd/U^H was less than 1.25. Between 2.5 and 5 tangential
blowing was decreasingly successful, and beyond this it ap-
pears that a moving ground should be used. However, this ex-
treme condition would occur very rarely during routine
testing.

The following equations summarize floor tangential
blowing requirements found during experiments described
previously. The quoted C^ values are defined two-
dimensionally. Experiments with reduced-width moving belts
show that slot widths need not exceed model span.

1+N
r 2 ^
^-]

27T J
(H)
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POSSIBLE POSITION
FOR ADDITIONAL

40% C x 5 FT NOM
CHORD

16.25 FT

SLOT DETAIL

Fig. 18 A tangentially blown wind tunnel floor for the Lockheed-
Georgia 23V4 x l6l/4 ft wind tunnel.

With ground separation present

Cfdol=0.088-(C(li-3.5)

For a round jet
I =0.027C(hS lot '/?

(12)

(13)

where Cf = Cec/h and / is slot height
Where N=2, Eqs. (11) and (12) indicate very similar slot

blowing requirements. As both are supported by experimental
results, this gives confidence in the soundness of the un-
derlying theory for predominantly attached ground flow.

D. Operating Boundaries for Ground Effects Testing
Though many V/STOL configurations have generally

similar ground flow patterns at high lift, the range of con-
figuration variables is too large for more than a general in-
dication of operating boundaries to be given. On the basis of
tests described previously wing-dominant and jet-dominant
cases may be identified, however. Figures 16 and 17 show the
respective boundaries deduced from test observations.

V. Application
A. Wind Tunnel Blockage Constraint Measurements

These measurements are basically straightforward,
following the lines set out previously. In cases where tunnel
breathers are not situated at the downstream end of the
working section, it is suggested that pressures should be
measured at an equivalent cross section. These should be on
the vertical walls only, with possibly three orifices per wall. A
more comprehensive set of orifices is currently being mounted
in the Lockheed-Georgia Research Laboratory wind tunnel.
Some of these are distributed along the working section length
and will be used in connection with car testing.

In the Research Laboratory wind tunnel, "corrected q"
running capability is now provided without resort to a digital
computer. Since the corrections of Eqs. (4) and (5) are simple
functions of measured pressures, it is relatively straight^
forward to set up an analog circuit to provide a "corrected q"
reading at the tunnel console.

Although a relatively simple form of lateral constraint
correction was used previously, larger or more complicated
models generally will not permit this. In such cases, care may
be needed to avoid overlap between calculated and measured
constraint corrections.
B. Moving Ground Simulation

Though the present results permit estimation of ground-
blowing CM's over a fairly wide range of conditions, it is not
very desirable, from an operational standpoint, to attempt
pre- or real-time calculations of slot blowing pressure. Figure
18 shows a more practical scheme, in which floor boundary

layer rake measurements are employed to set a blowing
pressure which gives the correct velocity maximum (i.e., equal
to mainstream). This particular arrangement was designed for
center-tunnel testing in the Lockheed-Georgia Research Low
Speed Wind Tunnel and has been employed there in two-
dimensional tests. The blowing position above the model is
aimed at avoiding roof separation where the static pressure
recovers to the freestream value. Since the pressure gradients
concerned are likely to be very similar to those on the floor
ahead of the model, it appears reasonable to use an identical
slot and tee into a common supply.

The requirement for most center-tunnel testing is to prevent
tunnel floor separation, rather than size a trapped vortex
properly (see Fig. 10 and Section IV). In such cases, the in-
strumentation could probably be reduced safely to Preston
(skin-friction measuring) tubes or even wool tufts.

VI. Conclusions
1) Wind tunnel blockage corrections for streamline flow

may be estimated via wall static pressure measurements at
working section entry and exit using simple relationships [see
Eqs. (4-9)]. The method does not allow for solid or bubble-
type wake blockage effects.

2) The method has been applied successfully in jet-flapped
model tests up to a lift coefficient of fifteen and a blowing
momentum coefficient of six, with attached flow.

3) Pitching moment corrections may reflect blockage
gradient; this topic requires further work.

4) Under most circumstances ground effects testing may be
successfully accomplished using tangential blowing at the
floor to replace a moving ground. The method has been ap-
plied successfully in jet flapped model tests, at an altitude of
3A chord, well into the flow regmine in which a trapped un-
derwing vortex is present with a moving ground. Success was
also achieved with a round lifting jet model.

5) Both methods are simple to apply and each complements
the other. It is conjectured that, once deeper insight is gained
into bubble-separation blockage and into pitching moment
aspects, they will permit larger models to be used in existing
hard-walled wind tunnels than previously could be tested with
confidence.
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