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Slotted-Wall Blockage Corrections for Disks and Parachutes
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and
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Bluff shapes, including parachutes, often require large blockage corrections when tested in solid-wall wind
tunnels. The magnitude of the correction is much smaller in test sections with slotted walls, but the blockage
becomes a complicated function of model size, wall porosity, and upstream and downstream boundary condi-
tions. Disk and parachute models were tested in a low-speed wind tunnel where the slotted-wall open area ratio
and model axial position were systematically varied. In steady flow, the benefit of the wall slots was achieved
asymptotically as the models were moved downstream from the leading edge of the slots, and this flow develop-
ment length increased with decreasing wall porosity and increasing model size. The experiments with the
parachutes provided the first quantitative information on wall interference and tunnel circuit response during
the nonsteady inflation process. There was no observable blockage effect during the inflations with any of the

slotted-wall configurations studied.

Nomenclature
A =tunnel cross-sectional area
€, =drag coefficient in steady flow
Cp =peak value of Cp, for an inflating parachute
q =test section dynamic pressure
S =model frontal projected area
S, =constructed area of a parachute canopy
X =model axial position
8,  =diffuser flap setting
Subscript
oo =free of wall interference

Introduction

LUFF bodies, in general, and parachutes, in particular,

often require large blockage corrections when tested in
conventional solid-wall wind tunnels. The semiempirical
correction method developed by Maskell! has been success-
fully applied to a variety of rigid shapes whose aerodynamics
is dominated by a region of separated flow. In a recent ex-
perimental study,? this method was extended to flexible, cloth
parachutes of standard design under steady-flow conditions.
Typically, the uncorrected drag coefficient of a parachute pre-
senting a geometric blockage of 10% (i.e., $/4=0.1) in a
solid-wall test section can be in error by up to 30%. The
relatively large dimensional tolerances associated with fabric
construction and the requirement to replicate elastic properties
place a practical limit on the miniaturization of model
parachutes. As a result, it is often impossible to observe even a
modest upper limit on geometric blockage, except in very large
wind tunnels.
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While Maskell’s method was shown to accurately correct
parachute drag and base-pressure coefficients at geometric
blockages as high as 22%, there are occasions when it is
desirable to reduce the severity of test-section boundary ef-
fects. One example is the measurement of the pressure distri-
bution over both the attached- and separated-flow regions of
the canopy. Because the wall-induced interference velocity
varies over the length of a model, local pressure coefficients
require corrections based on local flow conditions if the
boundary effect is large. Maskell’s method provides only an
average correction to the flow in the vicinity of the model.
Furthermore, the empirical factor derived in Ref. 2 for the
Maskell equation may not be appropriate for all types of
parachutes. If parachutes could be tested under boundary-
constraint conditions less severe than those imposed by solid
walls, the resulting smaller correction would demand less ac-
curacy from whatever correction method was used.

The possibility of using ventilated walls to minimize bound-
ary interference derives from the earliest theoretical studies
comparing solid-wall to open-jet test sections. Many of the in-
terference effects are of opposite sign for these two extreme
geometries; hence, by using a partially open tunnel, it is possi-
ble to reduce, or even eliminate, some aspects of boundary in-
terference. Reference 3 gives a comprehensive summary of the
theoretical treatment of subsonic wall interference for both
slotted and perforated walls. The subsequent development of
transonic test sections using ventilated walls for both Mach
number control and shock wave cancellation has continued to
encourage the pursuit of a general theory of the ventilated-
wall boundary condition.**

Past studies of slotted-wall blockage have dealt almost ex-
clusively with streamlined shapes because they represent the
bulk of testing activity. An exception is the experimental and
analytical investigation of boundary corrections for models of
semibluff road vehicles reported in Ref. 6. Since a truly bluff
shape is inherently more difficult to analyze even in the
absence of tunnel walls, practical information about the ef-
fects of slotted walls on the measured aerodynamic character-
istics of parachutes can be obtained only by experimentation.
For conventional parachutes with axial symmetry, lift inter-
ference is usually not a factor; only the blockage interference,
which stems from the velocity increment and gradient in the
vicinity of the model, need be considered. Although most
parachute testing in wind tunnels consists of steady-flow
measurements on models of fixed geometry, it is sometimes
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Fig.1 Sketch of the DSMA 0.72- X 0.;72- X 2-m-long test section.

necessary to measure time-dependent forces and pressures as a
parachute inflates.”® During inflation, the projected area of
the model changes rapidly and the instantaneous drag reaches
a peak that may be twice the fully inflated, steady-flow value
because of the effect of the added mass of air. The nature of
wall interference during the inflation process has not been pre-
viously addressed in the literature.

This paper presents the results of an experimental study of
low-speed, slotted-wall blockage for bluff bodies, with em-
phasis on parachutes. Fundamental new information about
the effects of model axial position and wall porosity on steady-
flow blockage was obtained using rigid disk models. Addi-
tional measurements with model parachutes provide, for the
first time, quantitative data on solid- and slotted-wall block-
age during the nonsteady, inflation process. Changes in total
and dynamic pressure caused by the rapidly increasing drag of
an inflating parachute are also presented and discussed. The
study gives guidance for the optimum use of slotted-wall wind
tunnels when testing parachutes or other bluff objects.

Experimental Apparatus and Procedure
Wind Tunnels

The experiments were done primarily in the closed-circuit
DSMA wind tunnel with the 0.72- X 0.72- X 2-m-long test
section shown in Fig. 1. The adjustable flaps at the mouth of
the diffuser formed the flow re-entry section required for the
slotted-wall configurations. In the solid-wall configuration,
the flaps were opened a small amount to serve as the test-
section breather. Nominal wall open area ratios (OAR) of 0,
0.1, 0.2, and 0.3 were achieved by fitting panels of appropriate
width to a framework around the test section. Figure 2 shows
the details of the wall geometry, including the actual as-built
porosities. In this paper, the nominal OARs are used to iden-
tify the different wall configurations. The test section had cor-
ner fillets designed to compensate for the growth of the wall
boundary layer on the solid walls. The fillets remained in-
stalled with the slotted walls. The test section was surrounded
by an infinite-volume plenum consisting of the high-bay room
housing the wind-tunnel circuit.

It was anticipated that the loss of flow energy associated
with the sudden increase in drag of an inflating parachute
would decrease the velocity in the tunnel circuit. Such a
decrease would tend to obscure the true, blockage-induced
change in velocity in the vicinity of the model. To minimize

0.1-0AR
(ACTUAL=0.090)

[ElE €]

_ﬁ |<—‘i9——l FILLETS L ((ij?t%f—o 195)
e : =
By B v

= L

SLOT I

T

Bt

(ACTUAL=0.300)

ALL DIMENSIONS IN MILLIMETERS

Fig. 2 Sectional view of the DSMA test section at axial station
x/A=1.39. (Composite of the four wall configurations tested.)

this contamination of the wall-interference data, a set of
fabric and wire screens was added upstream of the fan section
to increase circuit losses and make the effect of the model less
apparent. In quantitative terms, the overall loss of total
pressure around the circuit, as a fraction of test section
dynamic pressure, was increased from 0.56 to 3.29.

Prior to the experiments in the DSMA facility, all of the
models were tested in the much larger 16- x 23-ft test section
of the Lockheed-Georgia wind tunnel. With a maximum geo-
metric blockage of only 0.0025, these initial tests provided
baseline data that were essentially free of wall interference and
changes in freestream velocity.

Models

The four disk models had geometric blockage ratios (S/A4)
in the DSMA wind tunnel of 0.02, 0.05, 0.10, and 0.15. Actual
diameters are listed in Table. 1. All disks were 0.125 in. thick,
with a rearward-facing, 45-deg chamfer around the periphery.
The three parachute models were of flat, circular design with
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Table 1 Reference data for the disk models

Diameter, in. S/A Cpw
4.52 0.020 1.168
7.15 0.050 1.166

10.11 0.100 1.161

12.39 0.150 1.158

Table 2 Reference data for the parachute models

Constructed Approximate

diameter, in. S/A Cpw ChHe
10.0 0.05 0.590 1.118
14.5 0.10 0.580 1.020
18.0 0.15 0.591 1.115

constructed diameters of 10.0, 14.5, and 18.0 in. The canopies
were fabricated from a lightweight (1.1 0z/yd?), impermeable
nylon cloth and were perforated with 0.375-in.-diam holes to
provide a geometric porosity of approximately 15%. Each
model had 12 suspension lines made from 60-lb-breaking-
strength Kevlar thread, with length equal to the constructed
diameter. The inflated diameters were approximately 70% of
the constructed diameters, giving values of S/A4 approximately
the same as for the three largest disk models. The reference
data for the parachute models are summarized in Table 2.

The models were supported in the test section using a con-
ventional sting and strut arrangement. The sting, which con-
tained an integral strain-gauge balance to measure the aerody-
namic loads on the models, could be translated in the strut to
permit the models to be positioned at any axial station. With
the parachutes, the sting passed through the center vent of the
canopy and the ends of the suspension lines were captured in a
special nose piece attached to the front of the sting, The same
sting was used with a taller strut in the Lockheed-Georgia
wind tunnel.

Test Procedure

Airflow conditions in the DSMA test section were deter-
mined from measurements of total and dynamic pressure near
the exit of the contraction section. The pitot tube and wall ori-
fice, whose locations are indicated in Fig. 1, were close cou-
pled to a pair of low-volume pressure transducers. This ar-
rangement was necessary to measure the rapidly changing
conditions during the inflation of the parachute models. A
simple but reliable method was used to initiate the inflations.
Before starting the tunnel, a lightweight line was tied tightly
around the suspension lines and sting just upstream of the
parachute’s skirt and routed back to the strut and down to a
weight suspended below the test section. With the desired flow
conditions established, the suspended weight was released,
thus undoing the slip knot and allowing the parachute to in-
flate.

Airspeed in the DSMA wind tunnel was adjusted to give the
same steady-flow drag force that had been measured at the
Lockheed-Georgia facility. This approach insured that all
measurements for a given model were made at the same cor-
rected dynamic pressure, regardless of the wall configuration.
As a result, there were no variations in Reynolds number and,
in the case of the elastic parachutes, no variations in inflated
shape that could obscure the wall-interference effects. The
nominal corrected dynamic pressure was 10 psf, yielding cor-
rected Reynolds numbers based on model projected diameter
in the range 2.4 X 10°-6.5 x 10°,

Measurement Accuracy

The absolute accuracies of the measurements were deter-
mined to be +0.1 psf for pressures and +0.05 1b for model
drag. The propagation of uncertainties in the calculation of
the drag coefficient from these measurements was estimated
using the method of Kline and McClintock (see, e.g., Ref. 9).
For the smallest disk model (i.e., S/4 =0.02), the worst case

J. AIRCRAFT

uncertainty was +2%; for the largest disk and parachute
models (S/A =0.15), the uncertainty was less than +1%.

Discussion of Experimental Results
Model Location and Diffuser Flap Setting

Before presenting specific test results, it is instructive to
summarize the observed effects of model axial position on
slotted-wall blockage. A model located at the start of the test
section experienced a solid-wall type of blockage with the
measured Cp, too large. As the model was moved downstream,
outflow through the slots ahead of the model relaxed the wall
constraint and the uncorrected Cp decreased. If the test sec-
tion was long enough for a particular size model, a region was
reached where the slot. flow was fully developed and Cj, was
independent of positon. Model size and wall porosity together
determined the distance required to establish this constant-
blockage region. With the model downstream from the
constant-blockage region and approaching the end of the test
section, there was no longer sufficient slot length behind the
model to allow inflow without incurring a streamwise static
pressure gradient. The geometry at the mouth of the diffuser
strongly influenced the nature of the pressure gradient, as dis-
cussed in the following.

With slotted walls, the portion of the flow displaced by the
model wake remained outside of the test section. Some means
had to be used to direct this fluid into the diffuser while mini-
mizing the streamwise static pressure gradient in the test sec-
tion. In the present tests, the re-entry section consisted of an
adjustable flap on each of the four walls at the mouth of the
diffuser, as shown in Fig. 1. If the flap setting &, was too small
for a given size model and wake, a negative pressure gradient
existed in the aft portion of the test section; conversely, if ¢
was too large, a positive pressure gradient occurred. In either
case, an appropriate buoyancy correction would be required
(in addition to the blockage correction) if the model was
located too near the end of the test section. This complication
was avoided only by restricting model placement to locations
upstream of the region of re-entry flap influence. Conse-
quently, a flagrantly incorrect flap setting would severely
shorten the usable length of the test section.

Disk Blockage

Drag coefficients for the disk models measured in the
Lockheed-Georgia wind tunnel and corrected for the nearly
negligible, solid-wall blockage using the method of Maskell!
are listed in Table 1 under the heading Cp,,. Although the var-

- iation in Cp,, among the four models is nominally within the

estimated measurement uncertainty, it may include slight in-
fluences of Reynolds number and the interference from the
constant-diameter sting support.

For each slotted-wall OAR in the DSMA wind tunnel, the
sensitivity of Cp to model axial location and the setting of the
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Fig. 3 Effect of re-entry flap setting for the /4 =0.1 disk with the
0.3-OAR wall configuration.
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location for the 0.1-OAR wall configuration.
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Fig. 5 Disk blockage correction as a function of model size and axial
location for the 0.2-OAR wall configuration.

diffuser re-entry flaps was determined using the S/4=0.1
disk. Results for the 0.3-OAR wall are shown in Fig. 3. The
blockage correction (i.e., the measured Cp, normalized by Cp,,
for that model) is plotted as a function of nondimensional dis-
tance from the upstream end of the test section x/v'A and flap
setting d,. The downstream end of the test section is at
x/NA=12.78. The curve illustrates that the negative pressure
gradient associated with the smallest flap setting of 1 in.
caused a significant increase in Cp as far forward as the mid-
dle of the test section. On the other hand, Cp, was insensitive
to flap position for 3 in, <8,<5 in. as far aft as x/vA4=1.73.
Based on these data and additional results for the 0.1- and 0.2-
OAR walls, it was determined that 6,=4 in. was a near-
optimum setting for all of the disk and parachute models, and
x/\A=1.39 (i.e., the center of the test section) was the aft-
most model location for measurements to be reasonably unaf-
fected by the downstream termination of the slots,

Figures 4-6 present the variation of disk blockage correc-
tion as a function of axial position and model size for each of
the three slotted-wall configurations, with 8,=4 in. Compar-
ing these figures shows that the slot-flow development dis-
tance increased as the wall OAR decreased for a given size
model. This trend is especially apparent for the two largest
disks. It is also clear from the figures that the development dis-
tance increased with increasing model size. In the case of the
0.1-OAR wall, the test section was sufficiently long to achieve
the full benefit of the slots for only the smallest disk. With the
0.2-OAR wall, asymptotic values of Cp were achieved for
both the §/4=0.02 and 0.05 disks. With the 0.3-OAR wall,
the test section was long enough for all but the largest disk.

The variation of disk blockage correction with model size
and wall OAR at the middle of the test section is summarized
in Fig. 7. The data for the solid-wall configuration are in ex-

Fig. 6 Disk blockage correction as a function of model size and axial
location for the 0.3-OAR wall configuration.
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Fig. 7 Disk blockage correction at the center of the test section as a
function of geometric blockage ratio and wall OAR.

cellent agreement with previous measurements using disks re-
ported in Ref. 10. Consistent with other analyses and experi-
ments reported in the literature for more streamlined shapes,
the interference effect on Cp, is opposite in sign for the solid
and slotted walls. Moreover, the magnitude of the required
correction is smaller by a factor of at least 5 for the slotted
walls. The dashed curve in Fig. 7 is an approximate, theoreti-
cal correction for an open-jet test section of the same dimen-
sions. The open-jet values were determined from the measured
interference with solid walls and the theoretical relationship
between closed and open test sections presented in Ref. 3. If
the test section had been long enough to allow full develop-
ment of the slotted-wall flow for all of the OARs and model
sizes tested, the variation of Cp with increasing geometric
blockage would follow the trend exhibited by the open-jet
curve.

Parachute Blockage

Steady-flow drag was measured at the end of each of the
parachute inflation tests. Reference values of Cp,, obtained in
the Lockheed-Georgia wind tunnel and corrected for the very
slight blockage using the method suggested in Ref. 2 are listed
in Table 2. Drag coefficients for the parachute models are
based on the constructed area of the canopy §,.

All parachute testing in the DSMA wind tunnel was done
with the skirt of the inflated canopy located at the center of
the test section, x/vA=1.39, During those tests, it was
observed that the inflated shape of the 14.5-in.-diam
parachute was changing. Close examination showed that the
skirt of the canopy was sliding up some of the suspension lines
toward the vent, thereby decreasing the projected area. The re-
duction in inflated size was confirmed by the fact that the
measured drag coefficient in the presence of the solid wall was
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approximately 6% lower than expected based on Cp,, and the
blockage correction method of Ref. 2. Consequently, compar-
isons between the DSMA and Lockheed-Georgia data for this
model were excluded from the analysis. The steady-flow drag
data obtained in the DSMA wind tunnel for the other two
parachute models are summarized in Fig. 8. Since the frontal
projected areas of the inflated parachutes are not precisely
known, the geometric blockage ratio has been replaced by an
aerodynamic blockage ratio based on the interference-free
drag area, (Cp,,S.)/A. As expected, the steady-flow parachute
data show the same trend with OAR as observed for the disk
data.

Even with the additional pressure-drop screens installed in
the DSMA tunnel, a measurable decrease in test-section velo-
city occurred as the parachutes inflated. Within measurement
accuracy, the decrease was independent of wall OAR for the
two smaller models. Specifically, for geometric blockage
ratios of 0.05 and 0.10, the average losses in freestream
dynamic pressure were 1.2% and 2.9%, respectively. For the
largest model (S/A4=0.15), the drop in dynamic pressure
decreased slightly from 6.4 to 4.9% as the wall OAR increased
from 0.0 to 0.3. The dynamic aspects of these changes in test-
section conditions during the inflation event are discussed in
the following paragraphs.

Figure 9 displays the direct instrument outputs for the larg-
est parachute (S/A4 =0.15) inflating in the presence of the solid
walls. The decrease in test section dynamic pressure occurred
simultaneously with the increase in model drag. At the instant
when the peak drag was reached, the dynamic pressure had
realized approximately one-half of its eventual decrease. The
lowest trace shows that test-section total pressure increased
during the inflation, and examination of the reduced data in-
dicates that a significant increase in static pressure of
Ap,/q=0.33 occurred. Since this change in static pressure
could not have occurred simultaneously over the length of the
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Fig. 8 Steady-flow parachute blockage correction as a function of
aerodynamic blockage ratio and wall OAR.
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test section, it must be assumed that the measured drag of the
model was affected to some unknown degree by a time-
varying, horizontal buoyancy force. Figure 10 presents results
for the same model, but with the 0.2-OAR slotted walls. The
significant effect of the ventilated test section was to delay the
changes in total and dynamic pressure until after the para-
chute had completely inflated. Consequently, drag measure-
ments during inflation with the slotted walls were not subject
to the buoyancy force present with the solid walls. The even-
tual decrease in total pressure shown in Fig. 10 is consistent
with the constant static-pressure environment provided by the
surrounding plenum.

A quantitative assessment of the influence of the test-
section walls on the inflation event can be made by examining
the peak drag as a function of wall OAR for each of the model
sizes. In Fig. 11, the peak value of the drag coefficient Cp nor-
malized by the peak interference-free value Cp,, (measured in
the Lockheed-Georgia wind tunnel) is plotted as a function of
the steady-flow aerodynamic blockage ratio and wall OAR.
Each of the symbols in the figure represents an average of sev-
eral repeated inflations. The scatter in the data for a given
model and wall configuration caused by the random nature of
the inflation process was approximately +6%.

The solid-wall data in Fig. 11 marginally suggest a positive
correlation between model size and Cp. Comparing this result
to the large solid-wall blockage for the steady-flow condition
(recall Fig. 8) suggests that a finite time, greater than the ap-
proximately 100 ms taken to reach peak drag, was required for
the full effect of the walls to be felt by the model. However, it
must be kept in mind that Cjp is based on the dynamic pressure
that existed at the start of the inflation; it may be appropriate
to adjust the coefficient upward by a few percent to account
for the subsequent decrease in dynamic pressure depicted in
Fig. 9. Even so, the true solid-wall blockage would remain in-
separable from the undetermined, nonsteady buoyancy force.
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Fig. 10 Drag and freestream pressure during inflation of the
S/A4 =0.15 parachute with the 0.2-OAR slotted walls.
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In the case of the slotted-wall data presented in Fig. 11, the
values of Cp are subject to neither a decrease in dynamic
pressure nor the complication of a buoyancy force. Within the
scatter inherent in the random nature of the inflations, there
was no detectable blockage effect on Cp for any of the slotted-
wall configurations.

Summary and Conclusions

An experimental study of slotted-wall blockage was per-
formed using disk and parachute models in a low-speed wind
tunnel. Test-section open area ratio, model geometric block-
age ratio, and model location along the length of the test sec-
tion were systematically varied. Resulting drag coefficients
were compared to each other and to interference-free measure-
ments obtained in a much larger wind tunnel where the geo-
metric blockage ratio was less than 0.0025.

The steady-flow disk data provide new insight into the
nature of slotted-wall interference for axisymmetric or other
low aspect ratio bluff shapes. Specifically, the test results sup-
port the following conclusions.

1) The geometry of the displaced-flow re-entry device at the
downstream end of the test section could significantly in-
fluence model drag as far forward as the middle of the test sec-
tion, depending on model size and wall OAR.

2) The full benefit of the slots was achieved asymptotically
as the model was moved downstream from the leading edge of
the slots, and this development length increased with decreas-
ing wall OAR and increasing model size.

3) The interference effect on drag coefficient was opposite
in sign for the slotted and solid walls, and the magnitude of
the required correction was smaller by a factor of at least five
with the slotted walls.

The experiments with the parachute models have provided
the first quantitative information on tunnel circuit response
and wall interference during the inflation process. The follow-
ing additional conclusions pertain to these dynamic effects.

4) In the case of the solid walls, dynamic pressure decreased
and static pressure increased during inflation. It is conjectured
that the pressure change at the measurement location was ac-
companied by a nonsteady static-pressure gradient in the test
section, producing a horizontal buoyancy force of undeter-
mined strength.

5) With the slotted walls, the decrease in dynamic pressure
occurred after the parachute was completely inflated. A con-
current decrease in total pressure confirmed that the static
pressure in the test section remained constant and equal to the
pressure in the surrounding plenum.
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6) The time-dependent drag data with the solid walls mar-
ginally suggest an increase in peak drag coefficient with in-
creasing blockage ratio. The observed increase in Cp was the
result of the combined effects of conventional solid-wall
blockage (albeit, with an undetermined time lag), the decrease
in velocity caused by increased energy loss in the circuit, and
the nonsteady static-pressure gradient within the test section.

7) Within measurement accuracy and subject to the random
nature of the inflation process, there was no discernible wall-
interference effect on Cj for any of the slotted-wall configu-
rations.
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