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RESEARCH MEMORANDUM

AN INVESTIGATION OF THE DRAG CHARACTERTSTICS
OF SPEED BRAKES FOR MACH NUMBERS
FROM 0.20 TO 1.30

By Allen R. Vick
SUMMARY

Drag characteristics of a series of aerodynamic speed brakes have
been Investigated over a range of stream Mach numbers from 0.20 to 1.30.
The effects of brake deflection angle and aspect ratio, of brake chord
relative to boundsry-layer thickness, and of Mach number are shown in
the form of design charts. It is shown that for all asvpect ratios the
g{fﬁLEEEEEEEi§nt is strongly dependent on the xratlos of brake chord and
brake projected height to tgg%éggggggg:ggggngxgnkness. The brake drag
coefficient wagyﬁaFE‘aependen on boundary-layer thickness at small
deflection angles than at large deflection angles. The drag coefficient
obtained in the presence of & small amount of boundary layer was gener-
ally greater than that obtained with a comparsable flat plete in a uniform
stream. Minimum drag coefficient almost elways occurs for brakes with
aspect ratios of approximately 2. Additional tests with side plates
added to the brakes show that for most conditions higher drag coefficients
mgy be obteined by the use of side plates.

INTRODUCTION

Aerodynamic braking of slrcraft for many years was used only as a
means of limiting velocity in a dive or to reduce the landing approach
speed. As aircraft speeds have increased, changing fighter tactics have
increased the demand for rapid deceleration, and new applications in the
Torm of control devices for missiles and aircraft have appeared. ‘though
the problem of aerodymamic braking at high speeds is not entirely new,
only a limited amount of dats is available and no systematic study has
appeared. In reference 1, & summary of available low-speed data is vpre-
sented for a wide variety of brakes, but only a small percentage of these
data is suitable for fuselsge applications because the brakes used were
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generally of high espect ratio (equal to or greater than 2). A study
of high-drag devices gprlicable to missile recovery is presented in
reference 2 for Mach numbers up to 5.0; however, very little test data
gre presensed. Most of the data available from tests of fuselage-~type
braxes are restricted to specific develormental programs. Attempts to
correlate existing date heve been unsuccessiul due to lnadequate infor-
mation about individuel tests.

The present investigation was initiated to provide a systematic
study of the effects of certain georetric psrareters on the transonic
drag characteristics of deflected braxes, Test data are presented over
& Mach nuniber range from 0.20 to 1.30 with the corresponding Reynolds

nuriber per inch verying from 0.1 X 106 to 0.6 X 106. Brekes of aspect
ratio 0.25, 0.50, 1.00, 2.00, and L.00 were tested at several deflection
angles varying from 15° to 90°. Other veriables investigated included
the ratios of breke height and brake chord to wall boundary-layer
thickness. These datse have been cross-vlotted end ere presented in a
series of design charts.

SYMBOLS
A aspect ratio, W/R
Cp brake drag coefficient, D/qS
D total drag, 1b
H projected heignt of brske, i=n.
M free~streamxr Mach number

free-siream dynamic pressure, pUO?/E, lb/sq 't

R redius (chord) of brake, in.

s brakze projected area, WR sin a, sq in.
U velocity within boundary layer, ft/sec
Uo free-strear velocity, ft/sec

W width of brake (span), in.

o brake deflection angle, deg
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5 boundery-layer thickness at %L = 0.95, in.
(o)

s} density, slugs/cu i
APPARATUS AND METHOD

The transonic tunnel used in this investigation was a continuous
operation, nonreturn system with a slotted test section h% by 6% inches
in cross section end 17 inches in length. (See fig. 1.} The test sec-
tion was slotted in one wall only. A chanmber beneath the slotted bottom
floor was connected to & vacuum pump, and Mach numbers above 0.95 were
obtained by regulating the chanber pressure with the tumnel total pres-
sure remaining constant. The top wall of the tumnel was solid with a
circular cutout into which a force dynamometer was mounted. All models
therefore projected downward from the top of the tunnel. Surveys of the
tumnel flow along the solid wall (reflection plane) heve shown negligible
pressure gredients in the region In vwhich the models were mounted.

Models were of identical basic construction; they consisted of
1/16-inch-thick flat plates attached to a 1/8-inch-diameter rod which
was inserted in the force-dynamomeier support sleeve. The models tested
varied in aspect ratios from 0.25 to 4.00 with deflection angles verying
from 15° to 90°. The brake deflection engles, the radii, the heights,
and the corresponding aspect ratios of the models tested in this inves-
tigation are given in table I. Also shown in table I is a generslized
sketch defining the various symbols used to identify the models. A few
models of solid construction (closed sides) were tested to determine the
effects of side plates. A clearance gsp of 0.004 inch was maintained
between the models and tunnel wall. All models were elined perpendiculsr
to the flow.

The force dynamometer was of the floating-body type and is shown in
the photograph in figure 2. Basiecally, it consists of a floating body
supported by two flat cantilever springs. All streamwise loads applied
to the models are transmitted directly to an unbonded strain-gage element
whose output was fed into a continuously recording potentiometer. The
bese of the force dynamometer was inserted in a circuler cutout in the
top wall of the tunnel so as to be flush with the surface. The floating
part of the balance was insulated electrically from the tunnel, and a
light was installed to warn of any contact between the balance and sur-~
rounding structure. Meximum movement of the floating body for full strain-
gage deflection was 0.0015 inch. The unbonded strain gage was mounted
on & water-cooled pad in order to maintain the gage at a constant tempera-
ture. Continucusly recording potentiometers were also used to record
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siream pressures requlred to compute Mach number. Base pressure measure-
ments were obtained by placing a single total-pressure probe aporoxi-
mately 1/32 inch dowvnstream of, and in the epproximate geometric center
of, the speed brake. Pressure transducers were located close to the
meaguring voint to eliminate possible pressure lags. The speed, starting
at a Mech nurker of O, was increased slowly and data were recorded con-
tinuously. A time interval of spproximately 3 minutes was required to
obtain data over a Mach nurber range from 0.20 to 1.30. Check runs made
with decreasing speed showed only minor differences in the results.
Boundary-layer measurerents were obtalned from a veriical survey of the
total pressure distribution as obtained from a series of total-pressure
tubes located in the region where the models were mounted.

In order to obtain a reference from which to evaluate boundary-layer
effects, tests of a series of sting-mounted flat plates were conducted
in a larger itransonic tunnel (10- by 10-inch test section). Two walls of
this turnel were slotted and the models were sting supported on the tunnel
exis. Operation of this larger tunnel was identlical to that of the
smaller facility.

RESULTS AND DISCUSSION

Since most of the fuseleage-type speed braxes In use on existing
planes are located well back on the fuselage, these brakes generally
operate in a boundary layer 0F conslderable thickness. The variation
of wall boundary-layer thickness with Mach number for tkis investigation
is shown 1n figure 3. This boundary-lsyer thicxness 1s defined as the
helght at the point where the ratio of the veloclty within the boundary
layer to the free-stream velocity 1s 0.95. As shown in the figure, there
is a continuous decrease in boundery-layer thickness with increasing Mach
number., The boundary-layer thickness is relatively constant up to
¥ = 0.40; as the Mech number incresses from 0.0 to 1.30, the boundary-
layer thickness decreesses but appears to be leveling out at tke high
Meeh nurbers. The boundary-layer profiles indicated turbulent flow at
all speeds,

Date Presentetion

The test date are presented as drag coefficient plotted against
strear Mach nurber for comsiant brake engles of 15°, 30°, 45°, 60°,
and 90° and aspect ratios of 0.25, 0.50, 1.00, 2.00, and 4.00. (See
figs. 4t tc 8.) Drag ccefficient is defined in terms of the brake pro-
Jjected arsa. Test points in the individual figures indicate different
raedii of the models tested. The individual dats points arpearing in
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the figures were computed at specific intervals as obtzined from a con-
tinuous vlot of drag ageinst Mach number., Slight scatter in the date
points, particularly at the lower Mach numbers, is within the accuracy
of reading from the comntinuous data plots.

The veriation of drag coefficient with Mach number (figs. 4 to 8)
shows that belowr the drag rise the value of Cp increases slowly for
the lower deflection angles and aspect ratios and at a greater rate as
these parameters increase., With inecreasing aspect ratio and/or brake
deflection, the magnitude of the drag rise also tends to increase, and
the Mach number at which it occurs shifts downward and becomes less
clearly defined. At stream Mach numbers slightly less than unity, locsl
sonic velocities are obtained on the edges of the various brakes and the
resulting expansion that is reflected from the opposite wall decresses
the bese pressure and thus gives values of Cp that are too high. Over
the general Mach nurber range from 1.00 to 1.20, the bow shock that is
reflected from the tunnel well increases the bsse pressure and resultis
in velues of Cp which are too low. Both the expansion- and shock-
reflection interference effects have been faired out as shown by the
dashed sections of the curves. These dashed lines are considered to be
more representative of free-air performance than e line through the data
points. As Mach number increases, the reflected shock moves farther
downsvream end its influence disappeers. The magnitude of the interfer-
ence is determined largely by the brake projection normal to the siream;
thus, inecreasing the brake angle extends the interference eifect over a
wider Msch nurber raenge. Increasing the radius also increases the inter-
ference speed range. As the brake radius increases, the drag coefiicient
generally increases. This increase is to be expected since a greater
portion of the brske extending through the boundsry lsyer 1s subjected
10 the higher stream velocity; the fact thet this does not always occur
(figs. 5(b), 5(e), and 6(b)) will be discussed later in comnnection with
the design charts. All the drag curves (figs. 4 to 8) are similar in
shape with the exception of the curves for a radius of 0.32 inch and
aspect ratioc of 0.350 in Tigures 6(b) and 8(a) where the irregularities
are attributed to balance difficulties. °~ These curves were faired ocut
in preparing the design charts.

The drag coefficients of the sting-mounted models (a = 90°) are
shown in Tigure 9 as a function of stiream Mach number. Aspect ratio
within the range of these tests (0.50 to 2.00) has no effect on the
drag coefficient; the maximum variation, +5 percent at low Mach nurbers,
is obteined in rereat tests with a single model rotated 90°. Agreement
of the sting-mounted Tlat-plate data for similer models of different
size suggests that the sting effect was small; however, no effort has
been made to evaluste its megnitude. The variation of Cp with Mach
numrber for an inclined 85° brake mounted approximately 1 brake radius

awvay from the fuselage (ref. 1) is plotted in figure 9 and shows very
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good agreement with the data from the current tests with the 90° brake.
These coefficients are slightly lower then would have been expected

from comparisons with other published reports; however, available data
are generally limited to that obtained at very low Mach numbers (M < 0.1)
and correspondingly low Reynolds numbers.

In order to facllitate evaluation of boundary-layer effects, the
drag characteristics of two ldentical 90° brakes, one sitlng-mounted and
the other wall-mounted, are superimposed in figure 10. These curves
show that a2 wall-mounted model in the presence of a boundary layer has
& higher total drag coefficient than a sting-mounted model at M > 0.3,
and tret the irerement in Cp Inereases throughout the Mach number
renge.

The higher drag coefficient for the well-mounted model at Mach
numbers less than 1.0 1s a result of the higher base drag as shown in
the lower pari of figure 10. Through the subsonic speed range, the
base drag coefficlent is on the order of 40 percent greater than for
the sting-mounted plate. Since this difference is substantially grester
than that observed between the total-drag curves, it 1s evident that
the forebody drag of the wall-mounted model must be reduced somewhat
because of the presence of the boundary layer. At Mach nurmbers greater
than 1.0, the presence of the boundary layer has little influence on
the base drag cocefficient as shown by the close proximity of the curves
for the two models. The fact that the total-drag coefficlent of the
wall-mounted model still remains higher than that of the sting-mounted
model, even though both have approximately the same base drag, indicsates
an sbrupt decrease 1n the forebody drag of the sting-mounted model to a
value less than that for the wall-mounted model. This is a complete
reversal of the subsonlc characteristics. Curves of both forebody and
base pressure drag fair in favorebly with the hligher Mach number data
of reference 2.

Schlieren photographs of two of the sting-mounted flet plates are
presented in figure 11. At low speeds, the wake boundary has & slightly
curved shape and extends a considerable distance on either side of the
center line. As Mech nurber increases, no appreclable change in the
wake profile is apparent. At M = 1,01 and 1.09 (fig. 11(a)), the fact
thet *the bow shock waves appear fuzzy suggests that the flow was unsteady
and the accompanying wake proflles ere therefore not representative of
steady-state flow conditions. At speeds just above M= 1,00 (fig. 11(b)),
steady flow is irdica*ed by the clearness of the bow wave; the wake
boundary becomes almost parallel with the stream directlion end appears
to converge at the higher speeds. As a result of these changes, an
abrupt increase occurs in the bese pressure as Mach number increases
from 0.95 to 1.05. (See fig. 10.) The increase in base drag resulting
from these flow changes is nearly twice the increment obtalned for the
total drag at the same Mach number range.
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Design Charts

From the data of figures L to 8, a series of design charts have been
drawn for Mech nuwbers of 0.20, 0.50, 0.90, and 1.30, and for constant
values of aspect ratlo varying from 0.50 to L4.00. These design charts
were obtained by cross-plotting the results from the data figures to
establish trends and define families of curves. Although lndividual
points may show some scatter gbout these curves, the deviations are
minor in most cases. These cherts, presented in figure 12, show the
brake drag coefficient as a function of the projected height of the
brake relastive to the boundery-layer thickness. The projected height
is dependent upon both the breke chord and deflection angle, the effects
of which have been sepsrated in the design cherts by presenting two sets
of curves in each figure ~ one set showing Cp ploited against H/S
for fixed wvalues of R/S end o second set along which a was constant.
The boundary-layer thickness 8 used to nondimensionalize the data
varied with Mach number as previously shown. Thus, & is a constant
for each given Mach number in the design charts of figure 12 with the
value of ©® being obtained at the corresponding Mach number in figure 3.

A line of constant R/® corresponds to a brake of given dimensions
being deflected at different angles to the direction of flow with cor-
responding inecreases in brake height and H/S. For brakes of short chord,
or smell values of R/, the value of Cp increases rapldly as H/§ is
increased by increasing the deflectlon angle. The rate of change of Cp
with H/6 is substantially reduced by increasing the brake chord. No
evidence of any irregularity in the drag appears; thus, no abrupt changes
in decelerstion would be expected as the brakes were either opened or
closed.

Along lines of & constant brake deflection angle, incresses in brake
height result from ‘increases in the radius of the brake. Along these
curves and at the highest deflection angles, the drag coefficient increased
with increasing brzske height to 2 maximum, which at espect ratios of 0.50
and 1.00 occurred at values of R/5 on the order of 5 or 6 for subsonic
Mach nurbers. (See fig. 12.) TFor lower deflection angles, higher values
of R/S are required to reach a maximum drag coefficient because of the
increased brake ares irmersed in the boundary layer. There thus exists
an optimum ratio of brake chord to boundary-layer thickness (R/a) which
will yield the highest drag coefficient. Further extemnsiomns of the brake
chord led to losses in Cp as previously observed in data figures 5(b),
5(c), and 6(b). It has been shown in figure 10 that the maximum value
of Cp for a 90o brake extending through the boundary layer was higher
than the value for a similar sting-supported flat plate set at 90° to the
free stream. It is evident that the drag for the wall-mounted brake must
reach that for the siing-supported flat plate at an infinite value of H/&.
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At the higher aspect ratios (2.00 and 4.00), the point of maximum Cp
is shifted to greater brake helghts, in meny cases beyond the scove of
these tests. It is thus shown that the location of the maximum drag
coefficient is a function of both the brake deflection angle and the
ratio of brake helight to boundary-layer thickness - the greater the
deflectlon angle the higher the ratio of H/8 reguired.

The effects of aspect ratio are best shown by comparisons of curves
for constant deflection angle. As aspect ratio inereases from 0.50 to
2,00, the level of Cp decreases for a given value of H/S and con-
stant deflectlion angle, followed by a short range of little change in Cp.
With further increases in aspect ratio beyond 2, the drag coefficient
begins to increase sggain. This result is similar to thet reported in
reference 3 for sting-mounted flat plates of varying espect ratio. It
is of interest to note that this trend holds true regardless of boundary-
layer thickness or Mach number. At low values of H/8& +the range in
which aspect ratio has no effect on Cp is considerable, bul thls range
tecomes mucn smaller as H/S increases. + subsonic speeds, doubling the
aspect ratio at H/5 = Constant, anrd thus the brake projected area, does
not in general double the drag as can be noted by the decrease in Cp
es aspect ratlo is increased from 0.50 to 1.00; some exceptions are noted
at the lower deflection engles. On the other hend, increasing aspect
ratio from 2.00 to 4.00 reverses the trend, with the A = 4,00 brake
producing more than double the drag of the A = 2.00 brake.

Comparisons of the data obtained in thils investigastion with data
from cormplete model tests of Fuselage-type dive brakes (refs. 1 and L
to 6) show no areas of msjor disagreement. Values of Cp obtained from
these references are tabulated on the aporopriate design charts to facil~
itate comparison. It should be pointed out thet in all comparisons of
date from other reports 1t was necessary to assume a boundary-leyer
thickness. Thus, although this 4did not permit specific comparisons,
results were in general of the same order of magnitude.

Side-Plate Effects

A series of solld models were tested In an effort to determine what
effect the addition of side plates would produce on the drag coefficient
of speed brakes. Side closure wes simulated by using solid triangular-
sheped models. The results of these tests for deflection angles of l5°,
309, and L5° are shown in figure 13 for an aspect ratio of 2.00 and for
Mach numbers of 0.50, 0.90, and 1.30. Since complete drag curves for
the solid models (side-vlate simulation tests) are not presented, the
data points are indicated in this figure. Also plotted for comparison
purposes are the results cobtained for the open~sided models previously

g
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discussed. Closed-sided brakes sppear to offer considergble increase in
drag under certain conditions. At M= 0.50 and H/S = Constant, the
change in drag due to the side closure increases as the brake deflection
angle is increased from 15° to 45°; however, there must be a decrease

in ACp at some higher brake angle since the configurations are identical
at a=90° At M= 0. 90, improvement is very small at the lower angles
and a loss in drag is incurred at certain values of H/8; however, at

M= 1.30, an increase In Cp exists for each deflection angle tested.

The g7eatest Increese in drag coefficlent was obtained at low values
of H/D.

2w E

The effects of aspect ratio on the variation of Cp with H/5 for
open- and closed-sided speed brekes at a constant Mach nurber of 0.50
are shown in figure 1k. No data points are presented for aspect ratios
of 0.25, 0.50, and 1.00 because these curves were obtained from cross
plots of unpublished data. The decrease in Cp with increasing aspect
ratio previously noted for the open-sided brakes is still evident for
the brakes with side-plate attachments. Brekes with low deflection
angles have a drag ccocefficient strongly dependent on both aspect ratio
and the ratio of brake height to boundary-layer thickness (E/S) Brakes
with closed sides end at deflection angles of 45° yield much higher drag
coefficients for all test aspect ratios.

CONCLUDING REMARKS

From the results of this investigation of the drag characteristics
of a series of speed brakes for Mach numbers from 0.20 to 1.30, design
charts heve been prepared from which it 1s possible to determine the
performaence characteristice of a wide range of configurations sultable
for aerodynamic braking of airecraft. The following results are noted:

1. The drag coefificient of a given configuration is strongly
dependent upon brake height relative to the boundary-layer thickness,
and for every brake angle there exists an optimum ratio of brake height
to boundary-layer thickness which will yield the highest value of drag
coefficient,

2. The drag coefficient is more dependent on the boundary-layer
thickness at small brake deflection angles thaen at large deflection
angles.

3. Under some conditions a brake operating in the presence of a

boundary layer has a higher drag coefficient than a similar breke in s
uniform stream.
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4. Brexes with aspect ratiocs of approximately 2 generally have less
drag than those with higher or lower aspect ratlos.

5. In general, closing the sides of speed brakes produces higher
drag coefficients.

Iangley Aeronsutical Leboratory,
Nationel Advisory Committee for Aeronautics,
langley Field, Va., October 3, 1957.
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TABLE I.- GEOMETRIC PARAMETERS OF DEFLECTED BRAKES

/ T le—w —]

L L

R, in. H, in. Test aspect ratio, W/R

a = 15° (see fig. 4)

1.00 0.259 0.50, 1.00, end 2.00
.75 .19k 0.50, 1.00, 2.00, and %.00
.50 .129 1.00, 2.00, and %.00

a = 30° (see fig. 5)
1.00 0.500 0.25, 0.50, 1.00, end 2.00
.75 <375
"5 “2e5 ] 0.50, 1.00, 2.00, and %.00

a = 45° (see fig. 6)

1.00 0.707 0.25, 0.50, 1.00, and 2.00
-5 . 530
6L L53 0.50, 1.00, 2.00, and 4.00
.32 .226

a = 60° (see fig. T)

0.6k 0.254 0.50, 1.00, and 2.00

.50 433

- g } 0.50, 1.00, 2.00, and 4.00
a = 90° (see fig. 8)

0.6k 0.6%0

.50 - 500 0.50 and 1.00

.32 « 320
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Figure 1.- General arrangement of tumnel with force dynamometer and speed brake installed. All
dimensions are in inches.
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Figure 2.- Photograph of force dynamometer.

L-57-1499

BCSLLGT W VOVN

¢T



in.

Boundary-layer thickness, & ,

ok
| 1 T
— —— —— — Extrapolated
A2 —
r- ——
.10
.08
.06
.2 o3 ) o5

7T

Mach number
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Figure L.- Variaiion of brake drag coefficient with Mach number for a
deflection angle of l5°.
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Figure 5.- Varietion of brake drag coefficient with Mach nunber for a

deflection angle of 30°.
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