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ABSTRALT

Tesis were conducted in the 40-in. superscnic tunnel of the
von Karman Gas Dynamics Facility to determir;e the effectiveness of
boundary-layer suction for laminar flow control on a 9. 2-in, -diam
body of revolution, Test Mach numbers were 2.5, 3, and 3.5 with a
Reynolds number range (based on boundary-layer rake location} from
9. 8 to 51. 7 million for angles of attack from 0 to +2 deg. With suction
and a = 0, full-length (x = 77,8 in.)} laminar flow was maintained at _
Mg = 2.5 and 3 up to the maximum available length Reynolds numbers
of 41.'8 and 51. 7 million, respectively. At M, = 3.5, for x = 67. 8 in,
laminar flow was maintained up to a length Reynolds number of approxi-
mately 14 million. The condition of the boundary layer was very sensi-
tive to changes in angle of attack, and the maximum angles at which
laminar flow could be maintained were o = +1, 3 deg at M, = 2.5,
& = 10.7 deg at M, = 3, and & = 20, 15 deg at M, = 3.5. Increasing the
Reynolds number also decreased the maximum angle of attack, Wake,
suction, and total drag coefficients and the corresponding suction coef-
ficients are presented, along with some fully turbulent wake drag
coefficients for the no suction case.
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SECTION |
INTRODUCTION

A number of test programs have been conducted in recent years in
the VKF supersonic tunnels in support of Norair investigations of laminar
flow control by the use of boundary-layer suction. These have included
tests on swept and upswept wings in the 40-in. supersonic tunnel (Gas
Dynamiec Wind Tunnel, Supersonic (A)) and on a tangent ogive cylinder in
the 12-in, supersonic tunnel (Gas Dynamic Wind Tunnel, Supersonic (D)).

The primary purpose of the current test program was to use
boundary-layer suction to establish full-length (x = 77.8 in, ) laminar
flow on a body of revolution up to the highest length Reynolds number
possible and to measure the suction requirements and wake drag. The
tesis were conducted in Tunnel A at Mach numbers 2.5, 3, and 3.5 over
a Reynolds number range (based on rake location) from 9.9 to 51, 7 mil-
lion and angles of attack up to +2 deg.

SECTION 11
APPARATUS

2.1 WIND TUNNEL

Tunnel A is a continuous, closed-circuit, variable density wind
tunnel with an automatically driven flexible plate~type nozzle and a
40- by 40-in. test section. The tunnel operates at Mach numbers from
1.5 to 6 at maximum stagnation pressures from 29 to 200 psia, respec-
tively, and stagnation temperatures up to 300°F {M_, = 6), Minimum
operating pressures are about one-tenth of the maximum at each Mach
number, A description of the tunnel and airflow calibration information
may be found in Ref, 1.

2.2 MODEL

The model, supplied by Norair, was supported by the tunnel sector
as shown in Fig. 1. The nose section was a pointed body of revolution,
46 in. in length, having a maximum diameter of 9. 2 in., and the aft
portion was a 9. 2-in. -diam circular cylinder (see Fig. 2). The model
surface wag vented with 150 suction slots through which a portion of the
boundary layer was removed by applying suction. Slot spacing was con-
stant, .50 in., and slot width varied from 0. 0040 to 0, 0080 in, as listed
in Fig. 2.
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Thirteen separate suction chambers were contained within the
model and connected separately to individual flow metering boxes; thus
variable suction was provided over the model surface (see Figs. 1c and 2}.
The model was instrumented to measure the surface pressure along four
equally spaced rays, and ambient pressures were measured in each of
the 13 suction chambers. Temperatures were measured at three body
stations and in four of the 13 chambers.

2.3 BOUNDARY-LAYER RAKE

Two rakes, one each at ¢ = 180 and 270 deg (Figs. la, 3, and 5),
were used to measure the boundary-layer pitot-pressure profiles, Each
rake (Fig, 4) was composed of 10 probes ranging in height (distance
from probe centerline to model surface) from 0. 015 to 0, 320 in. The
rakes were mounted to a common collar which was automatically driven
and provided each rake with a traverse distance of 10 in, upstream from
station x = 77. 8 in,

2.4 SUCTION SYSTEM

Suction {operating range from 0. 04 to 0. 14 psia) was provided by a
12-in, -diam vacuum line, which was connected separately by 2-in. -1D
rubber pipe to each of the 13 metering boxes (Figs, lc and 6). Flow
regulation to each chamber was maintained by a throttling valve on each
metering box. Calibrated nozzles facilitated measurement of the dif-
ferent levels of mass flow from each of the 13 suction chambers.

2,5 INSTRUMENTATION

Model data recorded during the test were boundary-layer pitot pres-
sures, model surface static pressures, suction chamber ambient pres-
sures and temperatures, metering chamber total pressures and tem-
peratures, and metering nozzle static pressures. All model and rake
pressures were measured with the standard Tunnel A pressure scanning
system using 1- and 15-psid transducers referenced to a near vacuum.
The 15-psid transducers were calibrated for ranges of 18, 6.8, and
2, 6 psia, and the 1-psid transducers for 1, 0.4, and 0. 16 psia. The
precision of the system is estimated to be within one percent of the
range being used. The metering chamber and nozzle pressures were
measured with 1- and 5-psid transducers referenced to a near vacuum
and considered accurate to within 0. 2 percent of the transducer capacity.
The data were processed on-line with the VKF instrumentation and com-
puter system,
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SECTION Il
PROCEDURE

Testing was conducted with variable suction and no suction over the
following range of test conditions:

Nominal Maximum Minimum Rake a,
Mach No. | Refin. x 1076 | Re/in. x 106 | Location, in. deg
0.55 0,17 67.8, 72.8, 77.8| 0 to 2
3.0 0. 66 0. 14 72.8, 77.8 0 to +2
3.5 0. 49 0. 15 67.8, 77.8 0 to £2

The condition of no suction was obtained by closing the metering
chamber valves and leaving the slots unsealed. The effect of varying
the suction quantities through the 13 chambers was observed by noting

the changes in the boundary-layer pitot-pressure profile at a particular
rake siation.

The following chart shows a typical suction coefficient distribution
for the case of optimum suction (lowest total drag) at one Reynolds num-
ber and zero angle of attack.

2x10~% | —_—
L S N
Cm  —
n — i
1 [—
M. = 3
x = 77.8 in. —
Rex = 51.7 x 10
a=20 —
0 | [ DU I I R N Y N I N |

1 2 34 5 6 7 8 910111213
Chamber
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SECTION IV
DATA ANALYSIS

Reduction of the boundary-layer data consisted of determining the
momentum thickness from a graphical integration of the momentum
parameter. The momentum parameter was normalized with respect to
the local free-stream conditions {py,U,), which were determined from
the measured local static pressure on the model surface and the tunnel
stilling chamber pressure. The loss in total pressure attributable to
the model nose shock and the suction slot shocks was considered to be
negligible.

When the conditions outside the boundary layer at the rake location
differ from free stream (UL, # U,) and the momentum equation of the wake
ls solved, then the wake drag coefficient (composed of skin friction and
form drag) can be determined by using the method of Ref. 2.

2 2
C LA rp \(B-145-0.28 ML” =030 Mod)
Dw = A L T

where 81, is the momentum thickness defined as

a 2
g = gL / - 1+ -L)rl = ga (1 - )d + _Ly_)
L nf prL\ O, o Sf PL UL Uy y 2 fz

The suction coefficient is defined as

X X mg
Cmt = g Cmn B nél meUoA
Consideration of the reduction in skin friction drag by using suction
must necessarily include an evaluation of the penalties in drag caused
by suction. The total drag coefficient (CD7) then consists of a summa-
tion of the wake drag and suction drag coefficients (CDT = Cow + CDg).

The suction drag coefficient is determined by the power required to
accelerate the air removed from the boundary layer to free-stream
pressure and velocity and is based on the assumption that the flow is
isentropic and the efficiency of the suction compressor is equal to the
propulsive efficiency of the propulsion system, The suction drag coef-
ficient can then be determined, as shown in Ref. 2, by

X X 2
CDS = ngl(cns)n = ngl Cmn (1 * :nﬂ TL)
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SECTION V
RESULTS AND DISCUSSION

Presented in Fig. 7 are the experimental and theoretical model
surface pressure distributions for M, = 2.5, 3, and 3.5 at @« = 0. The
theoreétical pressure distribution was determined by the method of char-
acteristics, and the agreement between theory and experimental data is
godd., '

Typical boundary-layer profiles for Mach numbers 2,5 and 3.5 at
a = 0 are shown in Fig. 8 for conditions of suction and no suction. The
laminar profiles are for the optimum suction condition (lowest total drag)
and the turbulent profiles for the conditions of no suction and the slots
unsealed. The effect of suction on the boundary layer at M, = 2,5 is
illustrated by the schlieren photographs in Fig, g,

As suction is increased, the wake drag will decrease and the suction
drag increase; therefore a minimum value for the total drag will exist
for a particular suction quantity which will be the optimum. Minimum
total drag and optimum suction coefficients are presented in Fig, 10,
along with the wake drag and suction drag coefficienis, for M, = 2,5, 3,
and 3.5 for various length Reynolds numbers. For M, = 2.5 and 3,
Figs. 10a and b, respectively, full-length (x = 77.8 in.) laminar flow
was maintained up to the maximum available Reynolds number of 41,8
and 51. 7 million, respectively. At M, = 3.5 (x = 67,8 in.) (Fig. 10c),
laminar flow was maintained up to Rey ~ 14 x 106, Also presented in
Fig. 10 are results from Ref. 3 obtained using suction on a 3. 25-in, -diam
ogive cylinder model in the VKF' Tunnel D. The trend of the laminar flow
results of Ref. 3 at the lower length Reynolds number values is in good
agreement at all test Mach numbers with the laminar flow results obtained
in the present investigation at the much higher Reynolds number values.
The wake drag results from the two rakes at Mg = 2.5 and 3 (Figs. 10a
and b) in general gave comparable results, thus indicating that laminar
flow was established over the eniire model length and circumference, At
M, = 3.5, (Fig, 10c) the side rake {¢ = 180 deg) was laminar up to
Rey ~ 14 x 106, but the top rake was turbulent, indicating the flow was
laminar only over part of the model circumference.

-Establishing laminar flow over the body of revolution model was
quite sensitive to changes in angle of attack, or to be more exact, to the
angle of flow inclination, as shown in Fig, 11, Figure 1lc presents the
maximum angle of attack at which laminar flow could be maintained at
the established rake locations for Mach numbers 2.5, 3, and 3.5. The
maximum angle of attack obiained was o = *1, 3 deg with Re/in. = 0,34 x 106



AEDC-TR«§5-35

at M, = 2.5, and it can be seen that the maximum angle decreased with
increasing Mach number and increasing unit Reynolds number. The
very small angle of attack (@ = £0. 15 deg) at wHich the flow became
turbulent on the side rake at M, = 3.5 is of the same order of magnitude
as the tunnel flow angularity in the vertical plane, and this may account
for the non-uniform results obtained at @ = 0 at this Mach number where
the flow was turbulent at the top rake and laminar at the side rake.

It was observed during the test that maintaining laminar flow on the
leeward side of the model was more sensitive to increases in angle of
attack than on the windward side. Also, when the maximum angle for
maintaining laminar flow was exceeded and the flow became turbulent,
laminar flow could be re-established by lowering the angle of attack with-
out any readjustment of the suction quantities,

In general, no attempt was made to obtain an optimum suction value
at angle of attack, and this is illustrated in Figs. 1la and b by the lower
values of CDyw and higher values of CDg as compared to the @ = 0 results,
However, suction was varied at Rey = 31 x 106 at M_ = 3 to show that the
critical angie of attack could not be increased simply by increasing
suction and that laminar flow at the critical angles could be maintained
with suction quantities near the e = 0 optimum suction values.

SECTION VI
CONCLUDING REMARKS

Tests were conducted at Mach numbers 2.5, 3, and 3.5 to determine
the effectiveness of boundary-layer suction for laminar flow control on
a body of revolution. On the basis of these tests the following conclusions
are made:

1. Full-length (x = 77,8 in.) laminar flow was established at
M, = 2.5 and 3 up to the maximum available length Reynolds
number (Rey), based on rake location, of 41,8 and 51, 7 mil-
lion, respectively. At M, = 3.5 (x = 67.8 in,) laminar flow
was maintained up to Rey = 14 x 106,

2, The maximum angle of attack at which laminar flow could be
maintained decreased with increasing Mach number and in-
creasing unit Reynolds number with the maximum angles
obtained being @ = £1, 3 deg at M, = 2.5, o = £0. 7 deg at
M, = 3, and @ = 0, 15 deg at M, = 3, 5.
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Fig. 5 Rake Assembly
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FDM:z
liodel Construction - Air Foree Contract 33(615)-2372
The Beeing Company

Aero-Space Division
Attn: Mr. R, Hanks

l. The Gasdynamics Branch is concerned about the cost of model eonstruction
figeid "Eli'.éai:izlell Shock i:lu.nnel under the subjset contract. While you hewes

no doubtaallowed sufficiemt money for model construction within the Boeing
Company, a recent evaluation of model building procurements indiéatesthat
the Boeing model shop charges from 3 to 9 times that of the smaller model
building contractors. In addition to this, Cormell Aeronautical Laboratory
has found it both cheaper and more expedient o contract out model construction
projects. A recent flat plate molel to be used in an Air Foree contract
with Cornell was subcontracted to Miero Craft, Ine who bid about half

of the construction pr:l.ce a# the Gc-'-all shapa.

2o thile it is not our intent to recommend to you any particular sub-
contractor under this progrem, we do strongly recommend thet several bida
from exporienced model building firms be obtained prior to model fabrication

so that the most econgmical course of action mey bé ascertained,
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