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ABSTRACT: A Mach 3 to 7 blow-down wind tunnel fac._. ty for investi-
gating boundary layer phenomena in the transitional and turbulent
range is described. The facility, referred to as the Boundary Layer
Channel, utilizes a flexible plate and a flat plate to form the two
opposite walls of a two-dimensional supersonic nozzle. The plate
is 8 feet long. The channel operates at supply temperatures up to
10000F and supply pressures from 0.1 to 10 atmospheres. The Reynolds
number per foot capability is from 3 x 104 to 2.4 x 107.
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The NOL Boundary Layer Channel

This report describes the design and performance of NOL's Boundary
Layer Channel which has an operating capability in Mach numbers
from 3 to 7 and in Reynolds number from 3 x 10 to 2.4 x 107 per
foot. This work is part of a continuing program for the investi-
gation of transitional and turbulent boundary layers and their
related effects.
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SYMBOLS

B constant used in equation (3)

h nozzle exit height

M Mach number

nozzle exit Mach number

Pe diffuser exit pressure

Po supply pressure

Po' Pitot pressure

Rct nozzle throat radius of curvature

Re 8  Reynolds number based on boundary layer momentum thickness

T temperature

Taw adiabatic wall temperature

To supply temperature

T wwall temperature

x axial coordinate, measured from nozzle throat

X dimensionless axial distance from nozzle throat, x/h

XT dimensionless distance from nozzle throat to beginning of
test rhombus

y coordinate normal to flat plate or axis

y* nozzle throat height

y** diffuser throat height

y ratio of specific heats

6 boundary layer velocity thickness

6* boundary layer displacement thickness

0 boundary layer momentum thickness

V
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I NThODUCT ION

Many boundary layer studies in recent years have been devoted
to the solution of problems associated with re-entry flight at high
Reynolds numbers and Mach numbers. Considerable progress has been
made in laminar boundary layer studies. This type of boundary layer
may h5 considered well understood if one knows the chemistry and
reaction rates and neglects rarefaction effects. Transitional and
turbulent boundary layers, on the other hand, are not nearly as
well understood. Reliable theoretical descriptions of transitional
and turbulent boundary layers are not available at high Mach numbers
due to a lack of understanding of the basic physical phenomena.
There is also a lack of reliable and complete experimental data.
Consequently, to further enhance the understanding of compressible
boundary layer flows and to provide experimental data to assist
theoretical predictions, the NOL Boundary Layer 2hannel was designed
and fabricated.

NOL's Mach number 3 to 7 Boundary Layer Channel is essentially
a continuously operating wind tunnel. The conventional symmetrical
supersonic nozzle has been replaced by a nozzle having a flat test
plate as one wall, a flexible plate as the other wall, and two
slightly diverging side walls. The channel's instrumented flat
test plate extends from the subsonic inlet to the supersonic diffuser.
A desired distribution of local flow properties along the test plate
can be achieved by setting the flexible plate contour. The test plate
is 100 inches long and diverges froni 12 inches at the nozzle throat
to 13.5 inches at the nozzle exit. The channel uses the propane gas
fired heater, bottled air supply, and vacuum system used previously
by the NOL Hypersonic Tunnel No. 4 and reported in reference (1).
The present report describes the facility and its performance at the
nominal Mach number 5 nozzle setting.

MAJOR COMPONENTS OF THE BOUNDARY LAYER CHANNEL

A schematic diagram of the Boundary Layer Channel is shown in
figure 1. The facility may be divided into two parts; namely, the
supporting equipment and the channel itself. The supporting equip-
ment, which is shared with other wind tunnel facilities at NOL, is
described in references (1) and (2); however, a brief description
is included herewith. The other part, the channel itself, is com-
prised of the settling chamber, nozzle, test plate, and variable
diffuser. These will be described in detail.
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Supporting Equipment

The supporting equipment consists of the following: air drier,
air compressors, air storage, pressure regulators, temperature con-
trollers, exhaust piping, and vacuum pumps.

Air drying is accomplished principally by passing the air
through a bed containing an alumina-otype desiccant. Further drying
is done in the compressor aftercoolers. The dew point can be in
the range from -40 F to -73 0 F.

The supply air is compressed by twelve reciprocating compressors
which have a combined delivery rate of 2.4 lbs/sec which pressurize
a 2300 cubic foot reservoir to 3000 psi. Nine hundred cubic feet
of the above reservoir can be further compressed to 5000 psi by a
single compressor which has an output capacity equal to that of the
twelve compressors.

Pressure regulation is accomplished in two stages for accurate
control. Two pneumatically controlled, contoured plug valves first
reduce the pressure from the 5000-3000 psi field to approximately
600 psi. The pressure is then further reduced to the maaximum stag-
nation pressure of 150 psi by a second set of similar valves.

The system may also be operated subatmospherically by isolating
the high pressure system and introducing the air directly from the
air drying bed described previously. Control in this case is
accomplished by a pneumatically operated butterfly valve.

The supply air is heated by a commercial, indirect-fired coa-

bustion heater utilizing propane gas. Maximum heating raze is 1460
Btu/sec at air weight flows between 4 and 28 lbs/sec with corresponding
output temperatures of 1200OF and 206 F, respectively. Some tempera-
ture losses are sustained in the approximately 60 foot long piping
leading from the heater exhaust to the settling chamber.

The air from the Boundary Layer Channel is exhausted into a
16 inch nominal diameter pipe, through a 16 inch gate valve, an
aftercooler, and into the primary 36 inch diameter exhaust piping
leading to the vacuum systems.

Two vacuum pumping s3stems are available. One system consists
of four multistage centrifugal compressors each having a separate
electrical motor drive with a combined rating of 12,000 horsepower.
The nominal pumping speed is 90,000 cfm with a lower pressure limit
of 5 mm Hg. This pumping plant is fully described in reference (2).
The second system consists of seven rotary, sliding-vane pumps driven
by four induction motors totaling 1200 horsepower. Pumping speeds
vary between 7500 cfm and 22,500 cfm depending on pressure level.
The low pressure limit is 2 mm Hg.

3
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The Channel

Figure 2 is a layout of the test facility showing the general

arrangement of the settling chamber, semi-flexible nozzle, and
* diffuser.

The settling chamber, shown in figure 3, is comprised of a large
(80 inch diameter by 229 inches long) cylinder into which are mounted

diffusion, filtering, and straightening screens as well as the
contoured inlet to the nozzle. The cylinder is fullx insulated on
the insike surface, and is rated at 150 psi and 1000 F. The approxi-

mate weight is 10 tons. The incoming air is diverged outward from
a duct whose diameter increases from 28 inches to 60 inches. The
diverging section contains a series of fine mesh diffusion and
filtering screens for a length of 31 inches. Dirt accumulation on
the screens is monitored by a pressure system. A transition section
is located immediately downstream of the screens in which the flow

* cross-section is transformed from circular to square. The remainder
of the settling chamber contains more screens which diminish in
mesh size and spacing as they approach the nozzle inlet. The

largest has an opening of 3 x 3 inches and the smallest .0165 x .0165
inch as shown in figure 3. The additional screens are designed to
minimis;e the turbulence level of the flow.

An entrance funnel is located between the settling chamber and
the nozzle inlet to direct the air flow smoothly into the nozzle
throat. Two entrance funnels were fabricated, one for operation at

a nominal nozzle exit Mach number of 3 and the other at 5. The
contour of each entrance funnel has been designed to blend smoothly

with the contour of the nozzle inlet.

The flexible plate nozzle, shown in figures 4 and 5, consists

of the following: fixed inlet, the flexible plate, flat plate, side

doors, outer and inner frames, inlet flange, exhaust flange, the

jacks and related equipment. Total weight of the assembly is approxi-

mately 4-1/2 tons.

The nozzle throat block, which has a fixed contour extending

from the nozzle inlet to 5 inches downstream of the throat, and the

flexible plate are fabricated as one unit. The throat block con-

tains internal water cooling passages designed to operate at maximum

throat surface temperatures of 500 0 F. In the flexible plate region

where the aerodynamic heating is considerably lower than at the

throat, cooling is provided through copper tubes soldered to the

back of the plate. The tubing has not hampered the flexibility of

the plate and provide sufficient cooling to protect the seals along

the edge of the plate and to maintain dimensional stability.

The half-inch thick flexible plate, whose width diverges fr,im

12 inches at the throat to 13.5 inches at the exit, is approximately

10 feet long. It is a floating element supported to the nozzle frame-

work by heavy screw jacis. The upstream throat section is attached

by means of a heavily ribbed assembly containing a slide and screw

arrangement. This allows throat openings from 1/32-inch to 3 inches.

4
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Thirteen screw jacks spaced from 5 to 7 inches apart support and
maintain the proper contour in the flexible plate. Each jack is
hinge supported to the flexible plate and to the nozzle structure.
Consequently, the jackscrews control only the distance between the
two pivot supports and the jacks attain their own equilibrium angular
positions. The jacks and the throat block are manually operated.
Strain gages are located at each jack location to monitor the strain
on the plate. The maximum strain limit is 92,000 psi.

Air tight seals are provided by "0" rings around the edge of
the flexible plate and throat block. An adjustable web seal is
used at the nozzle exit to allow for thermal expansion of the heated
plate and to permit adjustments of the nozzle exit height between
10 and 11 inches.

The flat plate is a stainless steel weldment designed to operate
at uniform temperatures up to 500 0 F. Cooling passages, separated
into discrete compartments, were placed along the length of the plate.
To maintain dimensional stability over this temperature range it was
necessary to make the plate, in effect, a free floating body. This
was accomplished by supporting the flat plate to an auxiliary frame
by spring loaded clamps . At the upstream edge, the plate is butted
flush to the entrance funnel by means of two screw jacks. An "0"
ring seal is used between the mating sections here to prevent the
high pressure air from by-passing the nozzle throat region. The two
side edges of the plate are beveled and a wedge type seal is used
to provide for thermal expansion.

Static pressure orifices of 1/32 inch diameter, were provided
along the center of the plate at 2 inch intervals. In addition,
instrumentation ports, 1-7/8 inches in diameter, are provided every
12 inches starting at a station 24 inches downstream of the nozzle
throat.

The doors are stainless steel weldments, hinged to the primary
framework and water-cooled. Static pressure orifices are also
provided in the downstream portion of one door. These orifices are
located 4 inches apart and 3.5 inches from the flat plate. The doors
are designed for maximum deflection of .0015 inch and each weighs
approximately 600 pounds. The doors align the flexible plate and
they are bolted to the primary framework during a test.

Figure 6 illustrates the variable plate diffuser. It is a non-
symmetrical, two-dimensional flow duct utilizing hinged plates which
can be positioned to form a converging-diverging configuration with
a parallel throat. The widi1', of the diffuser plate is 13 inches and
the overall length is 10 feet with the convergent portion occupying
40 percent of the length. The upstream plate is attached at the inlet
to a pivot whicr-i-a& pvitioned by an electric motor to align the leading
edge of the plate with:the opening of the nozzle. A second motor
adjusts the opening of'the parallel diffuser throat. The angle of the
subsonic diffuser plate is maintained at four degrees. A flexible
seal attached to the back of the second plate prevents recirculation
of the air fl•• All wal.s of the diffuser exposed to the aLr !low

9
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have internal coolant passages to protect the plate and the seal
arrangement.

The straight wall of the diffuser has a 1-1/2 inch wide by
2 inch high rectangular cross-section channel along its center line.
This channel houses the axial drive mechanism which will be discussed
later.

Nozzle Contours

The flexible nozzle plate was fabricated as an integral part
of the rigid throat block. The contour of the subsonic inlet portion
of the throat block is defined by the quintic:

y - (8.9891 x 10-7 ) x5 - (7.0954 x 10-5) x 4

+ (1.3418 x 10-3 x 3 + .008 x 3  (1)

for [-12.75 1z 0]

The coordinates (x,y) are in inches and are (0,0) on the throat block
at the minimum area cross section. The contour of the supersonic
portion of the throat block is defined by the cubic:

y - (1.1905 x 10-4) x3 + .008 x2

(2)
for0 x&5

The latter is derived from the following boundary conditions:

d2 y/dx2

x- O, y- 0, Rct m 62"5t? + (5t2m3/2

x -22.4", wall angle - 10 degrees - tan-1 (I)

The method selected for calculating the flexible plate contour
is identical to the two-dimensional flow design procedure used for
rigid block nozzles employed in the other NOL facilities (refs. (3),
(4), and (5)) and which is coded for the IBM 7090 high speed computer.
Essentially the method needs a prescribed center line Mach number
distribution from which a potential flow wall contour is computed by
the method of characteristics. In the Boundary Layer Channel, the
flow along the test plate is the flow prescribed along the center
line of the conventional supersonic nozzle. The design procedure
includes a laminar, transitional, or turbulent boundary lryer correc-
tion by the methods used in references (4), (6), and (7), respectively,
to produce the final geometric contour.

11
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In applying this design method to the channel configurat:Lon, the
center line Mach number distribution used in reference (5), nimely,

M1 + Bx)(x - XT)2 (3)

XT

seems to be satisfactory. Equation (3) shows that the nozzle design
variables are limited to MT, XT., and B. The coefficient 3 is

determined by the values of Rct, y* at M - 1 in equation (3) and

also MT and y. Among the above variables only Rct and Y are fixed

quantities. Two of the remaining three quantities, namely, MT and

XT must be adjusted such that the completed nozzle contour with the

boundary layer corrections matches the physical nozzle opening at
the downstream end of the rigid throat block (at x - 5 inches) for
the desired nozzle throat opening, y*. The nozzle is designed
iteratively for a desired exit Mach number MT, by initially assuming

a nozzle core height of 8 inches from which the nozzle throat opening,
y*, can be determined using isentropic flow tables. The length of
the test rhombus can be computed knowing MT. XT is then the dimensionless

distance from the nozzle throat to exit, less the length of the test
rhombus and less any desired uniform flow length. These three
quantities, MTV X£ and y* plus the two fixed quantities are sufficient

input to the computer program to calculate a potential flow contour.
This contour together with the assumed operating supply temperature
and pressure and the type of boundary layer flow, i.e., laminar,
transitional, or turbulent, are then used in a second computer program
to calculate the boundary layer displacement thickness 6*, on both the
flat plate and the flexible plate surfaces. The combined 8 inch exit
core height plus boundary layer corrections are then compared with
the physical nozzle exit opening. The procedure is then repeated with
a different exit height assumption such that the exit height together
with the boundary layer correction is within the limits of the range of
the physical nozzle exit opening. The value of XT is then adjusted

until the computed nozzle opening at the 5 inch station (including
boundary layer corrections) agrees with the physical opening of the
nozzle throat block. The final constants in equation (3) for the Mach
5 nozzle setting are: B - .0234, MT - 4.8, and XT - 6.44. The compu-

ted boundary layer growth on both plates is shown in figures 7, 8, and
9 for operations at supply temperatures of 1000OR and supply pressures
of 1, 5, and 10 atmospheres, respectively.

Adjusting the flexible plate to the computed contour is a tedious
process because the jacks give the correct setting only at discrete
points and the contour between these points assumes an equilibrium
position in accordance with the stresses on the plate. Strain was
monitored during the setting procedure and was found to be within the

12
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Speciiied structural limits. The contour of the flexiLble plate wAS
set for supply conditions of 5 atmospheres and 1000°R which are con-
sidered to be median operating conditions. The actual adjustment of
the plate was done as follows. The flexible plate was initially
adjusted to the computed contour at each jack location. The uniformity
of the flow was then measured with a Pitot probe driven axially in
the freestream. The most severe compression waves detected were
traced back to the contoured wall by a straight line projection of the
disturbance at the direction determined by the local Mach angle. The
iearest jack was adjusted to minimize the disturbance. The process
was repeated until sufficient flow uniformity was obtained. It was
found that the adjustment of a Jack affected the contour at distances
as much as three jack locations away and causes a corresponding
change in measured flow conditions.

The final nozzle contour coordinates were measured at one inch
increments using a specially designed instrument whose measuring
accuracy is less than .002 of an inch. The measurements are compared
with the - iputed contour and the differences are shown by the dashed
line in f ire 10. Measurements at the jack locations (circled points)
show a syscematic displacement from the computed contour. Measure-
ments between jack locations show a different systematic displacement
from the computed contour and also show that relatively rharp bending
occurs near the jack location.

At the end of six months of operation the contour of the flexible
plate was again measured, completely released and reset to the initial
flow calibrated (final) contour setting. This was done by adjusting
each successive jack to the calibrated setting, starting with the
most upstream jack and working downward. The results are also shown
in figure 10. The change in nozzle contour in six months can be as
much as 0.020 inch as shown by the dot-dashed curve. The reset
contour as compared with the computed contour is shown by the solid
curve. Adjusting the flexible plate to a prescribed contour requires
many readjustments of the screw jacks. This is so because by moving
one jack setting, the angular position of neighboring jacks changes
and in turn the coordinates of the plate at the neighboring jack sta-
tions is not identical to the original final contour. The differences
can be seen by comparing the solid curve and dashed curve in figure 10.

The measured stress at each jack location, as anticipated, is
greater upstream where the radius o- curvature is smaller. The
stresses can be monitored during the test. Table I is a summary of
the typical stress measurements recorded at selected operating supply
pressures.

INSTRUMENTATION

Axial Drive

In order to investigate the flow distribution along the flat
plate an axial probe drive mechanism was installed within the tunnel
(see also discussion of diffuser). This mechanism is powered by an

16
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electric motor housed in the diffuser casing. Probe speed and
distance traveled are controlled by the channel operator. The axial
distance is read out through a servo-system and recorded automati-
cally. The drive mechanism can be used to support as many as five
probes at various distances from the flat plate. An airfoil mounted
behind the probes is designed to give negative lift which keeps the
dr4ve mechanism pressed against the testing surface. Copper rollers
are 4pring mounted at the sides of the probe support enabling the
mechanism to glide smoothly along the tunnel walls. The maximum
travel along the flat plate is about 50 inches.

Boundary Layer Traverse

For boundary layer profile surveys an electrically operated
water-cooled micro-tiaverse has been designed for use at several
statiozs on the test ilate. Total travel of the traverse is 2.50
inches. The traverse design permits two probes to be used simul-
taneously. Location of the traverse mechanism is obtaiiieu directly
from a dial counter which can be read with an accuracy of +0.001 inch
or from a digital voltmeter with an accuracy of +0.0005 inch.

Boundary Layer Probes

In order to determine the flow properties through the boundary
layer, three quantities must be known; the static pressure, Pitot
pressure, and total temperature. Usually the static pressure is
assumed to be constant through the boundary layer and equal to the
wall pressure. Presently, the Pitot pressures are being measured
with small probes made from 0.125 of an inch stainless steel tubing
flattened at the tip to a rectangular opening with a half-height of
0.010 of an inch. An equilibrium conical temperature probe (ref. (8))
is used to determine the stagnation temperature through the boundary
layer. Probe pressures are read cut directly from mercury and oil
manometers or are measured with pressure transducers. Probe tempera-
tures are recorded on a variable span strip chart recorder and on the
PADRE (Portable Automatic Data Recording Equipment), reference (9).

Hot Wire Anemometer

A Shapiro-Edwards Model 50 Constant Current Hot Wire Anemometer
system is available to investigate the fluctuating quantities of the
hypersonic turbulent boundary layer.

Skin Friction Balance

An important part of boundary layer research is the determination
of skin friction. Many investigators have obtained skin friction
measurements from measured velocity profile gradients. Much contro-
versy has arisen as to the accuracy of the data obtained in this manner.

19
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It is felt that a comparison should be made between skin friction co-
efficients obtained using a skin friction balance and those obtained
from profile measurements. There have been some data published
showing such a comparison, i.e., reference (1). In this particular
reference most of the data were obtained under adiabatic wall con-
ditions. A comparison of data with heat transfer is obviously needed.
A skin friction balance has been designed at NOL to obtain direct
measurements of skin friction (refs. (11) and (12)), see figure 11.
The balance is designed for measurements in the presence of heat
transfer and pressure gradient.

Data Handling

Presently, the boundary layer data are recorded automatically
and continuously on NOL's PADRE which is described in reference (9).
This unit provides seven chaanels with servo-systems and direct digital
conversion to IBM cards. The IBM card output is used directly with
NOL's IBM 7090 computer for the data reduction programs. Several
programs are available for reduction of the various tests made in the
channel. The use of an automatic plotter expedites the interpretation
of the recorded data.

PERFORMANCE

The temperature and pressure operating envelope of the Boundary
Layer Channel at the Mach number 5 nozzle throat setting is shown in
figure 12. Also shown are the air mass flow rate and the operating
time required to deplete the air supply reservoir. The temperature
drop measured in the Boundary Layer Channel is greater than previously
reported for the NOL Hypersonic Tunvil No. 4, reference (1), due
to the longer lengths of piping and the more massive settling tank.
The temperature drop becomes greater at lower mass flow. It was not
possible to sustain continuous supersonic flow at supply pressures
below four atmospheres with the rotary vane vacuum pumping system
descreibed earlier.

The performance envelope is extended to the Mach number 3

operating conditions by assuming the same heater output efficiency
for the same air mass flow rates and pressures. This is shown in

figure 13. At high mass flow rates which are well beyond the

original intended range of the heater, very little temperature gain

can be expected.

Temperature uniformity of the subsonic inlet flow in the entrance

funnel is shown in figures 14 and 15. These measurements were made

with the standard subsonic total temperature probe described in ref-

erence (13). The survey method employs a probe which spans the two
opposite walls; the north-south being the side walls, the east-west

being the fiat plate and the contoured surface. A second total

temperature probe placed at a fixed point away from the surveying
region, was used as the reference temperature. This reference tempera-

ture measurement removed the uncertainty of the variation of supply
temperature with time.
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Figures 16, 17, and I8 are detailed free-stream calibration
curves for the Mach 4.3 nozzle setting at 1, 5, and 10 atmosphere
supply pressures, respectively. The Pitot pressures were measured
with a five finger rake traversed in the axial direction with the
probe heads in a plane 4 inches above the flat plate. The iitot
probes were 1.5 inches apart with the center probe traversing above
the center line of the flat plate. The nozzle contour is designed
to produce a zero pressure gradient flow on the flat plate beginning
at 55 inches downstream from the nozzle throat when operated at 5
atmosphere supply pressure.

Figure 19 shows the static pressure distribution orifices
located along the cente3r line of the flat plate (circled points)
on the flat plate 2.5 inches from the plate center line (squared
points) and on the diverging side wall 3.56 inches above the flat
plate.

Figure 20 is a comparison of the measured boundary layer
thickness at one axial location with the previously described
computation for turbulent boundary layer thickness. The agreement
between the measured and computed boundary layer thickness on the
flat plate side of the nozzle is within 5 percent. The edge of the
boundary layer was experimentally defined as the location where the
Pitot pressure reaches a plateau when surveyed across the boundary
layer. A typical Mach number profile through the boundary layer
is shown in figure 21.

The efficiency of the diffuser was investigated for the Mach 5
setting and at supply pressures of 1 and 4 atmospheres. The results
are shown in figures 22 and 23. At 1 atmosphere supply pressure the
maximum pressure recovery is 79 percent of the Pitot pressure while
at 4 atmosphere supply pressure, the recover is 96 percent. Since
the boundary layer thickness in the channel is larger at lower
operating supply pressures (see figures 7, 8, and 9), a larger dif-
fuser throat opening is required at lower pressures and a lower
pressure recovery results.

The computed Reynolds number simulation capability for the Mach
numbers 5 and 3 flow conditions are shown in figures 24 and 25.
These curves were determined from isentropic flow relations and the
measured channel performances shown in figures 12 and 13.

Figure 26 is a graph of the computed momentum thickness Reynolds
number capability for the Mach number 5 nozzle contour setting. The
previously described laminar and turbulent boundary layer flow compu-
tational method was used. The laminar curves may be used to estimate
where transition occurs on the plate.

SUMMARY

A description has been given of the mechanical arrangement and
aerodynamic performance of the NOL Boundary Layer Channel. It was
designed to investigate the development of boundary layers in the
transitional and turbulent regimes.
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Thp rhannel consists of a variable contour. supersonic, half

nozzle using a flexible plate and a system of jacks to prescribe
the contour. The working model is a flat plate located on the
opposite wall to that of the flexible plate. Instrumentation
includes temperature prooes, pressure probes, hot wire probes, and
a direct skin friction balance.

The channel can be operated at Mach numbers from 3 to 7; supply
temperatures up to 10001F; and supply pressures from 0.1 to 10
atmospheres. Entrance funnels and throat sections have been fabri-
cated for nozzles having nominal exit Mach numbers of 3 and 5. At
the present time the channel has only been operated in the Mach 5
mode. The Reynolds number per foot capability at Mach 3 is 106 to
2.4 x l07 and at Mach 5 is 3 x 104 to 8 x 106.

38

- -



REFERENCES

(1) Danberg, J. E., Schroth, R. T., Jackson, A. P., and Brown,
F. W., "NOL Hypersonic Tunnel No. 4," NOLTR 62-57, 29 Jun 1964

(2) Baum, G. E., Brewba&er, W. E., and Platnick, A. E., "Centrifugal
Compressor System for the Continuous Supersonic Wind Tunnel,"
NAVORD Report 2773, Feb 1953

(3) Squires, K., Roberts, R., Fisher, E., "A Method for Designing
Suptrsonic Nozzles Using the Centerline Mach Number Distribu-
tion," NAVORD Report 3995, Oct 1956

(4) Persh, J., and Lee, R., "A Method for Calculating Turbulent
Boundary Layer Development in Supersonic and Hypersonic
Nozzles Including the Efitts of Heat Transfer," NAVORD
Report 4200, 7 Jun 1956

(5) Thickstun, W. R., Schroth, R., and Lee, R., "The Development
of an Axisymmetric Nozzle for Mach 8," NAVORD Report 5904, NPG
Report 1599, Vol. 1, Paper 34, May 1958

(6) Cohen, C. B., and Reshotko, G., "The Compressible Laminar
Boundary Layer with Heat Tra~isfer and Arbitrary Pressure
Gradiont," NACA TR 1294, 1956

(7) Persh, J., "A Procedure for Calculating the Boundary-Layer
Developm.ent in the Region of Transition from Lamin..r to
Turbulent Flow," NAVORD Report 4438, Mar 1957

(8) Danberg, J. E., "Th Equilibrium Temperature Probe, a Device
for Measuring Temperatures in a Hypersonic Boundary Layer,"
NOLTR 61-2, Dec 1961

(9) Kendall, J. M., "Portable Automatic Data Recording Equipment
(PADRE)," NAVORD Report 4207, Aug 1959

(10) Mathing, F. W., et al, "Turbulent Skin Friction at High Mach
Numbers and Reynolds Numbers in Air and Helium," NASA TR R-32,
1961

Cll) Durgin, F. H., "The Design and Preliminary Testing of a Direct
Measuring Skin Friction Meter for use in the Presence of Heat
Transfer," MIT Technical Report 93, Jun 1964

(12) Risher, D. B., "The NOL Skin Friction Balance," to be published
as a NOLTR

(13) Winkler, E. M., "NOL Hypersonic Tunnel No. 4 Results IV: High
Supply Temperature Measurement and Control," NAVORD Report 2574,
Oct 1952

39



I

UNCLASS IFIED
Security Classification

r0CUMEHT C-0NIT _ OL _" A - -
(Security ciaetificat:on of title body of Absttact and indexing annoteton rmust, be en-ered "ean the overall report a classifled)

IORIGINATING ACTIVIIY (Corporate author) 2. HCPORT SECURITY C LASSIFICATION
U. S. Naval Ordnance Laboratory UNCLASSIFIED

White Oak, Silver Spring, Maryland Zb GROUP

3 REPORT T!TLF.

THE NOL BOUNDARY LAYER CHANNEL

4 DESCRIPTIVE NOTES (Type of report and in.lwuaive datea)

FINAL
5 I JTI4OR(S) (Last ri,.. h,ut naem. Initial)

Lee, Roland E. Lecnas, Annette,C.
Yanta, William J. Corner, John W.

6 REPORT DATE 7& TOI-AL NO OF PAGES 7b NO OF REFS

I November 1966 39j 130
$a CONTRACT OR GR %NT NO I* ORIGINATOR'S REPORT NUMBEk(S)

-PROJECT NO NOLTR 66-185

C lb OTHER REPORT NO(S) (Any othernumbers &.at may be aesi.lad
Chia reiport)

d Aerodynamics research report 66-185
10 A V A IL ABILITY/LIMIT kTION NOTICEi

"Distribution of this document is unlimited."

II SUPPLEMENTARY NOTES 12 SPONSORINS MILITARY AC ,1VITf

13 ABSTRACT

A Mach 3 to 7 blow-down wind tunnel facility for investigaoting
boundary layer phenomena in the transitional and turbulent range is
described. The fac.lity, referred to as the Boundary Layer Channel,
utilize3 a flexible plV..te and a flat plate to form the two opposite
walls of a two-dimensionp, supersonic nozzle. The plate is 8 feet
long. The channel operates at supply temperatures up to 1000OF and
supply pressures from 0.1 to 10 atmospheres. The Rcynolds number
per foot capability is from 3 x lC' to 2.4 x 10'.

D ONM 1473 UL;,LASSIFIED
Scrt JAN C4
Security Classification



Security Classifikation_
I .WR LINK A J 'INK B LINK C

ROLE *T ROLE I CT ROLE WT

1. wind tunnels, supersonic

2. wind tunnels, design

3. wind tunnels, boundary layer

INSTRUCTION5ý

I. ORIGINATING ACTIVITY: Enter the name and address imposed by security classification, using standard statements
of the contractor, subcontractor, grantee. Department of De- such as:
fense activity or other organization (corporate author) issuinirg (1) "Qualified requesters may obtain copies of thir

the tpoit.report from DDC.-
2.. REPORT SECUIRTY CL-ASSIFICATION: Enter the over- (2 "Frinaoucmtaddseiainofhs
-11 security clasaslication of the report. Indicate whether (2) eporeit anD snouneet andhodissemd ato."ti
"Restricted Data" is in-luded. Markting is to be in accord I eottYDCisntatoie'
ance with appropriate security regulations, (3) "U. S. Government agencies may obtain -opies of

2b. GROUP: Automatic downgrading is specified in DoD Di- this. repot, -Lrectly from DDC. Other qualified DDC
recti'.e 5200. 10 and Armed Forces Industrial Manual; Enterussshlreettroh
the group number. Also, when applicable. -show that optional
markings have been used for Group 3 and Gruup 4 as author- (4) "U. S. nuli~ary agencies may obtain copi.ýs of this
ized. report directly frow. DDC. Other qualified users
.3. REPORT TITLE.- Enter the complete report title in all shall request through
capital letters. Titles in all cases should be unclassified,
If a meaningful title cannot be selected without classifica-
tion. show title classification in all cepitals in parenthesis (S) "All distribution of this report is controlled. Qual-

imdaeyfollowing the title. ified DDC users shall request through

4.DESCRIPTIVE NOTES: If appropriate, enter the type of_________________
report. e.g.,* interim, progress. summary, annual, or final. If the report hips been ftunished to the Office of Techvical
Give the inclusive dates when a specific reporting period is Services. Department of Commerce, for sale to Cie public. indi-
c£vered. cate this fact and enter the price, if known,

S.AUTrHOR(S): Enter the name(s) of author(s) as shown on IL SUPPLEME14TARY NOTES: Use for additional explana-
orin the report. Enter last name, first name, middle initial. tory notes-

If military. sho'4 rank aril branch of service. The name of I
the principal author is an absolute minimum requirement. 12- SPONSORING MILITARY ACTIVITY:.- Etter the name of

moth yar o mntyear. If more than oine, date appears -uing for) the research and development. Include address.
or h eot k aeo ublication. 13 ABSTRACT: Enter an abstract giving a brief and factual

PAGE: Th totl pae co~it summary of the document indicative of the report, even though
7&h ould f UMBER OFm~ P.~iAGES. prceues total eater the' it may also appea~r elsewhere in the body of the technical re-shoud (il- rma rainaton roceure. i.. eterthe port. Iafadditional space is required, a continuation sheet ahall
number of pages containing information, be attached.
7b. NUMBER OF REFERENCES. Enter the total number of It is highly desirable that the abstract of cluassifiedreot
references cited in the report. be unclassified. Each paragraph of the abstract shall end with

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter an indication of the military security classifization of the in-
the applicable number of the contract or grant under %hich formation in the paragraph, represented as (TS) (S). (c). or (U)
the report was written, T~here is no limitation on the length of the abstract. How-
Sb, 8c, & 8d. F -ýOJECT NUMBER- Enter the appropriste ever, the suggested length is from 150 to 225 words
military department identification, such .s project numl.er, 4KE WOD: eywrsaetcnaly enigutrm
subproject number, system numbers. task number, etc. .4 F OD:Kywrsaetcnclymaigu em

or short phrases that characterize a report and may be used as
9a. ORIGINATOR'S REPORT NUMBER(S): Enter th-e offi- index entries for cataloging the report. Key words must be
cial report numbe: by which the document will be identified Iselected so that no security classification is required Ident:-
and controlled by the originating activity. This number must tiers, such as equipment model designation, trade name, military
be unique to this report. project code riame, geographic location, may be used as key
9b. OTHER REPORT NUMBER(S): If the report has been words but will be followed by an indication o! technical con-

assinedany ti~r rporiumers(eiter y te org~ntoe text The assignment of links, roles, and weights is optional
Cr by the sponsor), also enter this number(s).

10. AVA11LABILITY/1.INIlfAt ,ON NOTICES: Enter an), lirn-
itations on fxuther diss-e-ination o' !he report. other than thosel

UNCIASS IF lED

Security Classification


