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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE 2189

THE DEVELOPMENT AND PERFORMANCE OF TWO SMALL TUNNELS
CAPABLE OF INTERMITTENT OPERATION AT MACH
NUMBERS BETWEEN O.4 AND 4.0

By Walter F. Lindsey and William L. Chew
SUMMARY

The design, development, and performance of equipment suitable
for use by educational institutions for student training and basic
compressible-flow research are described. The equipment consists of
an induction tunnel having a 4- by 16-inch test section and capable of
operating at Mach numbers ranging from about 0.4 to 1.4 and a blowdown
tunnel having a 4- by lb-inch test section for supersonic Mach numbers
up to about 4.0. The tunnels are actuated by dry compressed air stored
at a pressure of 300 pounds per square inch in a 2,000-cubic-foot tank
by a 150-horsepower reciprocating air compressor. The air supply per-
mits intermittent operation of the tunnels for test periods ranging up
to 400 seconds (depending on the stagnation pressures maintained) at

approximately %-hour intervals.

Nozzle pressure-distribution tests made in the induction tunnel
showed satisfactory performance at subsonic speeds, At low-supersonic
speeds (Mach numbers of 1.2 and 1.4), however, adverse condensation
effects were encountered when tests were made under high-humidity con-
ditions., The results presented indicate that the installation of the
induction tunnel in a small room which acts as a return passage would
permit the attainment of stagnation relative humidities sufficiently
low to permit satisfactory operation at Mach numbers around 1.2, An
alternate arrangement for operating the 4- by 16-inch tunnel at super-
sonic speeds is to equip the induction tunnel with an alternate entrance
cone designed for direct blowdown.

The supersonic nozzles of the blowdown tunnel produced average Mach
numbers close to the design values and sufficiently uniform velocity
distributions for most of the intended uses of this equipment.




INTRODUCTION

During the past 5 years great progress has been made toward the
understanding and solution of many of the aerodynamic problems associ-
ated with transonic and supersonic flight. The operation of military and
research aircraft and missiles in these speed ranges is now a reality.
Flight in these relatively new speed regions has increased the demand for
transonic and supersonic aerodynamic research to such an extent that
existing experimental facilities and the number of technically trained
personnel are inadequate.

One part of the Unitary Plan for procurement of high-speed research
facilities recently formulated by the National Advisory Committee for
Aeronautics, the Air Force, and the Navy called for the erection of
high-speed aerodynamic research equipment in educational institutions
in the belief that such equipment will serve both as a means of training
research personnel and as a source of transonic and supersonic research
information. In anticipation of the problems that will be faced by many
educational institutions in the procurement of suitable high-speed
research equipment, the NACA, in cooperation with the Office of Naval
Research, has designed, constructed, and tested a unit which, on the basis
of NACA experience, is a suitable facility both for student training
and for fundamental transonic and supersonic research. The purpose of
this paper is to describe the design, development, and performance of
this unit.

Briefly described, the unit consists of a source of dried high-
pressure air used with an induction tunnel and with a direct-blowdown
supersonic tunnel. The induction tunnel is capable of operating at Mach
numbers ranging from 0.3 to 1.4 and the blowdown tunnel is capable of
operating at Mach numbers up to 4.0. The compressed-air supply consists
of a 2,000-cubic-foot tank in which dry air is stored at a pressure of
300 pounds per square inch by a 150-horsepower compressor. A primary
feature of the unit is its inherent adaptability to a wide variety of
compressible-flow problems.

Upon completion of the preliminary performance tests discussed herein,
the unit, by prior agreement, was turned over to the United States Naval

Academy, Annapolis, Md., for use in student instruction and in high-speed
research.

SYMBOLS

A area, square inches
© model chord, inches

d free aperture of optical system




e e s Sl o) +d

w0

focal length of lens

acceleration due to gravity

tunnel height, inches

image distance from lens

numerical constant

Mach number

polytropic exponent, as in p = kp®

object distance from lens

diameter of flow field in schlieren photograph, inches
absolute pressure, pounds per square inch
compressor flow rate, cubic feet of free air per minute
Reynolds number

gas constant (53.33 f£t/°R)

maximum cross-sectional area of model, square inches
temperature, degrees Rankine (OFahrenheit + 460°)
time, seconds

volume of air-storage tank, cubic feet

weight, pounds

horizontal distance along nozzle region

maximum model thickness (usually t), inches

angle of attack, degrees

angle of shock, degrees

flow deviation through compression shock, degrees

coefficient of viscosity, pound-seconds per square foot




¢ off-axis angle of a reflecting schlieren system, degrees

p mass density

Subscripts:

a atmospheric  (pg = 1k.7 1b/sq in.)
c compressor

ch choked condition in stream

= tunnel exit

induction-jet chamber

m minimum cross section where M = 1.0, as in supersonic nozzle
or in induction Jjet

min minimum

max maximum

o] stagnation conditions
1. before or at start

2 after or at end

SPECIFICATIONS

Because low initial and operating costs were primary considerations
in the design of this equipment, it was essential to keep the size and
performance requirements at the minimum values considered adequate to
accomplish significant fundamental flow research at subsonic and super-
sonic speeds. NACA experience in the design and use of high-speed
research equipment was utilized in the selection of minimum size and
performance specifications as follows:
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Minimum Reynolds number for two-dimensional tests
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Minimum size of two-dimensional pressure-distribution model:
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Duration of test:

Subsonic (range of speeds), seconds . . . « « « « + « « « . . . 60

Supersonic (single test speed), seconds . . . . . . . & . . . . 30
Maximum average time between tests, minutes . . . . . . . . . . . 30

Dryness of stored air; that is, dew point at
atmispherte pressure; °F . 0 . . . ik 6 e e e 0 B we ewkemhO




DESIGN

Systems of Tunnel Operation

The various types of high-speed tunnels can be classified as con-
tinuous or intermittent according to the method of operation. Tunnels
of the continuous type, as the name implies, are capable of operating
continuously, whereas those of the intermittent type are capable of
operating for a short time, followed by a relatively long period of
inactivity. The inactive period is utilized to store up energy at a
slow rate so that a large amount will be available to produce the
desired air flow through the tunnel for a short duration. As a con-
sequence of the differences in the methods of operation, the horsepower
requirements of tunnels of the continuous type are considerably in
excess of the power required for tunnels of the intermittent type. For
equipment complying with the minimum specifications previously outlined,
the power required by tunnels of the intermittent type would be around
10 percent of the installed horsepower of tunnels of the continuous type.
For some investigations, such as heat-transfer studies in which steady
flows are required to be maintained for a relatively long duration of
test, the continuously operating tunnel has obvious advantages.

Because the initial cost and the horsepower requirements of the
tunnels and auxiliaries were to be held at low values, it was mandatory
that the equipment be intermittent in operation. For such operation,
two modes of power supply were available - the first designated as
"compression system" and the second, "evacuation system." In the evacu-
ation system, air would flow from the atmosphere through the tunnel into
an evacuated tank, In the compression system, air would flow from a
compressed-air-storage tank through tunnel passages and exhaust into
the atmosphere. The two systems were studied with respect to aero-
dynamic performance, flexibility of operation, and initial cost.

The study showed that the advantages of the compression system over
an evacuation system of comparable cost are as follows:

Supersonic speeds:

(1) A higher test Reynolds number can be obtained.

(2) ‘The stagnation pressure can be regulated to vary the test
Reynolds number independently of the model size.

(3) The size of the drying-equipment installation is minimized,
inasmuch as the air can be dried during the long compression period and
at high density.

(4) Air discharge to the atmosphere simplifies modifications of
the basic unit to permit a wide variety of investigations, such as
studies of cascades, ducts, burners, and so forth.




Subsonic and transonic speeds:

Pressure-ratio requirements in this speed range permit use of an
induction type of tunnel which can be actuated conveniently by high-
pressure air from the storage tank of the compression system. The
induction type has the advantage of a twofold to fourfold increase in
air flow and tunnel size as compared with a direct-blowdown system,
The increase in tumnnel size is of prime importance at transonic speeds.

The main disadvantage of the compression system is that the stag-
nation temperature in tje, supersonic stream of the direct-blowdown
tunnel decreases during a test run because of the expansion of the air
in the compressed-air-storage tank. The rate of decrease, however, is
generally sufficiently low to permit recording by commercial instru-
ments, A second disadvantage is that the induction tunnel is essen-
tially an evacuation type, with its inherent drying difficulties. The
humidity problem can be alleviated, however, by enclosing the tunnel in
a small room to permit recirculation of the mixed dry air from the
induction nozzle with the air induced through the tunnel. This arrange-
ment, in effect, simulates a return passage for the tunnel.

Experience with the compression system in the laboratories of the
NACA (references 1, 2, and 3) has demonstrated its adaptability and
economy of operation, and this system was chosen for the unit shown
in figure 1.

Tunnel Sizes

Subsonic speeds.- From figure 2 or appendix A it can be determined
that in the induction tunnel, in which the stagnation pressure P
is 1 atmosphere and the stagnation temperature is approximately 60o 13
a 2.7T-inch-chord test model is requ%red at a Mach number of 0.8 for the

specified Reynolds number of 1 X 10 This value is somewhat greater
than the specified minimum chord of 2 inches.

In order to obtain the specified choke Mach number of 0.85, fig-
ure 3(a) and appendix B show that the ratio of model area to tunnel area
is 0.02, TFor two-dimensional models (models spanning the tunnel) the
ratio of maximum thickness to tunnel height will also be 0.02. If a
thickness ratio of 10 percent is assumed as a representative value, the
thickness of a 2,6-inch-chord model would be 0,26 inch and the minimum
tunnel height would have to be 13 inches. A height of 16 inches and a
width of 4 inches were chosen. Approximately these proportions had
been found to be satisfactory from the standpoints of model installation,
tunnel-diffuser design, and schlieren photography in the Langley rectan-
gular high-speed tunnel (references 3 and 4). There are other types
of test sections, such as the open throat, that permit an extension




of the speed range (reference 5). These other types, still in the
development stage for transonic speeds, can be expected to require more
power and higher pressure.

Supersonic speeds.- Supersonic speeds up to a Mach number of
about 1.4 can be obtained in either the induction type or in the blow-

down type of tunnel. The blowdown type is used for the higher super-
sonic speeds. The Mach numbers considered in the subsequent design

studies are 1.2, 1.4, 2.0, 3.0, and L4.O.

For the induction tunnel in which the stagnation pressure is con-
stant and equal to the atmospheric pressure (stagnation temperature
approximately 60° F), figure 2 provides the means of evaluating the
chord required to obtain a Reynolds number of at least 1 X 106, For
Mach numbers of 1.2 and 1.4, a chord of 2.4 inches is required to obtain
the specified minimum Reynolds number.

The determination of the model size for the blowdown tunnel wherein
the stagnation pressure can vary is somewhat more difficult than for the
induction tunnel. The minimum stagnation pressure at which the tunnel
will operate for different Mach numbers can be obtained from figure L,
discussed in appendix C (see also references 6 and 7). With the use of

b
the curve of moderate efficiency 52 = 1.25 feor M= 1.0] the lowest
e
stagnation pressure at which the tunnel will start can be obtained

as pp, which is equal to py for this example., Because, in practice,
the operating pressure of the tunnel will generally be somewhat higher
than the calculated starting pressure, a pressure increment of from L

to 10 pounds per square inch was added to the pressures obtained from
figure 4 to assure a downstream location of the tunnel shock. The
resulting pressures were used with figure 2 to determine the model chord
required to obtain a Reynolds number of 1 X 10°, The summarized results

are:

19) = Po P2 o pO c
M calculated to for
(Fig. &) operate | R = 1 X 106
ok 19 23 g
2.0 25 30 1.6
3.0 56 65 e

k.o 182 140 .9




The computed model chords are smaller than the minimum chord of 2 inches
given in the specifications. Thus, the minimum Reynolds number require-
ment will be exceeded in all the blowdown tunnels if 2-inch-chord or
larger models are used.

The first step in determining minimum size required for the test
section of a supersonic tunnel is to evaluate the height-chord ratios
that would permit the tunnel to start (appendix B). For two-dimensional
tests on a model of a given thickness-chord ratio, the ratio of maximum
model cross-sectional area to tunnel test-section area S/A can be
converted into a ratio of tunnel height to model chord h/c. The second
step is to evaluate the minimum height-chord ratios that would prevent
shocks originating on the forward part of the model from being reflected
by the tunnel walls onto the model (see appendix D). The minimum values
of the height-chord ratios are tabulated as a function of Mach number
in appendix D.

For a 2-inch-chord model the tunnel heights based on the minimum
practical values of h/c for the avoidance of interference from
reflected shocks (appendix D) are as follows:

% (%)min (iﬁ.)
&, 2 9.0 18.0
1.4 4.0 8.0
2.0 1B 2.6
3.0 1.0 2.0
k.0 1.0 2.0

A L-inch height is thus more than adequate for two-dimensional tests at
Mach numbers of 2.0 or above. From considerations of the requirements
of tests of axially symmetric bodies it appeared that these tunnels
should have square cross sections and, consequently, the dimensions 4
by 4 inches were selected.

For the lowest supersonic speed considered (M = 1.2) an 18-inch
depth is desirable. The 16-inch depth of the induction tunnel, however,
is adequate for all but the extreme detached-shock conditions. This
size was therefore selected for M = 1,2 and M = 1.4,




Tank Pressure and Volume

Induction-tunnel requirements.- Experience with the operation of

induction tunnels such as the Langley 1l-inch high-speed tunnel (refer-
ence l), the Langley 24-inch high-speed tunnel (reference 2), and the
Langley L4- by 18-inch high-speed tunnel (references 3 and 4) indicated
that a jet pressure of 180 pounds per square inch was needed in a jet
having a ratio of test-section area to minimum jet area A/Am OFSH N
order to obtain sonic velocity in the tunnel. From a value of 180 pounds
per square inch for pp, and 300 pounds per square inch and 560° R
(100° F) as suitable initial values for p; and Ty, the value of the

i
test-duration parameter tﬁE%£:£ is 1.95 for an adiabatic process

(fig. 5 and appendix E). In the test parameter, Ay is the minimum

area of the induction nozzle (square inches) through which the inducing
air flows at sonic velocity and v is the volume of the air-storage

tank (cubic feet). With -Ay; equal to A/35 or 1.83 square inches for
the induction tunnel and t equal to 60 seconds, the volume of the tank
is found from the test-duration parameter to be 1,300 cubic feet. This
estimate is somewhat conservative, inasmuch as an adiabatic process was
assumed (see fig. 5) and the high-pressure air was not throttled (compare

figs. 5 and 6).

For the operation of an induction tunnel at supersonic speeds, the
jet-chamber pressure required will necessarily increase above that for
subsonic speeds. An analytical determination of the pressure requires
many uncertain assumptions, particularly as to losses and method of
mixing, and is an involved process (see references 8 to 10). Limited
test results in the Langley 4- by 18-inch high-speed tunnel indicated
that a jet-chamber pressure of approximately 225 pounds per square inch
would be required to obtain a Mach number of about 1.3. If the value
225 pounds per square inch is used, a test duration of 30 seconds
requires a tank of about the same size as that needed for subsonic

operation (1,300 cu ft).

Blowdown-tunnel requirements.- In order to realize the inherent

capability of the blowdown tunnel to operate at various Reynolds numbers,
the tank must be large enough for the required running time at stagna-
tion pressures well in excess of the minimum operating values. If only
30-second runs at the minimum operating pressures previously given in
the section entitled "Tunnel Sizes" were required, the tank requirements
would be much smaller than those for the induction tunnel. Inasmuch as
the 1,300-cubic-foot tank needed for the induction tunnel appeared to

be a practicable size, this value was used in calculations of the stag-
nation pressures that could be maintained constant in the blowdown




tunnel during a 30-second run. The results, which are easily computed
with the aid of figure 6, are as follows:

M P2 Pp
(1b/sq in.) P2rin
2.0 125 4,2
3.0 190 2.9
4.0 250 I

It is evident that the Reynolds number can be varied by a factor of 4,2
at M =20 and of 1.7 at M = 4,0.

In order to extend the permissible operating range and to facili-
tate performance studies, a tank of 2,000-cubic-foot capacity was chosen.
In this case the Reynolds number can be varied by a factor of about 5.0
at M =2,0 and of 2.0 at M = 4,0.

Compressed-Air Supply

Compressor.- With atmospheric air intake and a maximum working

pressure of 300 pounds per square inch, the compressor must operate at
a maximum compression ratio of 20. As a consequence of the high com-

pression ratio and relatively low flow rates, a reciprocating type was
chosen.

The size of the compressor can be specified by its rated pumping
capacity in cubic feet of free air per minute Q. The quantity Q
is shown in appendix F and figure 7 to depend on tank volume v, pump-
up time t., and the pressure at the beginning of pump-up Po (the
pressure at the end of the preceding test). From previously specified
values, v 1s 2,000 cubic feet and an average value of tc is 30 min-
utes. The pressure at the beginning of the pump-up was estimated to be
160 pounds per square inch, based on the previous design computations
and on experience derived from operation of similar equipment at the
Langley Laboratory. From the aforementioned quantities and figure 7
(n = 1.0 since the compression cycle should approach an isothermal
process), the pumping capacity of the compressor was found to be about
600 cubic feet per minute and would require a 150-horsepower drive motor.
The compressor is shown in figure 8.




v
Tank.- In the general design of the tank it was specified that the

length-diameter ratio be between 2 and L and that the construction con-
form to the ASME code for unfired pressure vessels (paragraph U-68).

The tank obtained was 9 feet in diameter, 34 feet 9% inches long

(excluding fittings), had a storage capacity of 2,000 cubic feet, and
weighed 34 tons. The tank was built for a working pressure of

300 pounds per square inch and was hydrostatically tested to 600 pounds
per square inch.

Air dryer.- The specified -40° F dew point at atmospheric pressure
is generally accepted to be sufficiently low to avoid condensation shock,
although that degree of dryness does not preclude the possibility (Bt
supersaturation of the flow, particularly at some of the higher Mach
numbers. The specified -40° F dew point at atmospheric pressure for
supersonic operation is readily obtained with standard commercial air-
drying equipment. The other operational requirements which determine
the selection of the dryer are working pressure, compressor flow quan-
tity, adsorption period, and reactivation period. The adsorption period
is the length of time the dryer is capable of drying the required air-
flow quantity to the specified dew point. For the usual 8-hour work
day it was estimated that the compressor would probably be operated for
a period of 6 hours on alternate days; as a consequence, a 6-hour
adsorption period was specified for a dryer having one drying tank.
During the reactivation period the dryer is out of operation and the
adsorbed water is removed from the drying agent by heating. A reacti-
vation period of 8 hours was specified to permit operation on alternate
days. The air dryer is shown in figure 8.

A means of avoiding interruption of research is to use a dryer
having two tanks containing desiccants. While one tank is being used
to dry the air, the other tank is in the process of reactivation. For
intermittent operation a single tank is sufficient, as in the present
design, provided that automatic reactivation controls are used to per-
mit the reactivation cycle to be conducted overnight.

0il filter.- It is well-known that the air in high-speed tunnels

must be dry and free of oil or other impurities. These requirements
are necessary to avoid condensation shock (previously discussed) and to
avoid fouling of the model and schlieren windows. In blowdown tunnels
in which the compressed air from the compressor is used as a working
fluid, provision must be made to dry the air and remove the N e
drying agents, however, generally consisting of aluminum or silicon
oxides, have a great affinity for oil. It is necessary, therefore,
that the oil be removed before the air is dried in order to protect the

desiccant in the air dryer.
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In the present design an adsorbing type of oil filter was used,
capable of handling 600 cubic feet of free air per minute at a working
pressure of 300 pounds per square inch. A schematic drawing of the oil
filter is presented in figure 9. In future designs it is recommended

that a simple mechanical oil filter be installed ahead of the adsorp-
tion filter.

Induction Tunnel

The induction tunnel is shown pictorially in figure 1 and by line
drawings in figure 10(a). Figure 10(a) also names the various parts of
the tunnel. A general view of the tunnel is shown in the background of
figure 10(b), while a close-up view of the nozzle region, transition
cone, induction nozzle, and a part of the diffuser can be seen in
figure 10(c).

The air flowing through the induction tunnel enters the entrance
cone, where it passes through a 2%-— by 9-foot 30-mesh screen used to

smooth out the flow. The air is accelerated in the three-dimensional
entrance cone to a 4- by 26-inch area at the juncture of the entrance
cone and the nozzle region. The nozzle region consists of a rectangular-
shaped passage of variable height and constant 4-inch width. The con-
stant width is maintained by two vertical, parallel, steel plates. Solid
duralumin nozzle blocks are used to form the desired two-dimensional
profile of the nozzle inlet, test section, and diffuser (fig. 11). The
inlet portion of the nozzle fairs into the entrance cone,. whereas the
rear part of the nozzle blocks forms the beginning of the diffuser (see
fig. 11). Ordinates of the nozzle blocks are given in table I,

The transition cone provides a uniform increase in area of the air

passage from a 4- by 21%--inch shape at the end of the nozzle blocks to

a 13.4-inch-diemeter passage at the induction nozzle in a 33-inch length.
The induction nozzle is torus-shaped and encircles the tunnel air passage
(figs. 10(a) and 11). High-pressure dry air from the tank flows through
the jet chamber and thence to the outer periphery of the tunnel air
passage through an annular nozzle (fig. 10(a)). The interchange of
momentum between this flow and the air in the tunnel induces the flow
through the tunnel. Downstream of the induction nozzle the diffuser

0
has a conical shape, with a h% total included angle.

Although no tests were made on the induction tunnel to determine
the effect of diffuser length on tunnel performance, some data have been
obtained from the Langley 24-inch high-speed tunnel. The results showed
that the performance is not adversely affected if the diffuser length is




reduced so that the ratio of exit diameter to diameter just downstream

of induction nozzle is approximately 2.0. On the basis of those limited

results, it appears that the length of diffuser on the induction tunnel

zould be reduced from its initial length of 21 feet 5 inches to 1k feet
inches.,

The design of the induction tunnel was based on that of the
Langley 4- by 18-inch high-speed tunnel (references 3 and 4). 1In
designing the tunnel to cover both the subsonic and low-supersonic speed
ranges, however, one major compromise was necessary. In order to obtain
a Mach number of 1.4t without changing the entrance cone, the length of
the nozzle ahead of the test section had to be increased appreciably
beyond that needed for subsonic or near-sonic operation. A fixed slope
of the upstream end of the nozzle block was required in the design so
that the nozzle block would fair in with the entrance cone (see fig. 11).
The length of the subsonic-flow region in the forward part of the nozzle,
as well as the height at the minimum area, had to decrease with increasing
Mach number because of the fixed length of the nozzle region ahead of the
test section and the fixed height of the test section for all Mach numbers.
These requirements led to nozzle blocks in which the shape of the con-
tracting subsonic portion of the nozzle varies in the low-supersonic
range (figs. 12 and 13). It was necessary also to locate the test sec-
tion closer to the transition-cone inlet than was done in the Langley 4-
by 18-inch high-speed tunnel. The effect of these compromises on the
performance of the tunnel could not be predicted. It was believed,
however, that any adverse effects could be reduced or eliminated through
slight modifications that could be made during initial performance tests
of the unit.

The design of the induction jet was based on that of the Langley
11-inch high-speed tunnel (reference 1) and later used for the 4- by
18-inch high-speed tunnel. The jet was designed so that variations in
minimum area could be made.

The shape of the nozzle block used for subsonic speeds (M = 1.0
in fig. 12 and table I) was adapted from the shape of the passage in the
Langley 4- by 18-inch high-speed tunnel. In all nozzle blocks the design
of the entrance portion ahead of the first minimum section was based on
one-dimensional flow to maintain an approximately uniform increase in
Mach number along the axis to a value of Mach number of 0.95. The rate
of area change was then reduced to provide a more gradual increase in
Mach number to a value of 1.0 (fig. 13).

The shapes of the supersonic nozzle blocks (downstream of the first
minimum) for Mach numbers of 1.2 and 1.4 were designed by the Prandtl-
Busemann characteristics method (reference 11, also described in refer-
ence 12), which neglected viscous effects. Approximate formulas for the
computation of turbulent boundary-layer momentum thicknesses in compress-
ible flows available in reference 13 can be used to evaluate a correction

13
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for the boundary-layer growth on the nozzle blocks where two-dimensional
flow can be assumed to occur (see also reference k), Along the side
walls the radial flow, combined with a gradient in velocity normal to
the flow, presents a more complicated problem. At the intersection of
the side walls and the nozzle blocks a complex flow in a corner is pro-
duced that has not been treated theoretically. Although, in practice,
the summation of these effects might tend to reduce the over-all effect
by interaction, the uncertainty of the boundary-layer growth and the
usual necessity of applying the entire correction to the two nozzle
blocks lead to large uncertainties as to the adequacy of the method.

The problem was especially critical when the widths of the two nozzle
blocks constituted only a small part of the total tunnel perimeter, as
well as cases in which small area changes can produce relatively large
effects on the flow as at low-supersonic Mach numbers. As a consequence,
the usual method employed was to design the nozzle shape, apply an
approximate correction, and then determine from test results the amount
of the additional correction and the variation along the nozzle. The
additional corrections so determined would constitute only a slight
alteration insofar as machine work was concerned.

A first-order correction for boundary-layer growth in the test
section was made by diverging the 10-inch length of test-section walls
(nozzle block only from the 38-inch to 48-inch stations, table I) by an
angle of 0.8°. The angle was based on an analysis of data on the diver-
gence required for zero pressure gradients in the Langley 4- by 18-inch
high-speed tunnel near sonic speeds. The ordinates for the supersonic
nozzle blocks are presented in table I and the profiles are shown in
figure 12. Because of the low values of the supersonic Mach numbers, a
second minimum area was not included in the design of the nozzle blocks.

A straight-sided, continuously divergent nozzle was also investi-
gated to determine the feasibility of this shape for low-supersonic Mach
numbers. The design utilized the forward subsonic part of the M = 1.k
nozzle block (table I). At the minimum area the new design incorporated
a sharp bend, followed by a straight-line divergence. An angle of diver-
gence was chosen so that a Mach number of 1.2 could be expected at the
test section on the basis of area ratio. An additional divergence was
incorporated into each of the nozzle blocks to account for increases in
boundary-layer thickness along the tunnel walls. The assumed growth in
boundary-layer thickness was the same as that for the previously described
nozzle blocks. The resulting total divergence in each nozzle block

was lE (table I).

Blowdown Tunnel

The supersonic blowdown tunnel is shown pictorially in the general
layout in figure 1 and by line drawings in figure 14(a). A general view
is shown in figures 10(b) and 14(b).




The tunnel is of the direct-blowdown type; that is, dry air from the
storage tank passes directly through the 4- by L-inch test section of the
tunnel. Two valves were installed in the supply line, a manually con-
trolled gate valve and an automatic pressure-regulating valve which can
be used to maintain constant stagnation pressure. Downstream of the
valves is a 19-inch-diameter settling chamber approximately 3 feet long.
Installed in the central part of the chamber to improve the uniformity
of the flow are two 30- by 30-mesh bronze screens (0.009-inch-diameter
wire), spaced 3/4 inch epart. In the downstream 1lk-inch length of the
chamber two metal fairings are installed which serve as a part of the
entrance cone of the tunnel (see fig. 14(a)). The fairings have circular-

arc cross sections <l6%-inch radius) and reduce the air passage from the

original 19-inch diameter to a section 4 inches wide by approximately

19 inches high. Between the settling chamber and the nozzle-block region
there is an adapter that serves as a continuation of the entrance cone
and reduces the area to a 4- by 10-inch section. In this region the Mach
number of the flow is always less than 0.2. The nozzle region is formed
in a manner similar to that of the induction tunnel; that is, two flat
steel plates, which are the side walls, form vertical boundaries for the
4-inch-width passage through the nozzle region. Nozzle blocks installed
at the top and bottom form the upper and lower boundaries of the flow
(compare figs. 14(a) and 15). Downstream of the nozzle blocks is a short
transition section transforming the air passage from a 4- by k-inch

square shape to a 5—-—1nch dlameter circular shape at the beginning of

the conical dlffuser having a 3— total included angle.

The shapes of the nozzle blocks were determined by the Prandtl-
Busemann characteristics method to provide specific supersonic Mach
numbers of 2.0, 2.8, and 4.1 at the test section. A first-order correc-
tion for boundary-layer growth in the test section of the blowdown
tunnel was made by diverging the 6-inch length of each nozzle block at
the test section (from the 21.5-inch to 27.5-inch stations (table II))
by an angle of O. 25 The divergence in terms of area increment per
unit length per unit perimeter was less in the blowdown tunnel than in
the induction tunnel. A decreased divergence was used in the blowdown
tunnel because it was desirable that the initial nozzles have insuffi-
cient rather than excessive divergence. The insufficient divergence
was required to facilitate the remachining of the nozzle contour as
determined by preliminary tests to provide uniform flow in the test
section without velocity gradients. This procedure was in accord with
standard practice for equipment of this size.

15




16

The nozzle blocks for the blowdown tunnel were designed with a
region of reduced area downstream from the test section - a second-
minimum area. The purpose of the second minimum is to permit the tunnel
to operate at a lower pressure ratio than the ratio required to start
the tunnel (reference 15). The minimum area theoretically allowable is
given by figure 3(b) (also appendix B). The predicted reduction, however,
is based on inviscid fluid and,.consequently, the reduction in area of
the second minimum of a tunnel must be less than the theoretical value.
In the desién the decrease in area was about 65 percent of the theoreti-
cal value. The profiles of the nozzle blocks are shown in figure 16 and
the ordinates are given in table II.

An additional factor which affects the design of a supersonic nozzle
is the location of the second minimum. Theoretically, the start of the
second minimum could be located immediately adjacent to the downstream
end of the test section. Yet the probability of shock-boundary-layer
interaction neglected by the inviscid theory requires & more rearward
location. Although these generalities were known, no information was
available on the required downstream displacement or on the effects of
Mach number and Reynolds number on the required displacement. In the
design of these nozzles a minimum downstream displacement of the second
minimum of one-half the tunnel height was incorporated.

The wide range of Mach numbers, together with the fixed over-all
length of nozzle, again necessitated compromises in the design of the
nozzle blocks for the various Mach numbers. The supersonic portion of
the nozzle tended to increase in length with increase in test Mach
number, and, although the length of the nozzle for Mach number of 4.1
approached the minimum possible value, nozzles for the lower-supersonic
speeds were longer than those generally used. In both the induction
and blowdown tunnels the extent of the compromise regarding the nozzle
shape would have been reduced had the test-section position been allowed
to vary along the axis, but difficulties in connection with the size or
location of the windows that were required at the test section would
have been introduced.

Auxiliary Equipment

The auxiliary equipment normally needed with a unit of this kind
consists of optical apparatus for flow visualization and manometers for
measuring pressures. Forces and moments can be determined in many cases
by integration of pressure-distribution diagrams. If a large amount of
routine force determinations are required, a balance is also desirable
but has not been included in the present design. Multiple-tube manom-
eters, such as those shown near the entrance cone of the transonic tunnel
in figures 10(b) and 10(c), are generally satisfactory for use with
research equipment of this kind.




Flow visualization is accomplished through the use of either the
shadowgraph, schlieren, or interferometer techniques. For the
compressible-flow unit a schlieren system (references 16 to 18) was
designed and used. A schlieren system can easily be converted into a
shadowgraph system (reference 17) if desired.

The schlieren system is shown in figures 1, 17, and 18 and the
principle upon which it operates is described in appendix G. Components
of the system used can be seen in the region of the test section of the
tunnels in figures 10(b) and 1%(b). Because mirrors of high optical
quality are more readily available and more economical than lenses of
comparable quality, mirrors were used in the system. Two factors were
considered in specifying the focal lengths and diameters of the mirrors
for the schlieren system. The first factor concerned was the ratio of
focal length to diameter F of the mirrors. It was known that a ratio
of focal length to diameter of 8 could be used very easily in an off-
axis symmetrical system as shown in figure 18. Also, a system using
mirrors having an F number of 5 has been found to function satisfac-
torily in the same arrangement, although the system was much more diffi-
cult to aline and adjust.

The second factor considered was the size of the photograph of the
flow field that could be obtained. At the Langley Laboratory a variety
of schlieren systems employing various types of light sources having
durations from 1 to 4 microseconds have been used. One of the types of
light sources 1is the point-source spark gap and spark generator schema-
tically shown in figure 19 (duration, 2 microseconds). Experience has
demonstrated that the largest actual size of schlieren photograph
obtained of the flow field Ppgy is limited by the ratio of the focal

length of the optics f to the free aperture of the system d (diameter
of the flow field (figs. 17 and 18)). The empirical relation obtained

15! P S45 % % inches.

For a 5-inch-diameter field measured along the flow direction of
the supersonic blowdown tunnel, a system having a ratio of focal length
to free aperture of 8 would permit full-size photographs (magnification
of 1) to be obtained. In the induction tunnel in which the models would
have chords less than 4 inches, the 5-inch field might be considered
the minimum size of flow field acceptable. The mirrors were therefore
specified to have 5-inch diameters and approximately L4O-inch focal

lengths.

The mirrors were made from glass having a low coefficient of thermal
expansion. The paraboloidal surface of the mirror was required to have
a smooth curve sufficiently accurate so that the mirror could pass a
Foucault knife-edge test for uniform graying of the light field without
light or dark zones under a condition of parallel light impinging upon
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the surface of the mirror with the knife edge being gradually inserted
at the focal point.

A mount was designed to hold the mirrors (fig. 10(c)) which provided
five degrees of freedom, three in translation and two in rotation. The
light source and the knife-edge holders were designed to provide four
degrees of freedom, three in translation and one in rotation. The axis
of rotation was vertical in the system shown in figure 10(c).

PERFORMANCE OF TUNNELS

Induction Tunnel

Method of operation.- Because an induction tunnel can be actuated

with undried air, it was important to determine whether the use of the
air dryer could be reduced by alternate operation of the induction
tunnel with undried air and the blpwdown tunnel with dry air. Tests
showed that this technique was impractical because the water adhered to
the walls of the air-storage tank and in the pipe lines for approximately
three tank blowdowns of dry air following one blowdown of undried air.

As a consequence, the compressed-air bypass for the air dryer that had
been designed for use during pumping up the tank for operating the induc-
tion tunnel with wet air was eliminated. The use of dried air for actu-
ating the induction tunnel has the advantage of greater effectiveness

in drying the air in the test room, which is shown subsequently to be

an important factor in satisfactory use of the induction tunnel at tran-
sonic speeds.

Speed control.- The velocity of air through the test section of the

induction tunnel in the subsonic range was regulated by manually
throttling the flow of compressed air into the induction jet. The
pressure of the air in the jet chamber was thereby varied with corre-
sponding changes in the momentum of the flow from the induction jet.
For supersonic operation at M = 1.2 and M = 1.4, nozzle blocks
designed to produce the desired Mach numbers were installed and the
pressure in the jet chamber was increased until the supersonic flow was
established. Further increase in the jet-chamber pressure would only
decrease the duration of the test (compare figs. 5 and 6) because the
increased pressure increases the mass flow through the Jet and causes
the tank pressure to decrease more rapidly.




Initial performance tests,- Initial tests in the induction tunnel

at subsonic speeds indicated reasonably good velocity distributions
along the center line of the test section, but the flow was subject to
velocity pulsations and the pressure required to obtain a Mach number
of 1.0 at the test section was excessive, approximately 260 pounds per
square inch, as compared with 180 pounds per square inch in design.
The combination of pulsing flow and the large power requirement in the
induction tunnel could have resulted from flow separation in the air
passages or could have resulted from some of the compromise changes in
the design from that of the Langley 4- by 18-inch high-speed tunnel.
Since some of the troubles might be arising from differences between
the induction tunnel and the 4- by 18-inch tunnel and from some small
irregularities in the fairing of the entrance cone at its juncture with
the nozzle region, the entrance cone was redesigned to conform more
nearly with the short entrance cone of the Langley L- by 18-inch high-
speed tunnel., The short length of the entrance cone permitted access
to the juncture between the entrance cone and the nozzle region, and
care was taken to provide an accurate fit at the juncture. The rede-
signed entrance cone attached to a 6- by 5- by 3-foot box, five sides
of which were formed by screens, was then installed (see figs. 11 and 20).
Changes which consisted of an improved fairing at the beginning of the
transition cone were also made.

While these two parts were being constructed, the flow through the
tunnel was investigated for flow separation. Flow studies consisting
of pressure measurements revealed no trouble in the diffuser. At a
station approximately halfway along the length of the transition cone,
however, some separation occurred. Screens and grids of parallel wire
were installed separately ahead of the separation point. The screens
reduced the flow pulsations in the test section but the tunnel operation
remained unsatisfactory because of the high power requirement. Similar
effects were obtained with the parallel wire grids.

The new entrance cone resulted in a marked reduction in the flow
pulsations in the tunnel and produced a reduction of 30 pounds per
square inch in the pressure required to obtain a Mach number of 1.0.
The improved fairing in the entrance of the transition cone caused an
additional reduction of 5 pounds per square inch in power requirement
and eliminated the formerly observed separation in the transition cone
and thus made unnecessary the use of screens or grids.
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Induction-jet studies.- With the foregoing changes in the tunnel,

the pressure required to operate (225 lb/sq in.) remained appreciably
greater than the design estimate of 180 pounds per square inch for
attainment of a Mach number of 1.0. Attempts to attain supersonic Mach
numbers were unsuccessful because of the high power requirement. The
source of this difficulty was finally traced to the induction jet.
Examination of the induction jet showed that, although the design called
for a minimum throat of 0.045 inch, the jet was assembled with a throat
of 0.031 inch. The 0.031-inch throat corresponded to a ratio of tunnel
area to minimum jet area of 52, as compared with the design ratio of
approximately 35. Since the design permitted the two parts of the jet
to be displaced relative to each other to change the minimum jet area,
the effect on tunnel performance of changing the jet area was studied.
The variation of jet-chamber pressure Pj with time is shown in figure 21

for various minimum jet areas Ap. The data have been adjusted to repre-

sent the pressure variation for an instantaneous opening of the throttle
valve and for an initial pressure of 300 pounds per square inch in the
air-storage tank. The differences in the jet-chamber pressure shown in
figure 21 at zero time are representative of the pressure drops in the
flow through the pipe line connecting the tank and the jet chamber. The
data of figure 21 cannot be extrapolated directly with the area of the
minimum section, as would be indicated by figure 5, because the rate of
change of pressure with time has an effect on the heat transfer and,
consequently, on the numerical value of the polytropic exponent n
(appendix E).

The results of simultaneous measurements of pressures along the
nozzle region (see fig. 10(a)) and in the jet chamber are presented in
figure 22 to show the variation with jet pressure of the maximum measured
Mach number for various induction-nozzle and entrance-cone conditions.

The increases in maximum Mach number and the reductions in the jet-chamber
pressure required to obtain a given test Mach number resulting from the
new entrance cone, from the modified transition cone, and from progressive
increases in the minimum area of the induction jet are apparent in this
figure.

Data from figures 21 and 22 were used in figure 23 to show how the
performance was affected by the ratio of test-section area to minimum
jet area. As the ratio of test-section area to minimum jet area decreased
from the value of 52 to 21, the duration of the test and the maximum
attainable Mach number increased and the jet-chamber pressure required
to obtain a Mach number of 1.0 decreased. Further decrease in the area
ratio resulted in a reversal of the trends. For the optimum condition
(area ratio of 21), the test duration for a Mach number of 1.0 was some-
what in excess of 100 seconds and the jet pressure required was approxi-
mately 130 pounds per square inch. The optimum area ratio of about 21
(fig. 23) probably applies only to the particular test-section shape used.




In general, in induction-tunnel designs the jet nozzle should be adjust-
able to allow the optimum setting for each configuration.

Analysis of performance data.- Further analysis of the performance

data indicated that the ratio of the mass flow through the tunnel to the
mass flow from the induction nozzle decreased from about 5.3 at a Mach
number of 0.6 to 3.5 at a Mach number of 1.0 for the tunnel with A/Ay

equal to 52. When A/A, was decreased from 52 to 21, the test duration

at Mach number 1.0 was increased, but the mass-flow-rate ratios were
reduced to approximately 3.5 at Mach number 0.6 and to 2.2 at a Mach
number of 1.0. This large reduction in the mass-flow advantage of the
induction tunnel at high Mach numbers made it desirable to compare the
performance of the induction and direct-blowdown systems for the low-
supersonic speeds (M = 1.2 and M = 1.4). With the use of figures 6,
T, and 22 and a final tank pressure of 25 pounds per square inch for the
blowdown tunnel, the following performance estimates were obtained:

Induction Blowdown-
M
A\/Tl tcQ AN\/T7 |tcQ
By 1P v |&ov| Fo v |60V

REGIIRT IR T 11 L IrR8k - 61 19
1.2]1165 |1k, 7 65 9[18.5| 62 19
1.4)230 |1k, 7 23 S419.21 65 19

where
Dls induction-jet-chamber pressure in pounds per square inch
i absolute
Po test-section stagnation pressure in pounds per square inch
absolute
AT
t——:;l— test-duration parameter
EQ% pump-up-time parameter
60v

For Mach number 1.0 the table shows that a blowdown tunnel would have
approximately one-half the test duration and one-half the test frequency,
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so that the over-all performance would be approximately one-fourth as
good as that for an induction tunnel. At M = 1.2 the running time
becomes about equal to that of the induction type and at 1.4 the blow-
down running time is nearly three times that of the induction tunnel.
The pump-up times are longer for the blowdown case, however, so that in
terms of total running time per day the induction type would appear to
have a 2-to-1 advantage at M = 1.2 and a 4-to-3 advantage at M = 1.L.
Beyond a Mach number of 1.4, the blowdown type is superior in all
respects. This so-called advantage of the induction type in daily
operating time at these speeds is largely illusory, because of the
necessity of devoting a large part of the operating time to lowering
the humidity by mixing and recirculation to the point at which test data
can be taken. The blowdown system, of course, completely avoilds the
humidity problem and this consideration far outweighs the questionable
advantage of the induction system from the viewpoint of total daily
running time. Inasmuch as equal or longer test runs free from humidity
effects are attainable by use of direct blowdown, it is concluded that
this system should be used at all supersonic speeds.

Suggested design modification.- The 4- by 16-inch test section

needed at M = 1.2 and M = 1.4 could not be incorporated in the
present blowdown tunnel without major changes in the design. A larger
settling chamber and larger height (wider parallel walls) would be
required. The entrance cone on the induction tunnel, however, is easy
to remove. The present cone could be replaced by a settling chamber
incorporating the entrance-cone shape at one end and an attachment for
the compressed-air supply line at the opposite end. The new settling
chamber, designed for a working pressure of 20 pounds per square inch,
would have screens installed to smooth out the flow and baffles near
the compressed-air entrance to distribute properly the inlet air. This
chamber could be installed when changing subsonic nozzle blocks for
supersonic blocks and would permit the induction tunnel to operate at
supersonic speeds as a direct-blowdown type.

Blowdown Tunnel

The only major difficulty encountered in the initial operation of
the blowdown tunnel was air leakage due to inadequate seals between the
nozzle blocks and the side walls. For simplicity of construction the
seals had been designed to be installed at a common location on all the
nozzle blocks (see the straight-line groove near the bolt holes in the
outer portion of the nozzle blocks in fig. 15). Two methods of sealing
the nozzles were used satisfactorily. The first consisted of using a
soft plastic gasket material, such as Permatex. The material was spread
along the sides of the nozzle but slightly below the contoured surface
(see nozzle block in fig. 11). The second consisted of installing &
strip of rubber (0.02 by 0.1 inch) in a similar location. Either of




these methods could cause flow distortions if the gasket material were
accidentally squeezed out into the flow passage.

In operating the tunnel the manually controlled valve was gradually
opened, and the pressure in the settling chamber was_ thereby increased
until the value required to establish supersonic flow in the tunnel was
reached. Throttling was also accomplished through the use of the auto-
matic pressure-regulating valve adjusted to maintain a preselected
pressure in the settling chamber. The performance of this standard

.commercial pressure-regulating valve was adversely affected by large

changes in the rate of flow and pressure. The valve had V-ghaped ports
actuated by a diaphragm. It was found desirable to estimate the valve
opening required to maintain the desired'settling-chamber pressure and
to set the valve at that position before opening the manually operated
valve, since the automatic valve normally required approximately 30 sec-
onds to move from fully open to fully closed. The aforementioned pro-
cedure permitted the settling-chamber pressure to be maintained constant
within 1 pound per square inch; this range was within the accuracy of
the test pressure gauge used.

The variation in the settling-chamber pressure with time (without
throttling) is shown in figure 24 for each of the three nozzles tested.
The rapid increase in the rate of change of pressure with decrease in
Mach number is due to the increase in minimum area in the nozzles with
decrease in Mach number for a constant test-section area. In figure 24
the pressure was adjusted so that zero time corresponds to a tank pres-
sure of 300 pounds per square inch. The differences in pressure at
zero time for the different nozzles are representative of the change in
line losses resulting from the change in mass-flow requirements.

The pressure required to establish supersonic flow at the test
section (without a model installed) was measured for each set of nozzle
blocks. In addition, the total duration of the test was determined for
the throttled and unthrottled conditions. The results are as follows:

Test duration Test pressure
p, to Pressure (sec) (1b/sq in.)
M st ant at cut-off

G ) | T m0us | ot With With

throttling |4y .o tt1ing [throttling| throttling
2.0 23 28 110 395 28
2.8 48 58 147 368 5o
lie: 157 167 165 330 167
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NOZZLE PRESSURE DISTRIBUTIONS

Induction Tunnel

Measurements of the static-pressure distribution were made on one
of the side walls along a line midway between the nozzle blocks (see
fig. 10(c)). Simultaneously, measurements of the induction-jet pressure
were made to obtain an indication of the power required. The rate of
change of all the pressures was small and the response of the measuring
and recording equipment was sufficiently rapid that a time history of
the changes could be obtained. Data were obtained at approximately
10-second intervals without throttling the high-pressure air flowing
into the induction jet. The total elapsed time since the start of the
test t 1s given in seconds in the data figures for each distribution.

Subsonic.- The Mach numbers computed from the measured static

pressures, assuming no loss in total pressure through the tunnel, are
shown as they vary along the tunnel axis for different jet pressures in
figure 25. These pressure measurements constitute an adequate method
of calibrating this tunnel for subsonic speeds, since in this two-
dimensional tunnel the pressures at the side wall are essentially equal
to those in the free stream. A Mach number of 0.58 was obtained with
the lowest jet pressure investigated (67 1b/sq in.) and the variation
in Mach number along the axis of the tunnel in the test section (cen-
tered at the 43-in. station) was insignificant over a 6-inch length.
The tunnel was designed to have a 10-inch-length test section extending
from the 38-inch to the L8-inch stations. The Mach number at the 48-inch

station is about l% percent less than that at the 38-inch station. At

Mach numbers above 0.9 the velocity gradients in the test section became
larger. Further increase in jet pressure produced velocities somewhat
in excess of Mach number 1.0 in the test section and thus provided an
indication of slightly excessive nozzle-block divergence at the test
section. Since the maximum design Mach number for this tunnel was 0.9,
no change was made in the nozzle. The longitudinal gradients at and
below Mach number 0.9 are considered to be sufficiently small. Examin-
ation of the static-pressure measurements made at orifices installed at
stations from 7 inches above to 7 inches below the center line (at the
43-inch station) showed that the vertical velocity gradient was essen-
tially zero throughout the speed range.

An analysis of calibration tests in the Langley 24-inch and k4-
by 18-inch high-speed tunnels has shown that the effects of humidity of
the entering air on the calibration of the empty tunnel were less than
1 percent for Mach numbers below 0.9 and relative humidities at stag-
nation of 60 percent or less. The required minimum humidity for model
tests will necessarily decrease because of possible local condensation.




For the test results presented, the humidity of the air at zero time was
60 percent and decreased during the test. The effects of humidity on
the data presented in figure 25 at jet-chamber pressures of 152 pounds
per square inch or less are believed, therefore, to be insignificent.

Supersonic.- Available information on condensation at supersonic
Mach numbers (for example, references 19 to 21), although showing that
the problem is serious, does not permit the limiting humidity conditions
to be accurately predicted. The information, however, indicates that
the degree of supersaturation in the nozzle and the length of time the
supersaturated condition exists (a function of flow velocity and nozzle
length) are important factors (reference 20). Time limitations on the
completion of the test schedule brought about by the necessity of dis-
mantling the equipment required that the tests of the induction tunnel
at supersonic speeds be conducted during the summer months. In the test
locality the prevailing high relative humidities of the atmosphere,
combined with the necessity of conducting the tests in a large room,
limited the minimum obtainable humidities to between 50 and 60 percent
at the start of a test. Even though condensation effects were inevi-
table, the tests were conducted and the results are presented to deter-
mine the magnitude of the effects of excessive moisture content.

The measured distributions along the side walls obtained with the
straight divergent nozzle blocks are presented in figures 26(a) and 26(b)
for different humidity conditions.

The data in figure 26(a) were obtained when the relative humidity
for the entrance air (stagnation pressure and temperature) at the
beginning of the test was 66 percent. During the course of the test the
humidity decreased through recirculation to 52 percent. Figure 26(b)
is the distribution obtained on the following day, for which the initial
humidity was approximately 50 percent and the final relative humidity
was 38 percent.

The M = 1.2 nozzle blocks designed by the characteristics method
produced the velocity distributions shown in figure 26(c). The data were
obtained for an initial relative humidity of the entering air of 68 per-
cent and a final value of 52 percent.

The distributions obtained along the side-wall center line with the
M = 1.4 nozzle blocks installed are shown in figure 26(d). In these tests
the initial humidity was about 55 percent and the final value was
41 percent.

The results presented showed that serlous humidity effects were
encountered. The most apparent condensation shocks occurred at these
low-supersonic Mach numbers when the relative humidity was in excess of
50 percent (stagnation temperature about 84° F). The corresponding
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moisture content of the air was in excess of approximately 0.012 pound
per pound of dry air. The relatively high values of humidity that per-
sisted during the tests did not permit an evaluation of the minimum value
required to obtain valid data.

Unpublished results of recent tests in the Langley 4- by L-foot
supersonic tunnel show the effect on Mach number and the Mach number
distribution through the nozzle of increasing humidity or dew point.

The results presented in figure 27 show that the Mach number in the test
section decreased and the distribution along the test section became
more erratic as the moisture content was increased from 0.4 to 20 parts
in 1,000 parts of dry air. From an analysis of the points of divergence
(M = 1.2 for 42° F dew point to M = 1.6 for -10° F dew point), it is
estimated that condensation will not occur at Mach numbers of 1.2 and 1.4
if the moisture content of the air is less than 2 parts in 1,000. For
atmospheric stagnation pressure and a temperature of 60° F, a relative
humidity of 20 percent corresponds to a moisture content of 2 parts in
1,000. From these limited results it appears that the flow through the
induction tunnel would have been essentially free of condensation if the
relative humidity of the entering air could have been reduced to 20 per-
cent or less.

Effect of enclosure.- Data obtained during the tests of the induc-

tion tunnel (figs. 21, 25, and 26) generally showed that the relative
humidity of the air entering the tunnel decreased between 12 and 20 per-
cent during a test run having a duration of approximately 200 seconds.
This decrease occurred in the 54,000-cubic-foot room enclosing the tunnel
(see fig. 10(b)). The large room acted as a crude return passage for the
tunnel. It permitted mixing of the continuous flow of dry air from the
induction nozzle with the air in the room and resulted in a continuous
decrease in the relative humidity of the air in the room during a test.
Inasmuch as the method is essentially a mixing process between dry
induction air and initially moist room air, the effectiveness of the
process in reducing the humidity of the air in the room (the air that
flows through the test section) obviously increases as the volume of the
room decreases. Although, in the present setup (figs. 1 and 10(b)), it
was not expedient to reduce the volume of the room enclosing the tunnel,
some data obtained in the Langley 2k-inch high-speed tunnel after it had
been enclosed in a tank, as illustrated by figure 28, show the beneficial
effect of a small enclosure. The results of several tests in the Langley
2h-inch high-speed tunnel while the atmospheric humidity was approxi-
mately TO percent are as follows:




T4 Relative humidity
ime
(percent)
Before test (0]
At end of l-minute test 30
At end of L-minute test 110) “ey 210
30 minutes after end of test 110} Re(e) 210,
24 hours after end of test 50 to 60

An enclosure for the induction tunnel of a size comparable to that of
the 24-inch high-speed tunnel (fig. 28), based on volume per unit flow
rate through the tunnel, is 5,700 cubic feet. From the values of
humidity obtainable and required it appears that the small enclosure
would permit the induction tunnel to be operated at low-supersonic Mach
numbers.

Blowdown Tunnel

As previously discussed, the available boundary-layer theories are
inadequate to account completely for boundary-layer growth in supersonic
nozzles. Experience has shown that in the initial design a nozzle shape
adequately compensated for boundary layer can be obtained only as a
result of tests on the nozzle and subsequent alterations to that shape
based on the test results. The tests constitute an initial evaluation
only, and time did not permit the shape of the nozzles to be altered.

The Mach number distribution along the center line of the supersonic
blowdown tunnel, measured at orifices installed in one of the side walls,
is shown in figure 29(a) for the nozzle blocks designed for a Mach number
of 2.0. The lowest settling-chamber pressure of 22 pounds per square
inch is obviously too small to establish the flow, although supersonic
expansion has started and the tunnel shock is located about 4 inches
downstream from the throat. The small increase in pressure to a value
of 23 pounds per square inch was sufficient to establish the flow through
the tunnel. The distribution at higher pressures shows that the Mach
number as measured at the tunnel side wall was constant at a value of
about 1.96 in the region of the test section centered at the 2U4-inch
station. Although the cause of the deceleration near the 16-inch station
is not known, the distribution along the test section appears from this
initial evaluation to be satisfactory.
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The distribution in the nozzle designed for a Mach number of 2.8
(fig. 29(b)) shows a Mach number gradient having a total decrement
along the 5-inch test section of 3 percent of the stream value. For
an increase in stagnation pressure from 48 to 58 pounds per square inch,
there was a slight decrease in the gradient. This increase in stagnation
pressure corresponded to an increase in Reynolds number, and a decrease
in the positive pressure gradient with increase in Reynolds number is
generally to be expected. Although for some studies at supersonic speeds
a Mach number gradient of approximately this magnitude is acceptable
(reference 22), for other work, such as precise pressure measurements and
shock-boundary-layer-interaction studies, a high degree of refinement is
needed and a uniform velocity distribution is required. Further analysis
of the data (fig. 29(b)) indicates that the small gradients were probably
the result of either insufficient divergence in the test section or the
close proximity of the second minimum to the test section or both.

The results for the Mach number 4.1 nozzle (fig. 29(c)) indicate a
Mach number decrement along the 5-inch length of the test section of
3 percent of the stream value, as in the case of the M = 2.8 nozzle
blocks. The average rate of decrease of Mach number is 0.02 per inch,
or a total of 0.08 in 1 tunnel height for a stagnation pressure of
167 pounds per square inch or greater. Unpublished results obtained
from a 9- by 9-inch tunnel having the same supersonic-nozzle shape but
no divergence in the test section showed a decrease in Mach number of
0.01 per inch or 0.09 in 1 tunnel height. There is, however, one addi-
tional geometric difference between the two nozzles. In the L-inch
nozzle the second minimum started at a location less than 1 tunnel
height downstream from the center line of the test section, whereas in
the 9-inch nozzle the second minimum began approximately 3 tunnel heights
downstream of the center line of the test section. The close proximity
of the second minimum to the test section for the data in figure 29(c)
could, through propagation of pressures in the subsonic part of the
boundary layer, have influenced the Mach number gradient in the test
section.

In regard to pressure-propagation considerations, the second minimum
on the nozzle block can be represented as a line of sources placed across
the nozzle block, whereas a model support strut used to form a second
minimum would represent only a point source at each tunnel-wall-strut
Juncture. It appears, therefore, that the model support strut would
have appreciably less influence on the measured side-wall pressures
through pressure propagation in the boundary layer than would the con-
ventional second minimum. Because time limitation precluded tests of
these deductions in the 4- by k-inch blowdown tunnel, brief tests were
made in the 9- by 9-inch tunnel previously mentioned. The results are
presented in figure 30 and show that the conventional second minimum
formed on the nozzle blocks influenced the side-wall pressure measure-
ments for a distance of approximately O.7 tunnel height ahead of the




start of the second minimum. A model support strut installed with its
span parallel to the side walls, having a cross-sectional area approxi-
mately equal to the area blocked by the second minimum, had its influ-
ence on the side-wall pressures limited to the region beginning 0.3
tunnel height downstream from the plane of the leading edge.

It is therefore recommended that a model support strut be used to
form the second minimum. The strut could protably be located in the
same position as the present second minimum without any appreciable
adverse effects.

SCHLIEREN PHOTOGRAPHS

Photographs of the flow during the starting of the blowdown tunnel
with the Mach number 2.0 nozzle blocks installed are presented as fig-
ure 31. The first photograph is the zero-flow condition and is pre-
sented to show faults in the glass windows. The second photograph at a
stagnation pressure of 21 pounds per square inch corresponds to near-
gonic velocities. An increase in pressure of 1 pound per square inch
caused the shock to move down into the test region. Another l-pound-
per-square-inch increase in pressure caused the shock to move farther
downstream. At a pressure of 24 pounds per square inch the flow was
established. The photographs at stagnation pressures of 24 and 27 pounds
per square inch indicate weak but not serious disturbances in the test
region. The disturbed flow along the straight-line edges at the top and
bottom of the photographs (figs. 31(e) and 31(f)) are indicative of
boundary-layer flow.

Photographs of the starting process with Mach number L.l nozzle
blocks installed in the tunnel are shown in figure 32. The first photo-
graph was for the zero-flow condition and is presented to show the faults
in the glass windows. The second photograph shows that an increase in
stagnation pressure to 128 pounds per square inch produced supersonic
velocities in the lower part of the flow in the test section, but in the
upper part the flow appears to have completely separated from the nozzle
block. An increase in pressure to 138 pounds per square inch produced
an increase in velocity over a wider region in the test section. At
140 pounds per square inch theé flow became symmetrical about the center
line and contained strong oblique shocks (fig. 32(d)). A 2-pound-per-
gquare-inch increase in pressure completely established the flow and no
apparent changes occurred with further increases in pressure. The photo-
graph of the established flow shows that the flow is practically free of
any disturbances (compare figs. 32(e) and 32(f) with fig. 32(a)).

Repeat tests showed that the flow during the starting cycle was
consistently unsymmetrical and separated from either the top or bottom




nozzle block. The unsymmetrical starting, although not affecting the
final flow, can produce extremely high loads on a test model during the
starting phase.

The photographs were obtained before the flow area through the
second minimum had been enlarged 18 percent to the value as given by
table II. The 15-pound-per-square-inch increase in starting pressure
(see the section entitled "Performance of Tunnels") is believed to be
a direct result of the unsymmetrical starting, with supersonic compres-
gion occurring on one side of the second minimum before starting had
been effected.

Photographs of the flow past a 2.5-inch-chord NACA 0012 airfoil in
the induction tunnel at subsonic speeds are presented as figure 33 for
a 9-inch-diameter field of flow. The photographs illustrate the effect
of increasing speed on the flow past the airfoil at an angle of attack
of about 4°. The photographs cover a speed range from a value near the
critical speed at which sonic velocity is first reached locally to the
choking Mach number. The general nature of the flow is in accord with
reported results of compressible-flow investigations (see references 3,
4k, and 23).

CONCLUDING REMARKS

The design, development, and performance of equipment suitable for
use by educational institutions in student training and basic compressible-
flow research have been described. The main elements of the equipment
are an induction tunnel having a 4- by 16-inch test section for high-
subsonic and low-supersonic testing and a blowdown tunnel having a k-
by k-inch test section for supersonic testing up to a Mach number of
about 4.0, actuated by dry compressed air stored at a pressure of
300 pounds per square inch in a 2,000-cubic-foot tank by a 150-horsepower
reciprocating air compressor. The air supply is sufficient for test runs
of the order of 100 seconds at a Mach number of 1.0 in the induction
tunnel and up to 400 seconds in the blowdown tunnel, depending on the

stagnation pressure maintained. A %-hour pump-up period is generally

required to reach design tank pressure after a test.

Pressure-distribution studies in the induction-tunnel nozzles
revealed that the flow in the subsonic test section was satisfactorily
uniform and not critically affected by the humidity of the air
induced from the test room. At low-supersonic speeds (Mach numbers of
1.2 and 1.4), however, adverse condensation effects were encountered
when tests were made under high humidity conditions. The results pre-
sented indicate that the installation of the induction tunnel in a small




room which acts as a return passage would permit the attainment of stag-
nation relative humidities of 20 percent or less. This value is esti-
mated to be sufficiently low to permit operation at Mach numbers around
1.2. An alternate arrangement for operating the 4- by 16-inch tunnel at
gupersonic speeds is to equip the inductiorn tunnel with an alternate
entrance cone designed for direct blowdown. Calculations based on per-
formance data obtained during the present tests indicate that runs of
duration equal to that of the induction system at a Mach number of 1.2
and greater than that of the induction system at a Mach number of 1.4
can be obtained with direct blowdown, with the use of a fixed stagnation
pressure of about 20 pounds per square inch.

Supersonic nozzles designed for Mach numbers of 2.0, 2.8, and 4.1
were tested in the blowdown tunnel and produced average Mach numbers
close to the design values. The velocity distributions were sufficiently
uniform for most of the intended uses of this equipment. For experi-
mentation in which the streamwise pressure gradient is a critical factor,
it would be desirable to eliminate small gradients found in the Mach
number 2.8 and 4.1 nozzles. The tests indicate that this can be accom-
plished by locating the second minimum farther downstream.

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Air Force Base, Va., June 5, 1950
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APPENDIX A
REYNOLDS NUMBER

The Reynolds number can be expressed in terms of the Mach number,
temperature, pressure, viscosity, and model chord as follows:

Mpoc

R = 0.3k428 3
(1 + 0.242)° /T

The coefficient of viscosity p as given by Sutherland's formula for
air (reference 24) is a function only of the static temperature, as
follows:

3/2
258.3 _T_> / 10-6

T T + 216\500
where
A LSO
1 + O.2M2

Figure 2 shows the Reynolds number per inch per pound-per-square-inch
stagnation pressure plotted against Mach number for various stagnation
temperatures.




APPENDIX B
CHOKING MACH NUMBERS

Subsonic.- The choke Mach number for the subsonic¢ tunnel can be
estimated by assuming one-dimensional flow and computing the Mach number
of the flow in the tunnel ahead of the model which corresponds to the
attainment of sonic velocity in the flow region between the model and
the tunnel walls. In this region a reduction in area is produced by
the model frontal area S. With the use of equations for conservation
of mass and energy, the relation between the ratio of model area to
tunnel test-sectional area S/A and the choke Mach number is

i 1.728M,,
(1 £ 0.2M0h2)3

(B1)

Bl

The equation is graphically presented in figure 3(a).

The values of choke Mach number from equation (Bl) represent
maximum theoretical values. The tunnel-wall boundary layers, however,
can be affected by the flow field of the model and thereby affect the
flow area in the region of the model by changing it from the assumed
value. As a result of the change in the boundary layer, experimental
values of the choke Mach number can be obtained that are in excess of
those computed, but, generally, equation (B1) gives a good approximation
(reference 25).

Supersonic.- A similar choking condition exists in the supersonic
Mach number range. In general, however, it is not possible to start
the flow in a supersonic tunnel for choking-model proportions as com-
puted from equation (Bl). The additional factor is the tunnel normal
shock which generally occurs during the starting process. The normal
shock, with its attendant decrease in total pressure, produces a reduc-
tion in mass flow per unit area. If equation (Bl) is applied downstream
of the normal shock corresponding to the design Mach number, the rela-
tion between the ratio of the model area to the test-section area and
the minimum supersonic Mach number at which the tunnel will start is

sy 2w )M (e 1)
el 216M0 e

Equation (B2) is shown graphically in figure 3(b).
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APPENDIX C

REQUIRED PRESSURE RATIOS FOR SUPERSONIC TUNNELS

The pressure ratio required to establish supersonic flow in the
test section of a blowdown tunnel such as that shown in figure 14 can
be divided into ratios required to counteract two separate types of
losses - viscous and compression shock. The pressure ratio needed for
the viscous losses depends on the general tunnel design, particularly
on the diffuser efficiency (references 6, 7, 22, and 26). Since the
viscous losses change only slightly beyond M = 1.0 (reference 6), it
is assumed for estimation purposes that the ratio is constant for Mach
numbers between 1.0 and 4.0. The pressure ratio required to counteract
the shock losses can be readily estimated from the theoretical loss in
total pressure across a normal shock at the desired test Mach number.
The estimated pressure ratio required to start the blowdown tunnel is
thus the product of the pressure ratio required to operate at a Mach
number of 1.0, (EE) , and the total-pressure loss across a normal

shock. That is,

el " @)

Equation (Cl) is shown graphically in figure L4 for typical sonic-pressure
ratios of 1.15 and 1.25 (references 6, 7, 22, and 26).




APPENDIX D

SUPERSONIC-TUNNEL SIZE REQUIREMENTS

The minimum tunnel height for a given model chord (%) A is
' min

determined primarily by considerations of shock reflection rather than
choking. A shock reflected from the tunnel walls which strikes the
model affects the pressures and forces acting on the model. It is
necessary, therefore, that the ratio of tunnel height to model chord
be sufficiently large to prevent reflected shocks from striking the
model. A first approximation to the required h/c values can be deter-
mined by assuming a weak shock or Mach line originating from the leading
edge of a flat plate of insignificant thickness or an extremely slender
body, either body being at zero angle of attack in the center of the
tunnel. For the weak shock,

L

h tan arcisin =
(& M

@i

(§>min s e

Values of (g)min from equation (D1) are tabulated at the end of this

appendix.

A second and more practical approximation to the minimum height-
chord ratio can be obtained by determining the value of h/c required
to avoid interference from a reflected strong shock generated by a flat
plate at an angle of attack. The angle of attack chosen was the maximum
value for each stream Mach number that would permit supersonic flow to
be retained throughout the flow field. The shock was inclined at an
angle B to the flow direction ahead of the shock and produced a flow
deviation & equal and opposite to the flow deviation at the reflected
shock. The Mach number of the flow behind the reflected shock was 1.0.
Values of the initial shock angle By, the reflected shock angle B,

and & were obtained from reference 24, TFor the strong shock,

*
(E) y 2 tan By tan (Bo - B)
C/min tan By + tan (Bz - )

(D2)
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The ratios of tunnel height to model chord for detached shocks
cannot be readily determined theoretically. A rough approximation can
be obtained, however, by using an empirical method (reference 27). The
following table presents the values of (%)mi computed for the starting

n
condition and the various shock-reflection conditions for several Mach

numbers:

Values of (E)
C/min
Test Mach
number To start S ted
y e Weak | Strong | Detached pgggi;czl
=100
- 9 | shock | shock shock -
1.2 3.9 1La5) 21! 7l 9
1. 1.4k 190 11553 3 L
2.0 5 :6 1.0 - 1.3
3.0 03 .l" ¢8 - 1.0
k.0 .3 5 .8 - 1.0

The detached-shock cases are of interest primarily at the lower Mach
numbers and were computed only for M = 1.2 and M = 1.4. The table
shows that the strong-shock or detached-shock conditions require tunnel
heights considerably in excess of those for which starting can be
effected. In practice it is necessary to use values of h/c somewhat
larger than the largest values in the table to allow for the presence
of tunnel-wall boundary layer and to permit the reflected shocks to
pass appreciably downstream of the trailing edge. If the shocks lie
closer than about 0.lc to the trailing edge, they can appreciably affect
the airfoill characteristics through interaction with the wake and
boundary layer. Suggested values of (%- i for use as a guide in
min
tunnel-design applications were obtained by multiplying the largest
values for the strong-shock or detached-shock cases by the factor 1.3,
based on experience (last column of preceding table).

A secondary consideration which affects the width of supersonic
tunnels is the disturbance which occurs at the intersection of the
leading edge of airfoil models and the side-wall boundary layers of the
tunnel. This disturbance affects the flow in roughly conical regions
originating near the leading-edge - wall juncture. The effect can be




eliminated in center-line pressure-distribution tests by employing a
sufficiently large ratio of tunnel width to model chord, so that the
intersection of the conical-disturbance zone takes place downstream of
the trailing edge at the tunnel center line. In small equipment at the
lower-supersonic Mach numbers, however, it is generally impossible to
avoid the effect because to do so would require prohibitively large
ratios of model span to model chord. The best that can be done in this
case is to measure the magnitudes of the disturbances and to apply
approximate corrections if they are significantly ‘large.

37




APPENDIX E
DURATION OF TEST RUN

Without throttling.- The duration of a test run is the time required
for the pressure in the tank to drop from its initial design pressure Py
to the minimum pressure of the test run po. The air is assumed to flow

out through an area Ay at sonic velocity and the decrease in pressure

in the tank is accomplished through a polytropic expansion. The tank-

pressure variation with time can be determined from thermodynamic rela-
tions as follows:

The polytropic gas law in derivative form is

o epiin
dt P dat
From the gas relations
=
o—vg
and
P _ Rel
o~ 1LL

there is obtained

dp nRT aw

= — E1l

dt 14hv at =
For flow out of the tank at sonic velocity through an area Ay, the
change in weight of air in the tank per unit of time is

dw AmP g

3t = "T.56\RT (22)

The instantaneous values of pressure p and temperature T in equa-
tions (El) and (EQ) are the same in the absence of throttling or line
losses. Combining equations (E1l) and (E2) yields

n-1

dp _ nAmwngTl <2~> 2n

- Py (E3)

at 1.46v




Integrating equation (E3) to determine the time t required for the
pressure to decrease from py to Pp leads to

n-1

oo7o6 v 1hk P12_n—
it n-lAm\/—1<> Ll (EL)

For an isothermal expansion of the air in the tank,

p
t = 0.0353- l\/h_—h_ loge p; (E5)

Equations (E4) and (E5) are shown graphically in figure 5 for different
values of n. The values of n are chosen to cover various gas processes
from an isothermal, wherein the temperature in the tank remains constant,
to an adiabatic (n = 1.4), in which no heat is taken from or added to

the air during the expansion process.

With throttling.- In many tests it is highly desirable that the
stagnation pressure of the air entering the nozzle be maintained at a
constant value, in which case the high-pressure air supply must be
throttled either through manual or automatic pressure-regulating equip-
ment. For the throttled condition, the value of pressure in equation (E2
is the constant stagnation pressure p, at Ay. The test duration for

the throttled condition can then be determined in the same manner as in
the preceding section (equations (E1l) to (E5)) by using a modified form
of equation (E2). For a polytropic expansion in the tank,

n+l
P 2n
_ 0.0706 v 1k < 2) Py (56)

n+ 1 Ay \[“— Pe 55

P
For isothermal expansions,

R 0353/;;1 1\7_5_< 1) (ET)

Plots of equations (E6) and (E7) are presented in figure 6.

Heat-transfer effects.- Some of the heat from the walls of the
compressed-air-storage tank and connecting pipe lines is transferred
to the compressed air during a blowdown. As a result, the gas process
tends to approach an isothermal condition (n = 1.0). This effect
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results in an increase in test duration, as indicated by figures 5 and 6.
The beneficial effect of heating is, of course, dependent on the rate

of evacuation of the tank. In cases in which the tank is evacuated in
only a few seconds, the heating effect can be neglected and an adiabatic
process can be assumed. In computations to estimate the test duration
or tank volume required, an adiabatic process is generally assumed in
order to provide conservative values.




APPENDIX F
FREQUENCY OF TESTS

The frequency of the tests so far as the equipment is concerned is
determined by the minimum time required to recharge the air-storage tank
to its designed pressure p; following a test in which the pressure has

dropped to p,. Since the compressor will handle a fixed quantity of
2

air expressed in cubic feet of free air per minute Q, the time required
can be determined from thermodynamic relations and is

With the use of a polytropic process in the air-storage tank, as in
appendix E, the time for recharging becomes

n-1

_6ov Ta P1> =

te = —2 lp. - pd = F1

This relation can be simplified, if isothermal changes in the tank are
agsumed, to the expression usually given by compressor manufacturers
as

60v
1h.7Q

te = (Pl = PQ) (F2)

Equations (Fl1) and (F2) are presented graphically in figure 7 with the
following assumed values:

T, = 520° R

T, = 560° R

By ¥ 14.7 pounds per square inch
and

p, = 300 pounds per square inch
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APPENDIX G
PRINCIPLES OF SCHLIEREN SYSTEM

The principle upon which the schlieren system operates is illus-
trated by figure 17, in which a perfect optical system is assumed. A
light source is placed at the principal focus of a collecting lens and
produces a column of essentially parallel light. The parallel beam of
light passes through a test region to a condensing lens at a distance o
from the test region. An image of the light source is then formed by
the condensing lens at its principal focus, a distance fs from the
lens. Beyond the principal focus the light diverges and falls upon a
screen at a distance i from the collecting lens. The distance i is
adjusted so that the test region is focused on the screen by the con-
densing lens. The distances are related in accordance with the simple
lens formula as follows:

If a knife edge is inserted at the principal focus of the condensing
lens and is moved into the image of the light source so that part of the
light-source image is masked by the knife edge, the illumination on the
screen will be uniformly decreased by the amount of light cut off. et
now, a glass wedge is placed in the upper part of the test region so
that light is deviated upward, that light ray will pass over the knife
edge and will increase the illumination on the screen in the region of
the image of the glass wedge. Conversely, the light deviated downward
by a similar wedge will fall upon the knife edge and be blocked, so that
a region of lesser illumination occurs on the screen. If the knife edge
is removed from the system, then the deviation of the light at the test
region by the glass wedges will not be apparent on the screen because
the wedges are focused by the condensing lens on the screen. Thus, the
effect at the screen of moderate angular deviations of light in the
plane of observation would be nullified by the lens. The deviated light
rays, however, undergo a displacement at the principal focus of the
condensing lens. It is the blocking or passing of the refracted light
rays by a knife edge that is utilized by a schlieren system in flow
visualization. The glass wedges assumed in figure 17 produce the same
effect as density gradients that occur in the air flowing around a test
model. (Additional information on schlieren systems is given in the
section entitled "Auxiliary Equipment.")
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TABLE I.- INDUCTION-TUNNEL NOZZLE-BLOCK ORDINATES

[Refer to fig. 12]

M= 1.0 M=1.2 M=1.k DUH A
divergent
X h/2 X h/2 x h/2 x h/2
0 12.000 0 12.000 0 12.000 0 12.00
.200 | 11.864 1.000 | 11.316 978 | 125,370 2. 008 10875
.boo | 11.734 2.000 | 10.762 2.000 | 10.750 k.00 9.73
<600 || 115610 4.000 9.867 3.232 | 10.092 6.00 8.93
.800 | 11.502 6.000 9.248 4,000 9.730 8.00 8.31
1.000 | 11.389 8.000 8.779 6.000 8.926 10.00 7.83
2.000 | 10.893 10.000 8.456 8.000 8.310 12.00 T.47
4.000 | 10.153 12.000 8.200 10.000 7.830 14.00 T.22
6.000 9.661 1%.000 8.042 12,000 T.466 16.00 7.07
8.000 9.315 16.000 T7.930 14.000 7.220 18.00 T.04
10.000 9.037 18.000 T7.868 1k.947 T7.136 19.50 7.0k
12.000 8.818 20.000 7.819 15.947 TOTh 20.50 7.062
14%.000 8.637 22.000 T.793 16.947 7.053 43.00 T.552
16.000 8.487 22,650 7.788 17.850 T.04Y4 T70.00 8.1k
18.000 8.364 23.750 T.784 18.000 T.043
20.000 8.263 24.150 T7.783 18.24%0 T.042
22.000 8.187 27.000 7.782 19.500 7.041
24,000 8.122 27753 7.782 20.947 T.0k1
26.000 8.080 28.199 7.784 21.285 T.0kk
28.000 8.042 28.644 T 0T 21.637 T7.050
30.000 8.017 29.090 T7.792 22,003 T.059
32.000 8.006 29.535 7.798 22,369 7.072
33.000 8.003 29,981 7.807 22,721 7.088
33.600 8.002 30. 426 T7.818 23.073 T7.106
34.100 8.001 30.872 7.831 23.425 T2
36.000 8.000 31317 T.84k4 23.791 7.152
38.000 8.000 31.763 T-857 24,157 T7.180
39.000 8.016 32.208 T-870 26.988 T.428
40.000 8.032 32.654 7.883 29.044 T.590
k2,000 8.064 33.099 7.895 30.677 T7.704
44 . 000 8.096 33.545 7.907 32.057 7 789
46.000 8.129 33.991 T7.918 33.283 T7.854
47.000 8.145 34,436 T7.929 34,606 7.911
48.000 8.161 34.882 T7.9%0 354133 7.951
49,000 8.192 85327 T-951 36.831 7.979
50.000 8.247 353 T.960 38.000 8.000
51.000 8.327 36.218 T7.970 39.000 8.01k4
52.000 8. 434 36.664 T.979 40.000 8.027
53.000 8:595 37.109 T.987 41 .000 8.041
54.000 8.677 37.555 T.994 42,000 8.054
56.000 8.924 38.000 8.000 43,000 8.068
58.000 9.175 39.000 8.014 45.000 8.095
60.000 9.429 40.000 8.027 47.000 8.122
62.000 9.686 43,000 8.068 49.000 8.164
64.000 9.947 46.000 8.109 52.000 8.406
66.000 | 10.211 49,000 B.tgg Zg.ooo 8.302
68.000 | 10.479 52.000 8. 000 9.412
69.000 | 10.61k4 56.000 | 8.902 64.000 | 9.937
T70.000 | 10.750 60.000 9.412 70.000 | 10.750
66.000 | 10.204
T70.000 | 10.750




TABLE II.- BLOWDOWN-TUNNEL NOZZLE-BLOCK ORDINATES

[Refer to fig. 16

M=2.0 M=2.8 M=L41

x h/2 x h/2 x h/2
0 5.000 0 5.000 0 5.000
.500 k.997 .500 4,998 58 4,950
1.000 4.952 1.000 4,960 1.350 L4.800
2.000 ) 2.000 4,739 2.000 4,500
3.000 4.450 3.000 15335 2.300 4.300
4,000 4,007 5.000 3.2Th 2.945 3.750
5.000 3.460 T7.000 2.230 3.675 2.975
6.000 2.830 9.000 1.284 4,575 1,925
7.000 2.290 10.000 97T 5525 8Tk
8.000 1.625 11.000 .635 6.200 420
9.000 1.284 11.560 .580 T.390 .200
9.500 1.232 12,160 55590 8.0T7T ST
9.900 1215 12.250 .554 8.910 164
10.210 1.210 12.370 D02 9.775 .163
10.370 1.209 13.100 .550 10.222 .163
11.000 1.208 13.500 <550 10, bhk 1578
11.500 o008 13.638 .558 10.556 .202
11.920 195213 13575 2578 10% T8 .298
12.341 15207 14.050 .6h2 10.889 .359
12.761 1.251 14,325 . 728 st Atk e
Tlzioakeal 1.280 14.600 .828 11.556 672
13.602 1.339 14.875 .934 12.000 .843
14,022 1.396 15.150 1,035 12.889 1 0]
1h. 443 1.454 15.700 ilEals 13.778 1.338
14.863 il Gils! 16.250 1.363 14,222 1.429
15.704 1.631 16.800 1.491 14,667 1Lt
16.544 1.739 L7850 1,612 a5l 1.58%
16.965 83 17.900 1.697 15.556 1.649
17.805 1.853 18.450 1.778 16.000 1.707
18.646 1.906 19.000 1.845 16.889 1.803
19,487 1.948 19.550 1.900 17778 1.876
20.327 1.978 20.100 1.943 18.667 1.931
2l 1.996 20.650 1.97h4 19.111 1.953
21.500 2.000 21.245 1.992 20.000 1.981
27.500 2,026 21.625 1.998 20. 44k 1.991
28.250 2.026 21.875 2.000 21.185 1.999
30.125 2,004 27.500 2,025 27.500 25027
31.000 1.980 27.750 2.022 28.000 2.028
32.500 1.910 28.000 2.008 28.500 2,006
33.875 1.828 28.500 22055 29,000 1.959
34,268 1.81k4 29.000 1.982 29.750 1.858
34.650 1.813 29.750 e i63 30.500 1.760
34.750 15815 SO8 315 1.682 31.000 1L ale)
34.910 1.820 30850 1.655 31.500 1.686
39.000 2.000 31.186 1.654 32,000 1.693
39.000 2,000 39,000 2,000

b7
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Figure 1.- Pictorial layout of the unit.
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Figure 2.- Variation of Reynolds number with Mach number.
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Figure 3.- Variation of limiting test Mach number with ratio of maximum
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Figure 5.- Variation of pressure with time in compressed-air-storage tank
(without throttling).
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Figure 6.- Variation of pressure with time in compressed-air-storage tank
with throttling to a constant pressure p, ahead of minimum duct area.
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Figure 6.- Concluded.
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Figure 8.- Power-supply installation.
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(b) General view.

Figure 10.- Continued.




Test section to diffuser portion.

)

Cc

(

Concluded.

Figure 10

61



c9

|

Figure 11.- Air passage formed in induction tunnel by nozzle blocks for
M=1.hk




= Center line of nozzle region .

Test section

|

Straight divergent

(=)
e
o
Do
o

Figure 12.- Nozzle-block shapes used in induction tunnel.
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Figure 13.- Velocity distribution and shape of subsonic region of nozzle
blocks in induction tunnel as affected by test Mach number.
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(b) General view
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Figure 15.- Blowdown tunnel with nozzle blocks for M = 2.8.
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Figure 16.- Nozzle-block shapes used in blowdown tunnel.
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Figure 17.- Illustration of the functioning of a schlieren system.
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Figure 18.- Schematic of schlieren using mirrors in an off-axis system.
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Figure 26.- Continued.
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Figure 26.- Continued.
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