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CHAPTER I
INTRODUCTION

Due to the tremendous increase of flight speeds in the past ten
years, supersonic wind tunnels ﬁave become necessary tools in analyz-
ing the problems involved in transonic, supersomic, and hypersonic
flow and flight, In view of this, and as part of a project tb develop
gas dynamics experimental facilities at Oklahoma State University,
there was a need for designing a small supersonic wind tunnel.‘

To fulfill this need the g%udy contained in this thesis was under=~
taken, TIts limitations were threefold, The first was to design a
wind tunnel to be built for éharp-edge throat nozzles which would oper~-
ate flexibly, Second, considerétions.were given te the substitution of
a curved tﬁroat nozzle into the present design if necessary., Third,
provisions were made to accommodate nozzles capable of produéing test-
section Mach numbers up to 3.85, the maximum value possible for the

available compressor  pressure,



CHAPTER II
BASIC REQUIREMENTS OF SUPERSONIC WIND TUNNELS

There is a great variety of supersonic wind tunnels, the descrip-
tion of which is beyond the scope of this study., The first major
division of tunnels is between continuous and intermittent flow types.
The most desirable ones are continuous flow tunnels, which may be either
non-return or a closed-circuit return type, The purpose of thig paper
is to carry out the design of the latter type, A closed circuit super-
sonic wind tunnel consists of the following major components: tﬁe
motor-driven compressor, cooler, drier, settling chambef; supersonic
nozzle, test section, supersonic diffuser, and return and circulating
ducts to interconnect all of these parts, A schematic representation

of such an arrangement is shown in Figure 1 below,

f(/ RETURN DUCT - ﬂ

COMPRESSOR MOTOR

m

DYVFFLUSER

TEST SECT‘IO/V7
(9

SETTLING A\ \ N\ ARAMNY -)J

CHAMBER 2 — } ' —

{

SUBSONIC

Figure 1, Closed Circuit, Qontinuous Flow Supersonic Wind Tunnel



There are several advantages in having a closed circuit flow wind
tunnel,v Such advantages are: (1) Different gases may be used as the
circulating fluid, simulating various flight conditions and obtaining
different Mach number of Reynold's number with the use of the same com~
ﬁressor, (2) The drier does mot have to dry a great amount of fluid and
therefore the initial cost will be lower, (3) Closed-circuit flow
supersonic wind tunnels permit cqﬁfrol of the demsity levei in the tun-
nel, giving variety to flow conditions and reduced power consumptionfif
desired, : ‘ |

Advantages of continuous flow, as contrasted with the intermittent
‘or "blow-down" type tunnels, are: (1) Due to steady flow conditions
complicated instrumentation can be avoided, (2) It has greater useful-

ness because no "pump-up" time is required,



CHAPTER TIII
FUNDAMENTAL EQUATIONS GOVERNING STEADY SUPERSONIC FLOW

Equation of State

In supersonic flow it is usually assumed that the fluid 1s to
behave as a perfect gas, i,e., the effects of viscqsity are neglected,
the specific heats remain constant, and the equation of state is writ-
ten as: (Ref, 1)

p = ORI (1)
The relations between specific heats and gas constant are:
Cp = Cy = R (2)

and R=(%- 1), (3)

Continuity Equation

In a steady one-dimensional flow, fhe law of conservation of mass
states that the mass of fluid which passes must be constant at any
location of duct or passage, Therefore the relation for such a flow
is given as: (Ref, 2)

m = OAV = constant (%)

Energy Equation

Total enthalpy is defined as:
h. = h+ v ‘ ~ (5)
For a perfect gas this could be put in terms of temperature:

4 -
eply = ¢pT %V? (6)



Since epl = ¢ T-HRe = R-IRT, (1)

and sonic velocity is given as: (Ref, 1)

a® = ¥RT, | (8)
- ¥R
and also, o <o 1 g (9)

therefore equation (7) can be written as:

! 2
= TR 2. a
cpT TRy SO P (10)

In a like manner:

Po ¥-1 <11)

From this, equation (6) can be written as:

ac = ao2 - _3L§_l— ve (12)

Mach number is defined as:

M= | (13)

Flow with constant entropy

Constant entropy relations are présented as: (Ref, 3)

p= constant-JFy (1k)

- EwE )

and in terms of Mach numbers and stagnation conditions it becomes:

(Ref, 1) o D S ~
_.g,e._ =(1+ ‘-,L-EAM2>:?11 (16)

Also

o
JO = ‘1f2 ¥~ 1 .



and

—5 M (18)

For steady isentropic flow, Bernouli's equation is given as: (Ref, 3)

¥- 1

oy X _R/PNT __ ¥ %
ye + 7 - 1 f’o(Po\) 7_1‘/00 (19)

Normal Shock Relations

When a gas flow crosses a normal shock wave, it becomes compressed
in the direction of flow., Static pressure, density, temperature, and
speed of sound increase across the shock front, but stagnation tempera-
ture, the ratio of stagnation pressure to stagnation density, and the
total heat content remain constant, The speed beyond the nermal shock
on the downstream side is always subsonic, 1In order to find the flow
properties when a fluid passes a normal shock (See Figure 2 below) the

following equations are given: (Ref, 5)

Figure 2. Normal Shock

Py oy 2

-1
1. J+x 1

_oy-1
vT+1

- (20)

S (r+ 1) mP
Sl 2+ (¥-1) 4,2

I> o
iy (22)

]

(21)




p A _1_
%2 (r+ 1)m 7-1 F+ 1 | ¥-1 5
Por 2+ (7 - DH? 272 - (§-1) (23)

. and

W[ L g2+ 2
2 2yM® - (7- 1)

(2k)

L

PrandﬁlgMEYEr Expansion

For a fluid flowing along a plane wall with a Mach number equal to
or greater than one, if the Wall‘suddenly turns away from the flow di-
rectiong#so that it creates a convex bend or a sharp cornmer, then éhe
fluid will tend to follow the wall profile, As a result, it must’
increase its speed, To accomplish this, the fluid streamlines will go
through a series Qf expansion waves'generated from Fhe bend until it

lines up with the new wall direction, as shown in Figure 3 beléw,

4 EXPANSION FAN

" STREAM LiINE

—

" Figure 3, Prandtl-Meyer Expansion

This t#ype of flow is commonly known as PrandtlnMeyer flow, Depending

upon the angle of turn, the Mach number along the turned surface is



related to the turning angle, and given as: (Ref, 5)

5 L .
7 .- —;—i_’——i—) _tan'l[(M%- 1)%(5%-%)} - (907 H) (25)

The relation of A to the Mach number is
: -1
= Sin~ /1 '
| Ay (26)
Using equation (26) into equation (25), we obtain:

j= ;t%}%tan'1 {(M2 -1)%(%_%?] - tan™t (Me - )35 (27 -

This 2 is called Prandtl-Meyer expansion angle, named after two scien-

tists who contributed a great deal to the science of gas dynamics,
‘It is interesting to note thaf, in order to achieve an infinite
Mach number by e_quatidn (25), ﬁ must be equal to 130.,#5 degrees for air,

where 2’-’—‘ 1,4.,



CHAPTER IV

NOZZLE ANALYSIS

Gonvergent-Divergent (''Laval") Nozzle

This nozzle is named after French scientist de Laval, whb'for the
first time introduced the concept that, if it is desired to obtain
velocities greater than the M = 1 existing at the throat of a conver-~
gent nozzle, the flow area must increase beyond the throat,

A supersonic wind tunnel nozzle, which is always a de Laval nozzle,
can be divided into five major sections, as shown in Figure L below,

1, lead-in section

2., sonic région

3, divergent sectiomn

L, cancellation section

5. test section

=

— SONIC REGION o .
LEADSIN | e EXPANSION AND CANCELLATION SECT/ON—< TEST SECTION

Figure 4, Supersonic Wind-Tunnel Nozzle
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l. Lead-in section

The lead-in section is usually prescribed by any smooth curvature
which will gccelerate the gases from stagnation conditions to a uniform
and parallel velocity at sonic condition at the throat, These curva-
tures are sometimes taken as circular, parabolic, or elliptical arcs,

It has been confirmed experimentally that an ellipse with a major
axis equal to L,5 times the minor axis, where minor axis is equal to
throat height, serves the purpose quite well, Therefore, such an
ellipse was graphically constructed for the lead-in portion of all the

nozzles designed,

2. Sonic region

The sonic condition occurs at the smallest flow area of the entire
passage, -Tﬁis is known as the throat seétion°

The primary requirement for establishing such a condition is the
requiréd pressure ratio between the throat region and the stagnation

condition, The relation between these pressures is given as: (Ref, 2)

- ¥y ‘
i = 2 -1
>, 7+1)7 (28)

and using ¢ = 1.4, it becomes

~§i~ = 0.5283 (29)
(o]

At the stagnation pressures below this value; a sonic conditjon can-

not be achieved, and, on the other hand, at stagnation pressures greater

than this value, the sonic conditiomn Willyremain unchanged,

3. Divergent section

The divergent section is the wall length where the flow expands
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around the corner, and expansion or Mach lines are being generated,
The velocity increasés continuously depending upon the angle through
which the flow expands, as given in equation (25),

The angle of divergence in a two-dimensional nozzle is equivalent
to half that of the Prandtl-Meyer amngle corresponding to test section
Mach number, This section usually has an arbitrary wall curvature,
or, in the limit, is a sharp corner, In this study, a sharp corner has
been selected because this type of nozzle has the shortest length for a
given Mach number, Therefore the cost of manufacturing is least, and
the boundary la&er growth is smallest,

Since the divergent section occurs all at once, an infinite number
of expansion lines are generated from points at opposite corners (as
shown in Figure 5) and intersect each other, dividing the flow area

into interacting expansion fans,

Figure 5, Generation of Expansion Waves in a Nozzle

To analyze the flow behavior through this region, several methods
have been developed and published. By far the most popular and practi-
cal one is the "method of characteristics," This method has been

employed in the present analysis,
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a, Method of Characteristics

The "method of characteristics" is a mathematical or numerical
procedure }or solving hyperbolic partial differential equations of
fluid motion by means of ordinary differential equations, It relates
the variable properties along a certain curve, known as ''the character-
istic," This method is applicable to supersonic flows only, and it was
developed for the first time by Prandtl and Busemann,

It is beyond the scope of this study to present the mathematical
derivation of the "method of characteristics" since a complete coverage
is well presented in the literature, (Ref, 2)

Expansion lines could be divided into two groups, those which come
from the top corner know as '"right-running' waves and designated as E )
and the ones coming from the bottom corner called "left-running" waves
designated by?Y), Intersection of;these two expansion waves behave in
such a manner that at an intersection point, they bend on the downstream
side of the flow towards each other and, as a result, they change the

5 PN ¢
flow direction of the streamline, as shown in Figure o

STREAM | | NE

Figure 6, Intersection of Expansion Lines
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The "method of characteristics" gives: (Ref, 3)

?-0
Z+o0

K constant, along 71 characteristic (30)

K' constant, along & characteristic (31)
With these relations the entire flow field could be analyzéd either
graphically or analytically by dividing expansion fields into finité
steps, The coordinates of the intersection of these lines can then be

located from the following relation: (Ref, 4) (See Figure 6)

[7, - =pean (0" - 4] - [y, - xptam (0" + 4"

* 5 tan (8" + A") - tan (6' -_M") (32)

and
y =y, + (x - xp)tan (0" + ") (33)

b. Development of the Kernel

By using the "method of chéracteriétics" the coordinates of the
intersection of the last generated Mach wave from one corner and the
waves coming from fhe other corner can be computed, Thus a '"Mach wave
kernel" will be established, The angles of Mach lines emanating froﬁ
thé kernel can alsp be found,

Beyond the~“kerne1" all thg Mach lines are straight until they
intersect the wall, To construct a nozzle contour all that is needed
is the‘coordinates of the kernel and the values_of )~, as illustrated
in Figure 7, The values of A can be obtained from the following |
relation: (?gf. 6)

| l=/£+ e (34)
It is obvious that a kernel constructed for Mach number offh.ovcontaiﬁs
the kernels of all of'the Mach numbers bélow Mach 4,0, Nozzles with
Mach numbers below 4.o:§ou1d be constructed from internal points con-

tained by the kernel for Mach hgo,



1k

Figure o

~——— & FoR mACH 4.0

Development of '"Kernel"

Since the kernel is developed by a finite difference method, the

quality of the designed nozzle will depend upon the increments size of

the angles of ﬂqcnrag For a reasonable compromise between accuracy

and calculation time, the following angle increments have been suggested

for a range of Mach numbers:

{Ref,- 6)

TABLE 1

SUGGESTED ANGLE INCREMENTS FOR MACH WAVE ANALYSIS

+

WIade
limits in (deg* :\)

"M and g
increments {deg. )

0.00
0,01
0. 19
0437
1,00
2,00
h.00
8,00
119,00

- 0,01
- .19
- Ce37
- 1,00
- 2& OO
- )—nOO

- l9q OO

N
.03
¢O6
+09
20
+10
+50
1,00
2,00
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L, Cancellation section
If an expansion wave strikes a wall, it will be reflected with the

same incoming angle and equivalent strength, as shown in Figure &,

Figure 8, Reflection of a Mach Wave

In order to eliminate this reflection of the expansion wave, it is
required to create a weak shock wave from that intersection point, This
shock wave must be equal in strength but opposite in the charactefistic
properties from the incoming expansion wave, Therefore at each point of
intersection of wall and expansion wave, the wall must turn inward to an
angle o¢ equivalent to the difference of 2 values of this wave and the
preceding one, as illustrated in Figure 9, If this procedure is used to
cancel all of the generated Mach waves as soon-as they strike the wall,

then we obtain a parallel flow in the test section,
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Figure 9, Cancellation of'Mach_Waves

5, 'Test section

The test séctibp_is the most important portion of the Wiﬁd tunnei,
and it must have gniﬁorm velécity flowing‘par;llel to the nozzle axis
for testing purposes, - This section is:usuaiiy a‘dpct following.thé
nozzle and haVing constant flow area if the‘bouﬁdary'iaYer isuneglected.
Iq’reality, walls must diverge equivalent .to the effective boundary
iayer thickness; Tﬁe ﬁeSt section may belcovered with glass sidewalls
for viewing andvphotoéraphic purposes, Provision is generally made for

supporting test models in this' section,



CHAPTER V

NOZZLE DESIGN CALCULATIONS

Throat Size Calculation

The mass rate of flow through the nozzle can be computed by the

equation (4) as:

m =/AV
moo - P v = \Y4 _1___ TO\;Z' 1
2 APV E RV (7RT>% (J(T/ ()% (35)
o

- (#Q;ﬁ”? u {1 O ME]% | (36)

Also from equation (16)
p

p = = — (37)
Y- 1,27~ 1
(1+ 232 )
and by substituting equatiom (37) in equation (35) we get
i

m _/¥ ? Pg M

() w —¥E L (38)
(7 - 1)
1+ X-1yf
2

To find the maximum mass rate of flow we may differentiate the above
relation with respect to Mach number, By setting it equal to zero, we

can observe that the maximum mass flow per unit area occurs at M= 1,

17
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the sonic condition, When M = 1, equation (38) for air, where ¥ = 1.k,
and R = 53,35, becomes,
‘1\1 %

m m o)?® _

o) - —E;—fp—ol = 0,532 (39)
Using equation (39) and assuming our compressor will deliver approxi-
mately 0.850 pounds per second of air (specification is given as 800
cubic feet per minute), and by arranging the stagnation condition so
that the pressure and temperature will be 110 psia and 550°R simultaune-
ously, we find from equation (37) that the area A¥ should be

L
A% = m{TOEZ = 0,341 ingg (ko)

0.532 Pg

This value will remain unchanged for all test section M provided the
stagnation condition remains unaltered, A variety of choices of the
throat height and tunnel width will give the above area, but a selection
of one inch for the tunnel width seems to be the best because the test

section areas for higher M will be of desirable dimensioms,

Test Section Calculation

In designing a tunnel the condition of maximgm.stagnation pressure
loss must be considered, This occurs during starting of the flow when a
normal shock stands in the test section, The maximum Mach number then
available in the test section of a supersonic wind tumnel, for the given
compressor capable of producing a pressure po = 110 psia, can be found

from the following relations?

= P P
anpo__h_, t

P, Po

(41)
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From this M ,. = 3.85. Considering irreversibilities in the flow, this
tunnel was designed for M = 2,0, 3.0, and 3.5.

The test section area A is given as: (Ref. 3)

. T+ 1
A 1 l.2 4 g-1 2(¥- 1)
A =M [v‘w 1(1 3 M?)] (42)

From equation (42) the following values have been evaluated and tabu-

lated.
TABLE II

TEST SECTION MACH NUMBER vs. TEST SECTION AREA

M A in.?
2.0 0.578
3.0 1,441
3.5 2.311

Nozzle Length

From analysis of the characteristic mesh, we find the kernel length
on the axis and the angle between the nozzle axis and the last 7 line.

From these values the nozzle length can be calculated as: (Ref. 6)

1 A *
P A .AIZ * T T Af} ﬁt 43)

By using equation (43) the lengths in Table III can be evaluated for
each nozzle designed. It should be kept in mind that these lengths are
measured from the throatlsonic line to the point where the final Mach -
line intersects the wall,

To find the total length for each nozzle add the lengths of the
lead-1in section and the test section to the tabulated values listed in

Table III' N
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TABLE III

DESIGN MACH NUMBERS vs. NOZZLE LENGTH

L inches

2,0
3,0

3.5

0.806

2.950

5.210

For this tunmel, all of the nozzle blocks were designed to fit the same

framework, necessitating common total lengths. Ten inches was used as

the length for all the blocks. This was the minimum needed to provide

X,
enough space for the possibility of a Mach 3.85 nozzle to be used.



CHAPTER VI
DIFFUSER DESIGN

When decelerating a supersonic flow, isentropic or non-isentroplec
diffusion may occur. With isentrople diffusiom, streamlines converge
for supersonic flow and diverge for subsonic flow, i.e., the subsonic
diffuser ‘and supersonic nozzle areas are similar, and vice versa.
Therefore, a converging channel is required to decelerate the supersonic
flow to sonic velocity and a diverging portion is needed to decelerate
further the subsonic flow to obtain a good recovery pressure. But for
n@mwisentr@pi& diffusion, a system of shock waves may slow the fluid
down to subsonie velocities.

Theoretically, a reversed supersonic nozzle gives isentropic dif-

fusion, as shown in Figure 10 below.

Figure 10. Theoretical Diffusion Process

21
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There are certain difficulties in starting supersonic tunmels with
a fired geometry diffuseg because larger pressure ratios are needed in
order to start and blow the shock out of the test section ('"swallow the
shock"). Also, in a tumnel with fixed second throat, if there is a
momentary drop in stagnation pressure, the shock may jump back into its
original position, and will require starting procedure again,

To eliminate this difficulty & variable second throat is always
preferred. A special variable second throat (Plate V) and a special
actuation mechanism (Plate VI) haye,been designed for this tunnel to
improve the starting as well as operating conditions.

With the variable diffuser designed, the tunnel can easily be
started with the second throat wide open until the shock passes beayond
the second threoat position. After this, by cranking the second throat
inward, the shock will be kept out. Then, by adjusting the second
throat at a certain opening position the pressure ratio across the tun-
nel may be reduced until the shock is located just downstream of £he
second throat., Thus, transition of flow from supersonic to subsonic
will cecur across a weaker shock and, as a result, the flow will be
diffused nearly isentropically.

Theoretically, this normal shock should be kept at the second
throat; but practically it is impossible to do so, because at this loca-
tion the flow will be very unstable and the shock may jump back inside
under the slightest flow disturbance. It is best to keep the normal
shoek just slightly outside of the second throat and operate the tunnel

at a stable condition.



CHAPTER VII
BOUNDARY LAYER CORRECTIONS

In a viscous fluid flow along a wall, the velocity of the stream
changes from a zero value al the wall to the free stiream velocity at
some distance from the wall, ‘The region in which this change takes
place is known as the boundary layer, and the thickness of this layer
is noted as §.

In this layer the fluid suffers an undesirable loss of total head,
In m@themaﬁical expression, this layer is considered to be infinitely
thick withvelocity approaching the inviscid velocity asymptotically.,
But for engineering considerations, this layer is usually defined as
‘the distance from the wall at which the velocity ié 99% of the free
stream velocltysi

The velocity profile along a wall in compressible flow can be

approximated as shown in Figure 11 below.
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There is another important characteristic of the boundary layer

calied the displacement .fhickness, which is defined as: (Ref. 7)

, g N |
S, = A
- [ F)e ”

This parameter has a great physical significance because the growth of

5d decreases the mass flow in this region and, to keep the flow area
unchanged, the wall must be displaced outward to the amount equal to.
the thickness of 5d at each location.

In our case the boundary layer involved is compressible, turbulent
and with strong pressure gradient., Because the mathematical relations
governing this region are all nonlinear, calculation of the displace-
ment thickness is very comﬁlicated° To linearize theseé relations a
method known as Culick-Hill trgnéformation method has been employed..

By finite difference method 5d can be evaluated. For this evalu-
ation, Korst (Ref. 8) has employed a digital computer to evaluate
several parameters, The results are presented in tabulated form with
a working sheet procedure for the computation of 6 s

The boundary layer displacement thickness was calculated by this
method for the Mach 3 nozzle and its contour was corrected for boundary
layer growth.

By assuming a zero vaiue of 8d at ﬁhé‘throat, the computation
showed a growth of 5& up to 0.0179 inches for a nozzle length of 3
inches. But at the end of the test section it increased to 0.0375
inches thickness for a total length of 9.5 inches, The assumption of
Zero Sd is tolerable, since both theory and experimert: have shown that

the boundary layer becomes very thin in the converging nozzle throat.

The correction of Sd on the flat side wall was not carried out
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because of the difficulty in applying physically a correction to the
side wall. It may then be expected that a slight negative Mach number
gradient will be experienced in the test section. To partially offset
the effect of side wall ad, provisions were made on the nozzle block
for it to be tilted, if desired, increasing the effective area, Exper-

imental trial-gnd-error may be needed to obtain the most nearly uniform

flow for each nozzle.



CHAPTER VIII

OVER-ALL DESIGN OF THE FRAMEWORK

1. Transition section

In two dimensional tumnels it is required that the flow from the
gettling chamber enter the lead-in section in a two-dimensional manner.
To gecomplish this a 1-1/4 inch east iron solid flange, 19 inches in
diameter, which matches the standard 12-inch pipe flange on the set-

tling chamber, was cut to serve as the transition to two-dimensional

flow as shown in Plate I.

2., Supporting frames

Two frames were desiguned to be welded from steel bars to form the
supporting frame for the nozzle blocks as well as for the side walls,
Plate 1I. These frames were designed to fastem on the transition
flange, which is coupled to the settling chamber, and at the other end
to the flamge on the vetura duct, These bars were to be positioned at
an exsct distance from each other in order to keep the nozzle coordi-
nates unchanged., This was done by means of four dowel pins imbedded in

the side walls.

3. Side walls

The side walls, (Plate Iilda), were designed to be eocuastructed
from 3/8-inch standard aluminum plate in three pieces for each side of
the tumnel, The center piece was designed to support the viewing glass

and to be removable when installing models in the tunnel. A special
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model~supporting dise (shown in Plate I1I-b) was provided in the down-
stream section of the wall on both sides. This was capable of rotation

to permit change of the angle of attack if necessary.

i

-4, Nozzle blocks

Three sets of nozzle blocks were designed for Mach numbers 2.0,
3.0, and 3.5. Only nozzle blocks for Mach 3 (Plate IV) were corrected
for the boundary layer thickness. The coordinates of the nozzle con-

tours are given in Appendix A.

5, Second Throat Bars

Two bars were designed from spring steel as shown in detail inm
Plate V and were used as the second throat for the tunnel. This design
was based on the cantilever beam concept to follow a prescribed shape
for an efficient diffusion of supersonic flow. The after portion was
designed to form a channel in which the included angle would not di~
verge more than 20°, This was done to insure good subsonie diffusion
after the flow had passed the second throat., Under the assumption that
no shock exists inm the diffusiom process, an exit Mach number of 0,088
can be determined from the geometry of the desigmed diffuser. 1If on
the other hand a normdl shock is assumed at M = 1,05 on the downstream
side of the secend throat, then it ean be determined that the diffuser
exit Mach number will not exceed 0,10, and thus a good diffusion will
bé assured.

Two 1/4-inch steel pusher rods were designed to deform the throat,
These moved perpendicular to the tunnel axis and were located between
the two attachment points: cantilevered upstream end and a guided-

pinned downstream end. (See Plate VII)
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6. Actuating Mechanism

An actuating mechanism was specially designed to position the
pusher~rods for the second throat. A photograph of this is inecluded,

_ (Plate VI)

7. Sealing Problems

Since the static pressure difference across the nozzle’and set~-
tling chamber was significantly large, care had to be taken to prevent
great leakage problems. To handle this three-dimensional sealing prob-
lem, it was necessary to build a wood and plexiglass model of the com=
plete tunnel section and study the problem physically.

.A photograph of this model has been included in this thesis.
(Plate IX)

Nozzle blocks were sealed to the side walls by forming a channel
on the bloeks to insert an Oiring type seal. The side wall pieces were

sealed together in the same manner,



CONCLUSIONS AND RECOMMENDATIONS

The primary objective of this thesis was to design a supersonic
wind tunnel to be constructed,

This design contains its unique features such as: (1) A test sec-
tion Mach number of 2.0, 3.0, and 3.5 can be obtained merely by instal-
lation of proper nozzle blocks, (2) A large removable windeow at the
test section will ease accessibility to the tunnel and ig advantageous
for the schlerien photographic purposes. (3) A specially designed
continuously variable second throat and its unique actuating mechanism
will greatly ease the tunnel operation. (4) By the choice of a sharp-
edge throat nozzle and other design features the cost of manufacturing
will be at a minimum. (5) It will provide é useful tool for the future
students of the University for research in flow studies and model test-
ing,

Due to manufacturing difficulties; the boundary layer correction
ou the side walls was eliminated. Thus, a satisfactory result may be '
achieved by tilting the nozzle blocks to provide a partial correction,

Although the sealing problems have been thoroughly studied or a
wood and plexiglass model of this tummel, it is believed by the author
that an actual testing of the tunnel may be required to find and elimi~
nate any leaks, if present.

Finally, the author wishes to recommend that if the compressor
being used to run this tunnel will be capable of producing the theoreti-

cal test section Mach number of 3.85, such a nozzle be designed and used.
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APPENDIX A

X

TABLE IV

1

NOZZLE CONTOUR COORDINATES

y, inches

X

inches M=o M & g% M= 3.5
0.00 1,968 1.4345 1.094
0.50 . 1,968 1.4378 1.094
1.00 1.968 1.4387 1.094
1.50 1.968 1.4405 1.094
2.00 1,968 1.4435 1.094
2.50 1.968 1.4444 1,094
3.00 1,968 1.4449 1.094
3.50 1.968 1.4460 1.094
4.00 1.968 1.4470 1.094
4.20 1,968 1.4474 1.094
4,40 1.968 1.4482 1.095
4,60 1.968 1.4487 L.101
4,80 1.968 1.4492 1.104
5.00 1.968 1.4500 1,119
5.10 1.968 1.4510 1.123
5.20 1.968 1.4525 1.129
5.30 1.968 1.4530 1,134
5.40 . 1.968 14540 1,139




TABLE IV -~ continued

y, Iinches

p-¢

inches M=2 M=3" | M=3,5
5,50 1.968 1.4548 1,143
5,60 1,968 1.4550 1,148
5,70 1.968 1.4558 1,152
5.80 1,968 1.,4568 1,159
5,90 1,968 1.4580 1.164
6.00 1,968 1.4590 1.172
6.10 1.968 1.4600 1,179
6,20 1.968 1.4611 1,184

" 6,30 1,968 1.4620 1.190
6,40 1.968 1,4630 1.198
6.50 1.968 1.4640 1,206
6.60 1,968 1.4650 1.214
6,70 1.968 1.4660 1,222
6.80 1,968 1.4680 1.23%
6.90 1.968 1.4687 1.249
7,00 1.968 1.4710 1.259
7.10 1,968 1.4760 1.271
7.20 1.968 1.4800 1,860
7.30 1,968 1.4900 1.305
7.40 1.968 1.4980 1,323
7.50 1,968 1.5080 1,346
7.60 1.968 1.5150 1.377
7.70 1.968 1.5280 1.390
7.80 1.968 1.5420 1.414
7.90 1.968 1.5580 1.438
8.00 1.968 1,5765 1.463
8.10 1.968 1.5930 1,492
8,20 1,968 1.6120 1.521
8.30 1,968 1.6315 1.553
8,40 1.968 1.6534 1,588
8.50 1.968 1.6790 1.625
8.60 1,968 1.7060 1.663
8,65 1.968 1.7200 1.682
8,70 1,968 1.7350 1,700

- 8,75 1.969 1.7500 1.722
8.80 1,970 1.7660 1.743
8,85 1.973 1.7830 1.765
8.90 1.975 1.8000 1.789
8,95 1,980 1.8180 1.810
9,00 1.985 1.8350 1.831
9,05 1,991 1.8550 1.856
9,10 1.998 1.8740 15879
9.15 2,007 1.8950 1.902
9,20 2,016 1.9170 1.928
9,25 2.029 1.9390 1.955
9,30 2,041 1.9600 1.982




TABLE IV - concluded

¥, inches

X

inches M= 2 M=3" | M=3.5
9,35 2,057 1.9830 2,010
9,40 2.079 2,0060 2,039
9,45 2.080 2,0300 2,067
9.49 2.0895 2,0495 2.0895
9,50 2,089 2,089 2,089
9,55 2,088 2,088 2,088
9.60 2.081 2.081 2,081
9.65 - 2,071 2,071 2,071
9.70 2,058 2,058 2,058
9,75 2,039 2,039 2,039
9.80 2,018 2,018 2,018
9,85 1.990 1,990 1.990
9.90 1.952 1,952 1.952
9:95 1.895 1,895 1,895
10.00 1.749 1.749 1.749
10.00 0.000 0.000 0.000

*% Corrected for boundary layer
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APPENDIX B

DESIGN PLATES

34



PLATE I. TRANSITION AND RETURN FLANGE DETAILS
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PLATE II. SUPPORTING FRAME DETAILS
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TUNNEL SIDE-WALL ASSEMBLY
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PLATE IV  NOZZLE BLOCK DETAILS
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PLATE V SECOND THROAT-BAR DETAILS
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PLATE ¥VI
ACTUATING MECHANISM

41



PLATE VII-a TUNNEL ASSEMBLY
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PARTS LIST
Item Name Material No.
No, N _Req'd
1 Transition Flange. (See Plate I) Co. 1, 1
2 11 x 5% x 1/32 Rubber Sheet Seal _Rubber 2
3 | 11/8x13/4x%6 angle 24 ST Al 4
4 | 3/8 - 16 NG - 1% Socket Head Screw ‘Steel 8
5 1/4 - .20 N¢ x 3/4 Socket Head Screw Steel 60
6 x 3'x ,02 Shim Stozk _ | A, 10
7 #12 - 24 NC.x 1% S@uket ‘Head Serew, ;Stéei 6
8 3 x 3% Pusher Rods 1” theaded Ends  Sgeel 2
9 Pushder Guide (See Plare TIL+b)  Stéei 2
10 gflgD, X 3/8 0sDy, Onrlng Seal Neoprene 2
11 Second Throat Bar (See Plaﬁé V) FSéegly
: L ' o : plated 2
12 5/32 D x 1" Rider Pin Steel | 2
13 L x Dowel Pin ‘ o Steel 8
14 Supporting Frame (See_Plate II) Steel 2
15 i1 x 1 Return Duct Flange (See Plate ) | @ I, 1
16 Pin Supporter (See Plate V) 75 8% Ai, 2
17 $#i2 -~ 24 NC x 1% Spcket Head Screw Steel 6
18 Flip-on Fastensrs (See Plate II) Steel 16
19 Glass Frame (See Plate IT) 14 2
20 #12 = 24 NC'x.3/8 Socket Head Screw Steel 50
21 5 % 4 x 3/89 60° Beveled all around tlass 2
22 1/8 0.D. Seal Weoprane 5 ft.
23 Nozzle Bloeks _ 'Alﬁ 2 per M
24 Nominal Size 1 Washer, #9 Drill,
3 equispaced boles, 1 3/4 hole cirecle Al , 2
25 Model Supporter Ulsb (See Plate 1II-b) AL, 2

PLATE VII-b



PLATE VIII TUNNEL SIDE-WALL-OFF VIEW
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