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A area, square feet

a constant

b constant

¢ model length, inches

h tunmel height, inches

M Mach number

o mase flow rate, slugs/ £e?

P pressure, pounds per square inch absolute
R Reynolds number

T temperature, degrees Rankine
o Mach angle

5] flow deviation through oblique shock, degrees
o oblique shock angle, degrees
Y ratio of specific heats

e flow divection, degrees

) Prandtl-Meyer angle, degrees
P mass density, alust/ttza
Subscripts

E tunnel exit

M model cross sectional area
min  minimum

K naiensm



0

stagnation conditions
test section conditions
dovmstrean of normal shock



To accomplish significant fundamental high speed flow research
and adequately demonstrate the variation of fluid properties with
increase in Mach number, a high speed wind tumnel with a wider vange
of Mach numbers is needed to veplace the tunnel now used in the Aero-
space Engineering Laboratory at the Virginia Polytechnic Institute.
Also, the new tunnel should have a test section of sufficient size
to permit the use of more realistic test models. The present tunnel,
which is capable of producing Mach numbers 1.789 and 1,980 for short
periods of time does not adequately demunstrate the varistion of
aerodynamic properties with increase in Mach number. In addition,
the existing tunnel has a test section size of only 0.75 by 1.78%
inches; this necessitates the use of extremely small models. Since
pressure measurements on models of the size required are very
difficult, the tunnel is essentially restricted to experiments
permitting the use of optical methods for determining the flow
characteristics,

The Mach number range considered in high speed m«lynmic
studies is divided into three speed ranges: the transonic range,
yvhich encoupasses the range of Mach numbers close to one; the super=-
sonic range, the range of Mach numbers between V2 and 5; and the
hypersonic vange, the range of Mach numbers greater than 5. The
division into three speed ranges has been brought about by the



experimental difficulties which are associated with each range. In
the transonic range, wall interference is the predominating difficulty
requiring large ratios of tunnel height to model chord. In the super-
sonic range, the starting difficulties are not a criticel factor and
the major consideration is to prevent reflected shocks from impinging
on the model. The hypersonic rasnge is generally considered to be the
range of Mach numbers in which condemsation of air components in the
test section is encountered for stagnation temperatures close to
atmospheric, s situation which requires heaters to control the temper-
ature.

The Mach number which can be attained in a high speed wind tunnel
is determimed by the physical characteristics of the nozzle. The
requirements of the noszle are that a desired Mach number be sttained
in the tumnnel test section with the flow parallel to the tunnel axis
having constant Mach number distribution across the moszzle exit.

Usually nozzles arve made two-dimensional and consist of four
main parts (Pig. 1.1): (1) a converging inlet section im which sub-
sonic acceleration occurs; (2) a throat or sonic section; (3) an
initial expanding zome in which the flow is rapidly accelerated, with
the inclination of the nozzle wall increasing from zerc at the throst
toc the expansion angle at the inflection point; and (&) the
straightening part, in which the inclination cf the wall decreases
from the exyansion angle at the inflection point to zerc at the nozszle



exit, so that the flow entering the test section is parallel to the
tunnel axis, at a given Mach number.

A" nozzle expansion
angle

I £ sym -
Thyoat Inflection Exit
l Point
Subsonic| Initial | Straightening
Inlet ' Expansion | Part
done

FIGURE 1.1
Supersonic Hoszzle Nomenclature

In the two-dimensionsl nogzle, carefully controlled contours
are required on one or at wost twe walls, the remaining ones being
flat. Thie hes the advantage that pressure fluctuaticns are distrie
buted over the center plane of the tumnel rather than along the axis,
as is the case for three-dimensicnal nozgles. The contour ordinates
required to produce the desirved flow are determined by the method of
characteristics,

0f the several methods available for obtaining variation of Mach
number, the two most desirable ones are the flexible nogzle and the
fixed<block nogzle. The flexible nozsle, in which flexible plates are
supported by jacks positioned along the length of the noszsle and cone
tained between two parallel or slightly diverging sidewalls, is the
most versatile. HMach number vmwm is obtained by gdjuﬂ:ing the
jacks to predeteruined positions; this gives the flexible plate the
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required contour for the desired Mach number, Through proper design
of the flexible plates and location of the jacks, vearly continuous
Mach number variation can be obtained in a given Mach nuwber range.
Although the flexible noszle gives the best combination of versatility
and accurscy, the wechanical complexity and high initial cost make
this type of nozzle undesirable for a small classroometype wind tucmnel.

The fixed-block nozmle consisting of two identically contoured
blocks mounted symmetrically is the most advantageous type for small
tunnels, since it is mechanically simple and the initial cost is
relatively low., However, in large tunnels the weight of the blocks
becomes excessive ~ special handling equipment is re uired and the
machining difficulties encountered in forming the contours increase
the initial cost so that the flexible nozsle is more desirable. The
wa jor disadvantage of the fixed-block noszle is that the Mach number
of each block is restricted to a discrete value. Thus, for a change
in Mach number, the tunnel must be shut down, and differently cone-
toured blocks must be installed.

For complete simulation of flight conditions the Reynolds number
as well as the Mach number of the test model must be the same as that
encountered in flight, The Reynolds number range encountered in
flight at various altitudes is shown grophically in Fig. 1 as a
function of flight Mach number. Since high Mach numbers are usually
attained only at high altitudes, a Reynolds number in the range of
10% to 107 per unit length is gemerally sufficient to duplicate the
flight value.
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As can be seen from the following amalysis, the Reynolds number
of the test section determines the power vequived to operate the
tunnel. The Reynolds number is expressed as

» VL
g“,.m

Heo

where L is the test section dimension, By use of Sutherland's

» v {L.1)

empirical formula for viscoeity

b, —t B , {1.2)
' cz +7T
-]
the equation of state
§ =RT , (1.3)

and the definition of Mach number
Y
X = ;i " (1.4)

the Reyoolds mumber can be expressed as
- c C. M LP
B = 1‘-3]..2_&—_&.* 1.
., iw ¢»%m T (1.5)

The kinetic energy crossing the test section per unit time is

3 3,2
V' A p V'L
E.E. u&-&ma%

2 2
where A is the test section area. When the expressiom for Reynolds

y (1.6
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number i{s intveduced, the kinetic energy eupression becomes

2 5/2
ER"HMN T

x.:.u—-?-'-‘?é—:-r . (1.7
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b A
Therefore, for a given Mach number and Reynolds number the kinetic
enargy incresses when the static tesperature and model size increase,
and when the statie pressure decreases,

From the above consideration it is seen that the most economical
approach to aerodynamic testing is to use small models, high stage
naticn pressuves, and low stagnation temperatures. It is difficuls,
however, to construct small models or models rigid enough to withe
stand the asrodynamic losds associated with high stagnation pressures;
the possibility, moreover, of condensation of the air components in
the test section limits the use of low stagnation temperatuves,

Although it is desiraeble te conduct wind tumnel tests at the
flight Reynolds number, the cost of the air supply system genevally
nakes it necessary to conduct tests at Reynolds numbers considerably
less then the flight values. A Reynolds number of the order 10&,
based on model length, is considered the minimum value at which test
should be conducted?

The results of a preliminary design investigation indicated that
@ continuous flow supersonic blow-down wind tunmel could be operated
in the Mach number rvange from 1.5 to 3.6, This can be accomplished
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without modification to the air supply or test facilitios now existing
in the Aerospace Bagineering Laboratory at the Virginia Polyteshnie
Institute. The test section dimensions of the continucus flow tunnel
would be large enough to permit the use of pressure distribution
nodels of sufficient length to provide Reynolds numbers in excess of
the minimum acceptable value of mﬁ' (see Tig. 2).

It is, therefore, the purpose of this thesis to suggest a design
for a continuous flow supersonic blow-down wind tunnel suitable for
student instruction and basic resesrch studies in the Aerospace Eugi-
neering Laboratory at the Virginia Polytechnic Institute.
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(I1. DESIOGN

The initial steps taken in the desipn were to determine the Mach
number vange, from consideration of pressure requirements and existing
transonic facilities; it was slsc necessary to determine the maximum
test sectiom area for which the available mass flow is sufficient to
operate the tumnel continuously at all design Mach numbers,

The existing air supply system consists of eight twoestage
electrically driven reciprocating compressors delivering a total of
3090 cu ft of free air per minute at a pressure of 100 peig., After
compression, the air is passed through activated alumina driers where
the moisture content is raduced suffieiently to provide air to the
tunnel at a dew point of ~ 40°F st atmospheric pressure. Thia is
sufficient to prevent condensation shocks in the supersonic gpeed
range, but does mot preclude the mﬁuluy of flow supersaturation
at the higher Mach numbers.

The pressure ratio required to start and maintain flow in a
superscnic tunnel depends upon the operating Mach number and the
efficiency of the diffuser which decelerates the flow from supersenic
speed to subsonic. Thus, to obtain optimum performance with a given
air supply system or to reduce the power requirements of & tunnel
having epecific performance characteristics and physical dimensions,
an efficient supersonic diffuser should be incorporated into the
tunnel design. The diffuser efficiency is generally measured in terms
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of the normal shock pressure ratic - the ratio of stagnation pressure
shead of the normal shock at the test section Mach number to that
behind the norwal shock,

Experimental results obtained with various diffuser shapes ’*’>
indicate that the operating pressure ratios required with no model in
the test section are approximately 1.2 times gresater than those
predicted by theory for mormal shock transition and no subsonic
pressure recovery, if simple divergent diffusers are used; they are
approximately equal to the theoretical value for normal shock
trangition and full subsonic pressure recovery, when fixed-geometry
convergent-divergent diffusers are used; and they are approzimately
half this value with variable-throat convergent-divergent diffusers.

With models installed in the test sectiocn, the pressure ratios
required for starting and maintalning the flow are considerably
higher than those for no model. For a tumnel equipped with a
variable-throat convergent-divergent diffuser, tha pressure ratios
required for starting with a model installed are about 1.5 times
greater than the theoretical ratio for normal shock trangition with
full subsonic pressure recovery, and the operating pressure ratics
are slightly less than the theoretical values, depending upon the
shape, angle of attack, and size of the model.

Since the tunnel is to be equipped with a variable~throat cone
vergentedivergent diffuser, selection of operating pressure ratios
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equal to the theoretical values obtained for normal-shock transition
and full subsonic pressure recovery results in conservatiwe estimates
of maximun Mach nusbers and mass flow rates. The maximum pressure
ratio available with the existing air supply is 7.8, Making allowance
for the increase in pressure ratio required to start the tunnel, the
maxinm alloweble operating pressure ratic ior which starting
difficulties will not be emcountered ie 5.1. Therefore, from Eq. A-5,
Appendix A, the upper limit of the Mach number vange is found to be
He= 3,6,

A Mach number of 1.5 has been selected as the minimum value
necessary to obtain Mach number continuity with the existing transonic
tunnel, which operates at Mach numbers up to 1.3,

The Mach numbers considered in the subsequent design are 1.50,
2,05, 2.54, 2.91, and 3.59., Since all Mach numbers ave within the
supersonic ramnge, conventional supersonic wind tunnel design procedures
are used for determining the vrequired performance charscteristics.

2.2.

The maxioum test section area at each Mach number was determined
from continuity for the minimum mass flow condition » minimum
operating stagnation pressurve. Through use of Bq, A~5, Appendix A,
the minimum stagnation pressure, corresponding to the design Mach
number and an exit pressure of 14.7 psia, can be determined. The mass

flov perameter corresponding to the specific Mach number can

—tﬂam
Paaaa
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be found from Eq. Be4, Appendix B, 1If it is assumed that the stage
nation temperature is 60°F, the maximum test section areas for which
the available mass flow rate of 0,122 glugs/sec is sufficient to

maintain continucus operation are:

4 3
; @ P,omin P, u 10 ©w 2
M { == ) o o ft/sac A £t
B “ain psia  eluge/ft° % o g A
1.50 1.15 16.90 2,73 1117 0,500 9.0802
2.05 1.39 20.40 3.30 1117 0,344 0.0922
2.54 2.01 29.40 &, 66 1117 0.220 0.1065
2,91 2.80 41.10 L1 1117 8,151 0.1090
3.59 5.10 75,00 11.62 1117 6.078 0.1210
TABLE 2.1

To minimize comstruction cost and reduce the complexity of the
varisble~thvoat diffuser, it was essential to make all noszles with
the same exit dimensions, Therefore, the maximm allowable test
section area is determined by the conditions at M = 1,50, From
consideration of the requirements for conducting tests with axially
symmetric models, it was decided that the tummel should have a
square test section vesulting in the dimensions 3.40 by 3.40 inches.

The test section has been provided with optical quality glass
windows with dimensions of 3.40 by 6.00 inches to permit observation
of the test flow region, The windows are easily removed for model



installation and inspection. The test section components are given
in Table 2.1,

In the dovnstream end of the test section, & sting wodel mount
(see Table 2.1) has been provided, Angles of attack betweenm - 10°
and + 10¢ can be obtained, and the position of the models can be
varied with respect to the tunnel's vertical axis.

2.3, Model Requirements.

In order tc obtain satisfactory experimental resulte and tunnel
operation, the model must meet the following requirements: (1) the
ratio of model area to test section avea, ? » must be equal to or
less than the value obtained from Bq. C~7, Appendix C, for the normal
shock, which occurs during the starting process, to pass downstream
of the test section; and (2) the model length must be within the
limits obtained from Eq, C+8, Appendix C, to prevent model shock wave
interaction,

Where the ratios of (?)‘moilq. C-7 have been converted to
tunnel height model chord ratios for twoe-dimensional test bodies
having a thickness ratio of 0.12, the results obtained from Eqs., C»7

and C~8 at the specified design Mach numbers are:
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Equation C-7 Bquation C~8

M s
o ¢

(2 0min ®/%n  (inches) ®/ain  (inches)

1.50 0,080 1.50 2.27 1.41 2.40

2.05 0.7 0.70 4.85 1.0 3.37

2.54 0.241 0.50 6.80 0.84 4,05

2.91 0.275 0.43 7.90 0.80 4,25

3.59 0.313 0.38 9.00 0.80 4,25
TABLE 2.2

From the above results, it is seen that the model chord which
can be used is determined by the model shock wave interaction
requirements for all Mach numbers except at M = 1.50. If, however,
the model thickness ratio is less than 0,11, the maximum model length
is determined by Eq. C~8 for all Mach numbers considered.

2.4,

With the minimum and maximun values of ’o for which the tumnel will
operate continuously at the design Mach numbers, the Reynolds number
variation can be determined from Fig. 2. The maximum values of !’0 have
been deternined from mass flow continuity considerations. The results
obtained for model lengths of 2,40, 3.37, 4.05, and 4.25 inches ave:



¢ o xw® r xR x10®
' Max | Min | Max | Min Max | Min  Max

172 1.82 | 2.42 | 2.08 | 2.%0 - -
X

2.08 . 2.8% | 2.50 | 3.41 | 2.62 | 3.56

| 2.85  2.65  4.00  3.19 4.80 | 3.35 | 5.05

TABLE 2.3

ﬁGZn
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From the results tabulated in Table 2.3, it is seen that the
minimum Reynolds nusber for all test Mach mumbers exceeds the minimum
acceptable value of 1 x w" if models 2.40 inches long or longer are
used. To obtain higher test Reynolds numbers, the tumnel can be
operated as an intermittent Wlowedown tunnel., Through the uvtilization
of the suxiliary alr compressor station, which provides stagnation
pressures of up to 150 peip, Reynolds vumbers up to 7.3 = 1(36 can be
obtained with a model length of 2.40 inches.

2.5. Momzle.

The designing of & supersonic nozzle gemerally involves deterwining
the nosszle contour by the method of characteristice based on isentropic
perfect fluid flow, calculating the rate of boundary layer growth
aleng the nozzle walls, and making corvections to the nosgle contour
to ecompensate for the boundary layer thickness. Yox nozzles of the
length used in this tunnel, it was found that the corrvections for
boundary layer growth were of the same ovder of magnitude as the
machining errvors. Therefore, it is not necessary to correct for
boundary layer effects. Since the method of characteristics as out-
lined in Appendix D is not applicable to subsonic flows, a starting
point must be assumed in a rvegion where the flow speed is equal to,
or grester than the spesd of sound, th’nﬁ’ 7 semiepraphical
method of determiniang the nogzle contour i{s based on the assumption
that the flow adjusts itself at the throat so that the flow is sonic



and parallel to the tunnel axis aleng a perpendicular line at the
minimes section. In the use of this method, the graphic solution

of the relevant equations represents the curve of the nozzle from the
throat section on, an arbitrary cuyve being used for the initial
expangive portion; an alternative procedure is to determine the
entire nozzle contour by initiating the solution from a desired Mach
nunber distribution along the tumnel center plane.

In order to have a net incresse in flow area without any net
change in flow direction, it is necessary that the nozzle curve oute
ward from the throat to the inflection point and them curve inwaxd
until at the noszle exit the contour is parallel to the tunnel axis,
At the inflection point the nosgsle contour has its maximum slope 9&‘
the nozzle expansion angle. As has been discussed in Appendix D,
the Prandtl-Meyer angle, w, is increased by the smount /? when the
flow crosses an expansion wave. Therefore, the number of Mach waves
separating the initial and final flow regions determines the magni-
tude of the nozzle expansion angle e

The number of expansion waves separvating the initial and final
flow regions 1:13

e a(‘zur +2) , (2.1)

where N is the number of expansion waves, n the number of Mach waves
originating along the initial expansion section of the noszzle, and n,
the number of times each wave is reflected before calcellation. If all
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the segments of the initial curve differ im inclinstion by a comstant
amount A 6then the Prandtl«Meyer angle is related to N and A 6 by

and since ‘91 = n A&, the nogzle expansion angle is related to the
Prandtl-Meyer angle by the equation
tido

9‘& - ; » (2«3)
2(“;' + 1)

The same result as given by Eq. 2.3 is obtained if A 0 does not have

a constant value. 1In this case,
We =020, +2) 46 +0,Q0 +2) 4 6 +...+, (2.4)

vhere B, is the number of waves originating from the initial expansion
segments with an increase in inclination at 4 91, and n, the n@n
of waves originating from segments with an increase in imclination of
) 82, ete. Since 9:."“1 A 6+ n, & 32* ess + , the result is
the same as given by Eq. 2,3. Prom the vesults of Bq. 2.3, it is

seen that values of &, ;ﬁ are mqtsimd to avoid 8 recontraction

in the nozzle contour.

The semi-graphical method developed by Puckett has been employed
in deternining all the nozzle contours. The advantage of this method
is that accurate graphical constyuction is necessary in the physical
plane only. The flow direction, Mach number, and Prandtl-Meyer angle

in each flow region ere given by the numerical constants a and b

(Bqs. D»23 and D-24, Appendix D).
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The procedure followed in the determination of the nozzle contours
by the semi-graphical method is as follows:

(1) Determine the throat height required from the one~dimensional
¢  area - Mach number relation given by Eq. Be2, Appendix B, and the
nogzle-exit height.

(2) Determine the Prandtl-Meyer angle, corresponding to the
design Mach number, by use of Bg, D-22, Appendix D.

(3) Using Eq. 2.3, determine the nozzle expansion angle 8.

(4) Starting at the throat, construct an arbitrary initial
cutve and divide into small straight segments with the inclinations
increasing from 0° at the throat to 6y at the inflection point,

(5) Prepare a rough sketch of the noszle and Mach waves dividing
the nogzle into regions of uniform flow. Since only expansion
waves occur in & noszle, the values of the constants 2 and b in

each region can be readily determined,

(6) With the values of a and b, determine the flow direction 0,
Mach number M, the Prandtl-Meyer angle w, and the Mach angle ¢
for each flow region,

(7) Construct the Mach lines in the physical plane at the

average Mach angle corresponding to the Mach numbers in the flow
regions separated by the wave,



(8) Define the nozzie contour by constructing a smooth curve
approrimating the straight segeents obtained with the graphical
construction for the supersomic porxtion - the subsonic inlet
portion can be defined by a cireular arc ox any other smooth
curve,

{9) Check the accuracy of the graphical construction against
the one~dimensional area-Mach oumber requirement,

The semi-graphical procedure as outlined above is demonstrated by
the following example for a free-stream Mach number of 1.50.

From Fig. 5 the ratio & corresponding to a Mach musber of 1.50
is 1,178, For a two-dimensional nozzle with straight side walls, the
ratio -2; is equal to the ratio of nozzle-exit height to nomzle throat
height L . Therefore, for a nossle-exit height of 3,400 inches
the required throat height is 1.443 inches.

The Prandtl-Meyer angle corresponding to a Mach number of 1150 is
12.0%°, and for one reflection of each expsnsion wave, the nozzle
expancion angle 6, is 3%0. The arbitrary initial curve is constructed
and divided inte straight segments having successive increases in
inclination of 4 6 = 19,

& cketch of the Mach wave pattern is then made (Fig. 2.2) and
the values of a and b are determined. The constant a increases by
an amount A @ when the flow crosses a pighterunning Mach wave, but
is unchanged when a left-running wave is crossed. The constant b,



FIGURE 2.1

Sketch of Mach Waves

on the other hand, increases by A 6 when the flow crosses a left-
running wave, but is unchanged when right-running waves are crossed.
The constants a and b for each region of flow can be readily determined,
therefore, with the aid of the sketch. The values of a and b for the
resulting flow regions ave:

Region 1234567891011 121314151617 1819 20 21 22
a 011222333 3 4 4 & &4 5 5 3 5 6 6 6 6
b 001012012 3 1 2 3 4 2 3 4 5 3 4 5 6

#

TABLE 2.4

From the above results and the tables of w, M, and @ given in
reference 7, the graphical comstruction in the physical plane can
be performed. In region 1

leglwbtﬂq
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and corresponding to wy - 0, the tables of veference 7 give ul = 1,00
and - 90.00°. 1In region 2

E - ”
&zﬂlz bzul 0=l

and m2~n2+b2ul+6-1°

and corresponding to w, = 1%, M, = 1.0808, and o = 67.70°. Thus,
51,2 the inclination of the expansion wave separating regions 1 and
2, is

8, + @ +
31’2.471.31.5_&.9.%1.2&&.;.&1&..,&?

By a similar procedure, the inclination of the expansion wave separating
regions 2 and 3 is found to be

.

6, + 0 +
ﬂz,s..z_i...a*ﬁ?ﬁ‘%hwmmo

The nogzszle coordinates resulting from the graphical construction
at Mach numbers of 1.50, 2.05, 2,54, 2.91, and 3.59, ave given in
Table 2.

2.6. Diffuser.
The purpose of the diffuser is to reduce the free strean Mach

number through a series of oblique shock waves so that the normal
shock transition occurs at & lower Mach number, Since the losses in
pressure across oblique shock waves are much less than that across a
normal shock at the same Mach number, an appreciable increase im
pressure recovery is obtained. Therefore, the pressure ratioc, mass

flow, and power required to operate a tunmel at & given free stream
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Mach number ave reduced by the use of a diffuser. As the nuwber of
oblique shocks occurring in the convergent portion of the Mﬁum
become large, the diffuser efficiency approaches that of isentropic
pressure recovery. However, a large number of oblique shocks requires
a long diffuser and the losses associated with the boundary layer
become large.

The diffuser efficiency is also dependent upon the configuration
of the model and model mount, boundary layer shock wave interaction,
and the divergence angle of the subsonic portion of the diffuser. The
losses associated with these effecte vary with the test section Mach
nunber and generally cannot be estimated by theoretical methods.

Therefore, the diffuser (see Table 1) was designed to function
theoretically as a double oblique shock wedge type diffuser with a
perfect fluid st an intervediate Mach mumber of 2.50, under which
circumstances it would, of course, obtain the theoretical waximum
pressure recovery,

When the tumnel is started, the diffuser throat avea, Agy, must
be sufficient to permit the starting normal shock to pass domestrean
of the throat. The magnitude of Ay, to permit starting, corresponds
to (A - Ay) given by Eq. C-7, Appendix €. After the supersonic flow
is established, the diffuser throat arvea is reduced to the most
efficient value, which is determined experimentally for each model

configuration,



The addition of the tunnel desigmed will provide adequate test
facilities for student instruction and basic research studies in/
both the transonic and supersonic range of Mach numbers, when w‘e& in
conjunction with the existing test facilities in the Aerospace
Engineering Laboratory at VFI, A tumnel of the type designed may be
used for studying stability and control problems of practical body
shapes, and boundary layer stability and skin friction studies for
zero heat transfer conditions are made possible with a continuous
flow tunnel, Supersonic inlet duct research studies will be greatly
facilitated, and by the addition of an air heating system, heat
transfer problems and the effect of such variables as angle of attack,
interfering flow flelds, and separvated flow regloms, both with and
without cooling, can be studied experimentally.

It is, thervefore,

nded that the supersonic wind tunnel
designed be constructed and installed in the Aervepace Engineering
Laboratory at Virginia Polytechnic Institute, and that provisions
for controlling the stagnation temperatuve of the air be incorporated
inte the air supply system.



1v. SIBBARY

The design of a 3.4 by 3J.4~inch supersonic wind tumnel to be
used in the Aevospace Engineering Laboratoxy at the Virginia Polytechuic
Institute is described. The purpose of the design is to provide
adequate facilities for instructional and basic supersonic flow research.
The tunnel is of the continuous blowedown non-return type discharging
directly to the atmosphere.

Two-dimensionsl, symmetric, fixed block nozzles have been
designed to provide test Mach numbers of 1.50, 2.05, 2.54, 2.91, and
3.59. Reynolds mumbers of 1.1 x 10° to 5.0 x 10° can be obtained,
depending upon the Mach oumber and model length, Higher test Reynolds
mumbers are possible by intermittent operation of the tummel.
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APPENDIX A
Pressure Required to Maintain Supersonic Flow

The pressure ratic vequired to maintain a supersonic flow field
in the wind tunnel test section can be closely estimated by considering
the pressure losges acrose & normal shock at the test section Mach
munbere The two possibilities for the pressure ratio reguirved for
wormal shock transition from supersonic to subsomic flow axe: (1) mo
subsonic pressure recovery after the novmal shock, and (2) full sub-

For the case of normal shock transition with no subsonic recovery
(Fig. A-1), the pressure rvatio requived is the product of the isentropic
pressure relation upstrean of the shock and the pressure relation
across the normal shock.

p@ \_’/7 gam 91 - ?B
3 o
) () i
T, . T
o e
FIGURE A~l

Hormal Shock Transition and No Subsonic Pressure Recovery

The pressure ratio between the stagnation chambey and the test section
is given by



w3

? o w1 ‘?Q
Refetwt ] e
and across the normal shock the pressure ratio ie
¥
Yoo y+1
- (&"‘3)
?; 31!%.%?*13

Since for no subsonic pressure recovery Py = Fp, the requived pressure
ratio i given by

: nn;?ug'l*x’{lu -g | W%ﬁv‘f(i"l)]'

For full subsomnic recovery (FPig. C-2), the flow is isentropic on the
upstrean and downstresm sides of the normal shock.

P ——

(a=3)

?w Pl BIE = {
Pa Ry 51 Pﬁ = ?al
T L, |T1 =y
% meratu
\
FICURE A-2

Hormal Shock Trausition and Full Subsonic Pressure Recovery

The isentyopic pressure relation downstream of the normal shock, in
terms of the free strean Mach muder, is



2 ”v 1
Pagheliexpd( S TEY]
® T | ? \ymlogen /) e

The product of EBqs. A~l, A~2, and A~4 gives the rvequired pressure

ratio in terms of nm as

R g-’t-ﬁtvﬂ)uz """igﬁvufﬂ(vwi)"
P ] ; v+ 1

E {y ~1) L

TR

(a-5)

Equations A-3 and A~5 are represented graphically in Fig. 4.
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APPENDIX B
Area Ratio and Mass Flow Requirements

The flow at the nozzle throat and exit sectioms is one~dimensional.
Thus, a dimensionless area ratic expressed in terms of the free stream
Mach number can be obtained. The continuity equation

Py 3y Ay =p 8 4 , (8-1)

v e

- v :
%’pmu*'x?luﬁz) ’ "*'po(;%'f

3112 1/2
%n.“uevx-g—inm) » and u,uau(:;-f—,;)

y+1 ]ﬁ

oM |
“Li*\(?-l)&.f

and the isentropic relations

gives

. (8-2)

b!?

The ratio %‘-’- is alvays less than unity for values of H_+# 1, and
for any given ratio {3 < 1 there ave two values of M which satisfy
Eq., B+2 » one being subsonic and the other supersonic,

By a similar analysis, a dimensionless mass flow parameter can

2 n(-«-&—-)ﬁ

P, &, A, vy+1

be expressed as

(B-3)
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or for y= 1.4

w
e w8 0,578 ;5 : (B~4)
!‘a a, A

Equations B-2 and B=3 are represented graphically in Pig. 5.



APRENDIX €
Tunnel Height - Model Chord Ratio Requirements

The maximum ratio of model cross-sectional avea to test section
avea which will permit starxting of the tummel can be determined by
assuning that the normal shock duwing the startiang process stands
shead of the model. Then the minimun value of the reduced srea,
caused by the presence of the model, will correspond to sonic con~
ditions behind the mormal shock,

FPor sonic flow in the reduced area (sea Fig., C-l), the continuity

equation requivres

B 8 A = 0y By (A= 4 . (c-1)

f < S
g ]
ng %C&
¥ -
o

The energy equation for adiabatic flow

e+ Facyr,
or (C~2)

P
x 2.2 v 5%
Y-1p"2 "Y=-1p



P ?
and P P
- 3 ) § (Ced)
Po  Polr

S8ince the flow is assumed to be isentropic before and after the normal
shock, the demeity ratios are

1
& -—A unnauu. )? - . (cﬂﬁ)
Py Pol
From relations C~1 to C«5 it is seen that
A » P
<
(—H) & o c-6)

is required to permit the noymal shock to pase dowmstream of the
model and therefore to establish supersonic flow in the test section,

Expressing Eq. C~6 in terms of the test section srea and free
strean Mach number gives

vl | 1/2
e ey o’ -t aeind
A =3+ 1)
My -1
(C-~7a)
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2(y~
(-?) -1-(557)

max
(C-7b)

Equations C«7 are represented graphically in Fig.

For two~dimensional tests with bodies of a given thickness ratio
the results of Egs., Be7 can be converted to tunnel height model chord
ratios,

The values of h/c determined from Eqs. C-7 are usually less than
that required to prevent reflected shocks from impinging on the
tracking edge of the mécla. The exception being when tests are
conducted with bodies of very large thickness ratios.

To prevent reflected shock interference, the minimum value of
h/e can be determined by considering a flat plate at the maximum
angle of attack for which supersonic flow throughout the test section
is retained. From trigometric relations and the shock properties, 9
the initial shock angle, oy the reflected shock angle, and & the flow
deviation, the minimum value of h/¢c 1o

2 tan m(«zuw
(hi")uxn"tmal-vm (o, =5

(c-3)

where the values of Tyr Oy and 5 are obtained from reference 1. The
results of Eq. C~8 are somewhat conservative when compared with the

values given in reference 2.
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APPENDIX D
Method of Chavacteristice

The equations of motion describing @& compressible fluid in two
or three dimensions are generally nom-linear, since the dependent
variables and their derivatives appear as products. The non-linearity
of these equations makes them difficult to solve by analytical means
without making severe simplifying assumptions ~ with the exception of
a fow simple cases. In the special case where the speed is everywhere
supersonic, the equations of motion become hyperbolic in nature and
can be solved by the method of characteristics. Since the con-
ventional methods of designing supersonic nogzles - both two~
dimensional and axially summetric - usually involve the use of
characteristics, an outline of the method is presented. It is assumed
that the fluid in a perfect gas having no viscosity, thermal cone
ductivity, and no discontinuities - such as those associated with

shock waves - ave present.

The equations governing the wmotion of a two-dimensional, steady

flow, irrotational, noneviscous, compreesible fluid are given by

(az-uz)ﬁo-w(%*g)«(azw z)% =0 {D-1)

derived from Buler's equation and the equation of continuity, and



. 5% “ 0 (p-2)
which expresses the condition of irvotationality.

In the derivation of the characteristic equatioms, it is assumed
that u and v ave defined for all points (x,y) along & curve C in the

x~y plane., Letting s specify position along the curve €, the equation
of the curve C can be represented by

x = x(8)
(D+3)
y = y(s)
Por points on C the dependent variables (u,v) are considered to be
prescribed functions of 8. Assuming that u and v can be expanded

in & power sevies of the form

kN A n
u(x,y) = u(x ,y)+/w %7(:&-:)%-*-(7*?, ;::;} u

o=l

b i ; "
vix,y) = v(x,,y,) + ) %-; () =+ (reyy) %; T v

nel "

about a point ("a'yo) on €, then knowing u and v along the curve C as
functions of s their derivatives can be calculated along C and must
satiafy the equations

3 >
e %+§§ £, (D-4)



dv R | .
ds = gi‘ de * %32 * (D=5)
The initial step in determining u(x,y), is to evaluate the

derivatives % » g , and similarily for determining
xﬁ’?ﬂ xﬂ’yﬂ

v(x,y). The derivatives % ’ % ’ g s and % are determined from

the four equations A-l, A2, A«4 and A-5 which may be expressed as

(lzwuz)g-w%-w%%-(;2«u2)%n0
¢] % - g 0 = 0
%%ﬁ- + % gﬂ 0 0 -0

0 a+%§¢§§§.o.

Let D represent the determinant of coefficients and nn the

(D-6)

determinant obtained by substituting the right<hand side of D6
for the mth column, Then

L‘ﬁ

d3u Dy du v. D ov. D
5;.~-§l’$-‘b ’Wuﬁ’ws;—--ﬁ& -

If D = 0 there are two possibilities:

(1) b ¥0
In this case, the system of equations is inconsistent.



wdyy

(2) Dn =0

In this case, the system of equations is consistent,

In case (1) there is mo solution, and in case (2) there are a number
of solutions but no unique solution. If D ¢ 0 a unique solution is
obtained.

The necessary and sufficient condition for the existence of a
characteristic solution 18 D = 0 and all nn‘o = 0, The requirement
D = 0 is referred to as the characteristic condition, and D, = 0 is
referred to as the compatibility condition,

In BEq. D~6 the characteristic condition requires

(az - nz) - uv - uy (az - uz)
0 1 -1 0
D= = 0
& & 0 . (-7
0 0 & o

By expansion, this equation can be written in the form

2 2
@ -u?) (B v2w$ Ly (L) -0

ox (0-8)

S!x..wa::”"’*a“
dx az-ug

wvhere Vz - uz + vz. The compatibility condition requires
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(a? - v%) -ay - uy 0
o 1 -1 4]
D , w 0
6-—
& & o &
0 0 &= &
(b~9)
Expanding Eq. D=9 gives
2 2
TR IT TR
" - o
N | uw ot alve .
Bogr, g TINT -

If V > a, supersonic flow, the system of Eqs, D«1 and D-2, is hyper~
bolic and consequently Egs., A-8 end A+10 have two veal roots and two
characteristic directions, If V < a, subsonic flow, the system of
equations is elliptic, and the vootsa of Eqe., D=8 and D-10 ave
imagivary, If V= g, sonic flow, the system of equations is parabolic,
with Eqs. D-8 and D«10 having one real root and one charscteristic
dirvection at each point.

For the case V > a, Fq. D=8 defines two characteristic directions
in the physical (x,y) plane
sy ad’iiTif

& = u

(& ) - (D-118)



wvhich has a positive angle with the streamline flow direction, and

dy m+34§ .,2
(% )u R (D-11b)

having a negative angle with the streamline flow direction. Equation
D«10 defines the corresponding palr of hodograph characteristics

w - avvé - a2
c%zx- — (D-124)
and
w + a V2 - a2
(% )n R R (D-12b)

in the (u,v) plane.
Using Eqs. D-11 and D«12, it is seen that

<§>x<§,§>u~~1; ‘%’n(ﬁ’{”‘ (0-13)

which shows the system of chavacteristics is orthogonal.
1f, in Pig. D-1, ¢ vepresents the inclination of the velocity
vector V, end ¢ the direction of the characteristic with respect to
the x~axis, then
umVeos g, vwVaing ’
(D-14)
%nmucp, and -g"--uu@ .
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FIGURE D-1
Geometry of Physical Characteristice

Introducing B4, D-14 into Bq. D3 gives

e eia® (6-9) ,
0-15)

or |
(¢ «g)o sint éi&g N

where ¢ 4o the Mach angle. Therefore, the characteristic lines in
the physicel plane rvepresent Mach lines, sud the velocity veetor
bisects the angle betwaen the chwracteristic lines, see Fig. D-1.
Since the equations of cheracteristics in the hodograph pleoe
are independent of the indtial conditions, the chavacteristic cusves
can be found by integration of Bg, D»9, Bubstituting
uwVeos 6 JduwdVcos §-Vaeingds ,

hnd veaVsind and dv = 4V gin 6 + V cos ¢ do

in Bg. D-¥ gives
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dowlit tanotan (6% ) IV

tan 6 - tan (B4 0) V

(b-16)
ag-,ce&ts%ugqlawl % .
Using the relations )
=l ,
a® = wr ,
and
%—nli—l’i—llz
[+ ]
Eq. D=16 can be expressed as
«Jl—tz-'-l
6 =+ o (®-17)

M
Qo+ -‘-;—-5- )
which upon integration gives

1/2 172
somen fo g T [0l n] el
18

1f solutions are required for & large number of imitial conditions,

it is more convenient to express Eq. D=18 in terms of M* = V/a* rvather

than the Mach number M., Using the relation

Recds Wl a-2ited
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Bg. D-1& becomes

1/2
+ 0= cos™ m.:ﬁ-.u.ﬁ) .
| 2

1/2
1/2
»(%3»’-)! ten"t mz‘l +C (D~19)

Equations D-13 and D-19 represent epicycloids in the u,v plane
originating at a point on the sonic circle genmerated by a cirele with
a diameter equal to ug,, = 8 if Eq. D-18 is used and M, " -1 for
Eq. D-19,

The sign of ¢ is taken to be positive m left running waves
are considered and negative for right rumming waves. Then, for
left running waves, Eq. D-15 can be expressed as

fru=g , (D-20)
and for right running waves

goum=C , (p-21)
where the value of €, or C, represents the angle between a line from

the origin to the starting point of the epicycloid curve and the
u axis, and w is the Prandtle-Meyer angle given by

1/2 . 1/2
wmeosd Bo (2" | Bl of b (-22)
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By addition and subtraction of Eqs. D-20 and D-21 the following
relations ave obtained

¢, -C
Q'W.Q.b » (Dgzj)

¢, +¢C
wgwa“.‘;h

2 * m‘%)

¥rom Bq. D-24 it is seen that the flow velocity is determined
by the sum of the constants &, b. If a is increased and b is decreased
by the sase amount the point described will move along a radius
V = constant representing velocities of the same wmagnitude but
differvent flow divection., The flow divection, given by Eq. D-23,
is 8 function of the difference a - b, Thus, if g and b ave changed
by the same amount, the point described will move along 8 radiasl
line ¢ = constant.

1f the constant a is increased by an amount + A @ the flow is
deflected through an angle + A 6, and if be is increased by + A ¢
the flow is deflected through an amgle - A 6. Therefore, if the flow
crosses left vunning waves b is incressed by an amount A O and & is
unchanged, and when the flow crosses right running waves a is increased
by A @ and b 18 unchanged., Using this procedure, it is possible to
solve supersonic flow problems by & semi-graphical method where the
graphical construction is necessary in the physical (x,y) plane only.
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No. Read

Part No.

Pig. No.

Tunnel Section
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Entrance
Model Mount

Hozzle
Test

Tunnel Components

TABLE 1
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Table 1 Continued,

Tunnel Section Fig. e, Part No. He. Read

14 i 2

Diffuser 17 3 2
4 2

5 2

18 1 i

2 2

3 2

4 i

3 1

é 2

7 &

Tumel Coumponents

Table 1



M = 1.5028 M = 2.0585 M= 2.5372 M = 2.9105 M = 3.5937

Rl R2 Rl R2 Rl R2 Rl R2 R1 R2
5.857 9.000 3.545 7.600 6.513 4.500 4.285 3.500 2,350 1.750
L1 L2 Ll L2 L1 L2 Ll L2 L1 L2
2.750 6.320 4,000 8.330 4.750 9.250 4.250 9.750 3.146 10.354
X Y X Y X Y X Y X Y
0.000 1.443 0.000 0.958 0.000 0.632 0.000 0.438 0.000 0.229
0.162 1.445 0.200 0.960 0.100 0.634 0,051 0.440 0.032 0.232
0.610 1.450 0.400 0.965 0.200 0.641L 0.105 0.444 0.064 0.234
Straight Line 0.600 0.981 0.300 0.650 0.185 0.453 0.094 0.237
3.780 1.610 0.785 1.000 0.400 0.661 0.272 0.462 0.123 0.241
4,000 1.625 Straight Line 0.500 0.672 0.378 0.482 0.151 0.248
5.000 1.670 3.781 1.370 Straight Line Straight Line 0.176 0.251
6.000 1.690 4.000 1.400 3,525 1,210 3.000 1.036 0.207 0.260
6.320 1.700 5.000 1.515 4,000 1.270 4.000 1.210 Straight Line
6.000 1.600 5,000 1.405 5.000 1.365 2.192 0.795
7.000 1.652 6.000 1.510 6.000 1.480 3.000 0.980
8.000 1.690 7.000 1.595 7.000 1.572 4.000 1.170
8.330 1.700 8,006 1.650 8.000 1.634 5.000 1.325

9.000 1.690 9.000 1.685 6.000 1.450
9,250 1.700 9.750 1.700 7.000 1,540
8.000 1.610
9.000 1.665
10.600 1.690

10.854 1.700

Coordinates for Nozzle Blocks
(Refer to TFig. 6)

TADLL 2
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THE DESIGN OF A 3.4 BY 3.4 INCH SUFERSONIC WIND TUMNEL
CAPABLE OF CONTINUOUS OFERATION IN THE RANGE OF
MACH NIREBERS BETWEEN 1,50 AND 3.59

by
E. €. Andersou

The design of a continuous flow supersonic blow down wind
tunnel suitable for student instruction and basic reseawch is
described. The wind tumnel is capable of operation in the super=
sonic range of Mach mmbers from 1,50 to 3.59 and Reynolds numbers
grom 1.1 % 10° to 5.0 x 10° ave obtained. The design procedures
outlined are appliaablg te all types of supersenic wind tunnels,
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