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THE DESIGN AND CONSTRUCTION OF A SMALL
INTERMITTENT SUPERSONIC WIND TUNNEL

INTRODUCTION

It 1s evident that the general trend in the field of
aeronautical engineering is to higher and higher speeds.
Alrcraft speeds have increased threefold 1n less than two
decades. Veloclties of unmanned missiles have far exceed-
ed this, To sustain these rapld technical advances and
to ensure their continuance, the field of aeronautical
engineering must continue to expand, and there must be a
large number of technically qualified people entering this
area.

In order to be sultably qualified to step into a
technical position in aeronautics, a person must have
knowledge of both theoretical and experimental methods
that are likely to be employed. The single experimental
tool finding the widest use in aeronautical engineering
ie the wind tunnel, Thus it is desirable to have a wind
tunnel avallable at a university for use as an instruc-
tional ald and as a baslc research tool.

Therefore it 18 the purpose of this thesis to
present a design and to describe detalls for the con-
struction of a supersonic wind tunnel suitable for use

as an instructional ald and as a basic research tool.



The major limitation placed on this project is that im-
posed by the requirement of small total cost.



SYSTEM SELECTION

The Wind Tunnel System

A wind tunnel has the widest range of applicability
of any tool avallable to the aeronautical researcher. As
a research tool, the function of a wind tunnel 1a to pro=-
duce data by the simulation in the laboratory of real con=-
ditions encountered in flight. An aerodynamic shape en=-
counters varied conditions as 1t progresses through the
atmosphere, It 1s impossible to satisfactorlily simulate
all conditions in one wind tunnel system. Therefore, to
design a wind tunnel system it 1s necessary to declde which
particular set of conditlons are to be simulated.

Many speclalized wind tunnels are 1n existence, and
they attempt to simulate a partlicular set of flight condl-
tions., For inastance, spin tunnels, ice tunnels, and sta-
bility tunnels are in existence, and they attempt to ex-
plore these particular conditlons. The particular set of
flight conditlions having the wldest range of applicablility
is that of level unaccelerated flight. For this reason,
the majority of wind tunnele 1n existence today attempt to
gsimulate this set of conditions. This paper will be con=-
cerned only with the simulation of this condition.

All wind tunnels are made up of a great many compo=-

nents. Each component of the wind tunnel system must ald



in the simulation of the chosen set of conditlions or 1n
obtaining data therefrom. All components must be designed
with this in mind. The selection of the number and type
of components will be governed by this consideratlion.

All wind tunnel systems must include the following
things:

1. A means of creating flow

2. A means of directing the flow

3. A means of controlling the flow parameters

4, A means of obtalning data

The only practical means of causing a gas such as alr
to move 1s by creating a pressure differential in the gas
in the desired direction of flow. A gas will move from a
region of high stagnation pressure to a region of lower
stagnation pressure., Thus 1f either high pressure or low
pressure reglons can be created in a gas, 1t 1is possible to
cause motion of the gas. Reglons of high stagnation pres-
sure can be created by the use of a compressor. Reglons of
low pressure can be obtained by the use of a vacuum pump.
Either method may be used to cause flow in a wind tunnel.

The direction of flow of & gas can be controlled by
means of shaped channels enclosing the moving fluld. A
shaped channel working in conjunction with a compressor or
vacuum pump offers a means of controlling the directlon of

flow and of controlling flow parameters. Any such channel



must be designed to withstand the pressures that will be
encountered. It must be designed to present smooth sur-
faces to the moving fluid to avold large pressure losses.
The channel must be properly contoured to obtain the de~
sired flow in the area where data wlll be taken.

The last necessity 1s a means of obtalning data from
a wind tunnel. All data will be taken from a particular
region in the wind tumnel system known as the test sectlon.
The type of instrumentation will depend entirely on the type
of wind tunnel. For instance, ordinary force measuring
instruments would be useless in a shock tube because of
their slow response and low sensltivity. Generally it 1ls
advantageous to take four types of data; force data, pres-
sure data, temperature data, and optical data. Even though
it is possible to get by with only one or two types of
data, a well equlpped wind tunnel system will have means

to take all four types of data.

Types of Wind Tunnels

Before it 1s possible to select the proper wind tunnel
for any given situation, it is necessary to become famillar
with the types and the characteristics of wind tunnele 1in
use today. It 1s possible to classify wind tunnels 1in many
different ways. They may be classified according to thelr

being open or closed jet, according to thelr veloelty range,



or according to thelr use. For the purposes of this paper,
i1t 1es advantageous to classify wind tunnels according to
the time duration of the individual runs,

If wind tunnels are classlfied according to run dura-
tion, they naturally fall into three groups: continuous,
quasi-steady, and translient. ZEach type is characterized by
the duration of the Individual run.

In the continuous type of wind tunnel equilibrium cone
ditions prevall. That is, the aerodynamlc perameters are
time independent. This equilibrium condition can be malne
talned for a time duration of arbitrary length.

In the quasl-steady type of wind tunnel equillbrium
conditione prevail, but for only a couparatively short time,
Date 1s taken only during the steady flow portion of the
run time. Run times ordinarily last thirty seconds to two
minutes. Maximum run times are not usually longer than
five minutes, but this is determined by the relative sizes
of components in a particular wind tummel. The minimum run
time 1s fixed by the instrumentation of the particular wind
tunnel. Blow=down wind tunnels and vacuum storage wind
tunnels are examples of quasi-gteady wind tunnels.

The transient type of wind tunnel 1s characterized by
the fact that steady flow exists for extremely short per-
iods only. The duration of steady flow 18 from several

micro-seconds to several milli-seconds. Instrumentation



ls particularly critical for thils type of wind tunnel.
Shock tubes and ballistic tunnels are examples of wind

tunnels that may be grouped 1n this category.

Comparlson of Types

Wind tunnels have a great many significant differ-
ences, Careful comparison of the differences in various
types of wind tunnels will enable one to select the best
system for a given siltuatlon. These three general types
wlll be compared on the followlng basls:

1. Cost

2. Utilizatlion

3. Performance

4, Instrumentation
These factors as llsted are interrelated to such an extent
that each one cannot be isolated and optimized. Therefore,
the final cholce will be a compromlee between various
Tactors,

Continucue Type. ©Since cost is of paramount lmport-
ance, 1t will be considered first, It 1s easy to see that
continuous wind tunnels are by far the most expensive. This
1s due to several factors. Generally continuous wind tun-
nels are of the closed circuit type. This means that the
gsurface area will be at least twice as large as that for an

open circult tunnel. This fact results in a twofold



increase in the material cost and constructlon cost over
the open circuit type. Initial investment and running
costs will be large because of the large volume flow.
Energy 1e expended continually, thus energy storage is not
used. Due to large volume flows, axlal flow compressors
are usually required. They are inherently complicated and
expensive. Since axial flow compressors can be matched to
flow requirements for only a small range of Mach numbers,
the Mach number range of a particular installation 1is
limited.

The continuous wind tunnel has the widest utillization
of the three types. It can be used for basic research,
applied research and development, and as an instructional
ald. Performance obtainable in continuous wind tunnels
covers a great range; however a particular wind tunnel 1s
limited in Mach number range and Reynolds number range by
compressor matching and avallable power.

Instrumentation 1z the easiest of all three types.
Pressure data, force data, temperature data, and optleal
data are easily obtalnable by conventlonal methods.

Quasi-Steady Types. For & glven test sectlon slze,
the quasi-steady type of wind tunnel ranks between contin-
wous and transient types on a cost basls., Costs may range
from less than five thousand dollars to over one million

dollars, dependent mainly on the size of the partlcular



installation. Cost of a small quasi-steady wind tunnel 1s
within reach of most universities. For this reason it 1s
the most practical., Low cost can be attributed to several
factors including the following: no-return feature, use
of energy storage, feasibility of small size tunnels, and
ordinary instrumentation. The major portion of the cost
of a small quasi-steady wind tumnnel 18 tled up in the alr
supply system., In many instances the deslgn can be tled
in with componente already on hand. Such things as com=-
pressors and air storage tanks are usually avallable at
most universities.

On the basis of cost and performance 1t appears that
a blowe=down wind tunnel offers important advantages over
the vacuum storage type. A blow-down wind tunnel requires
a compressor rather than a vacuum pump, an item that 1s
generally more readily avallable and more likely to be on
hand. A blowe-down wind tunnel recuires smaller storage
volume for the ssme run time than a vacuum system. This
storage volume can be smaller by a factor as much as thirty,
depending mainly on the storage pressure. Dryling of the
air can be accomplished while the storage tank 1s belng
filled for a blow-down tunnel rather than as it 1s used,
which 18 the case for the vacuum storage tunnel. There-
fore, & smaller dryer can be used. Smaller pipes and

valves may be used between the storage tank and the test
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gsection in a blow-down wind tunnel. The presence of a high
efficiency diffuser is not necessary in the blow-down wind
tunnel. Flnally, the blow-down wind tunnel has an easily
controllable stagnation pressure, whereas the vacuum stor-
age wind tunnel is limited to a stagnation pressure equal
to the amblent atmospherlc pressure. For these reasons, a
blow=down wind tunnel system 12 less expensive and more
flexible in its application than a vacuum storage wind
tunnel,

Quasl-ateady wind tunnels are utilized widely, both in
industry and at various universitles. Due to its low cost
and simplieclty, it 18 very useful at universities for
laboratory experiments and for basic research projects.

Blow=-down wind tumnels offer performance in a high
Reynolds number reglon, a region not covered by most other
types of wind tunnels, They also afford a wide range of
Mach numbers in one wind tunnel. Blow-down types offer an
additional advantage in that the stagnation pressure, and
thus the Reynolda number, can be easily varied.

Instrumentation problems are only slightly more diffi-
cult than those for the contlinuous type. Run times last
approximately thirty seconds. This will require recording
devices to take data. Pressure, force, temperature, and

optical date are easily obtalinable by conventlonal methods.
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Iransient Types. For actual tunnel costs, transient
wind tunnels rank lowest of the three types, long cyline
drical pressure vessels of relatively small diameter are
used. Standard commercial pipe 1s often used.

Utilization of shock tubes and gun tunnels 1is quite
limited. They are used mainly for basic research problems,
They find special application in non-steady aerodynamies,
combustion processes, and compressible boundary layer probe
lems.

Performance of transient tunnels enables study of the
extremely high Mach number ranges. Steady state flow
exists for perlods measured in micro-seconds or milll-
seconds,

Instrumentation problems are the limiting factor in
the usefulness of transient wind tunnels., Short run tinmes
require speclal instrumentation techniques. Optical data
is obtainable by using high speed cameras. Pressure data
of a crude nature can be taken., Force data cannot be taken.,

Synchronization and timing problems are not easlly solved.
Conelusions

1., Continuous wind tunnels enjoy the widest utiliza-
tion of the three types. All types of data are readily
obtainable. Prohibitive initial cost excludes this type
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from consideratlon.

2, Quasi-steady wind tunnels are widely used. The
cost of small tunnels of thls type 18 within reach of most
universitles, Instrumentation 1s conventional and all
types of data can be taken. Blow-down types, as opposed
to vacuum storage vacuum systems, appear to be the most
satisfactory from all polints of view.

3« Transient wind tunnels are quite limited in their
range of application. Instrumentation problems are great,
and definitely restrict thelir use.

4, Thus from the foregolng evidence it 1s concluded
that the most feasible system for installation at Oregon
State University is a small intermittent wind tunnel of

the blow-down type.
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3Y3TEM CONCEPT

The wind tunnel system 1s composed of several sub-
systems, each in turn having several major components.
Flgure 1 shows a schematic diagram of the wind tunnel
system, showlng the location of all components. The major

components are grouped accordingly:

Ma jor COngononta

A, Alr Supply
1. Compressor
2, 01l #A1lter
3. Alr Dryer
4, Storage Tank

B. ¥Wind Tunnel
l. Valves
2. Settling Chamber
3. Nozzle
4, Test Section
5. Diffuser
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C. Instrumentation
l. Optical System
2. Force System
3. Pressure System

4, Temperature Measurement

Component Description and Purpose

Alr Compressor. The purpose of the alr compressor 1is
to provide high pressure alr. A compressor must be chosen
to glve required maximum output pressure and required
volume flow. The maximum pressure needed 1s determined
by required performance and economic considerations. The
capaclty necessary 1s fixed by determining the maximum
allowable recharge time. In the case at hand, a compressor
of given performance is avallable. The system 18 desligned
around its performance.

011 Filter. Unless a compressor is equipped with
speclal carbon plston rings 1t wlill contaminate the alr
with oil. Desiccants that are used in the alr dryer have
a great affinity for olil, in preference to water. Contam-
ination by oll destroys its drying ability. Therefore it
18 necessary to install an oil filter between the com=-
pressor and the air dryer. Removal of oil by a fllter also
prevents contamination of the storage tank, the test sec-

tion, and models that are being tested. Since the oil
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filter is in the hich pressure line 1t must be designed to
withstand the maximum ouvtput pressure of the compressor.
However,since the pressure le high, the physical size may
be small because of the small volume flow. Such a fllter
utilizes standard desiccants such as 2ilica gzel or acti-
vated alumina, It is envisloned that 1t can be constructed
out of standard pipe fittings.

Alr Dryer. Easentlally the wind tumnel employs an exe
pansion process where high pressure 1g sacrificed for
veloecity. Vith this process there is necessarily a2 large
drop in the statlc temperature., In fact the temperature
will fall far below the dew point of atmospheric sair, Thus
to prevent condensatlion of the water vapor a large portion
of 1t must be removed. This is the function of the air
dryer. It will make use of standard desiccant materials.
Usually a dew point of ~400F is specified as sufficient to
prevent condensation. Due to short dwell time in the test
gection of any glven packet of alr, it 1s possible to have
a great deal more water vapor present than that of dew
point, It is possible to operate up to a Mach number of
about 1.6 without any drying. (17, p. 473)

Storage Tank. The funetlon of the storage tank 1s %o
act as an'%norgy reservolﬁ‘by storing high pressure air.
The storage tank must meet two speciflcations. That is,

it must be rated for the desired maximum pressure, and it
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must be of sufficlent volume to give the desired run time.
For safety reasons it should meet the ASME Code for Unfired
Pressure Vessels, Costs and space available will determine
the maximum practical size.

Valves. It 18 necessary to incorporate one or two
valves in the system between the storage tank and the
settling chamber. Ideally, one valve would be a quick-
acting gate valve for rapidly initlating the flow, and the
second valve would be a pressure regulator valve. The funce
tions of the pressure regulator are to reduce the storage
tank pressure to the pressure necessary for a given Mach
number, and to maintain it constantly at this value in the
settling chamber. To adequately perform this task the
valve must quickly stabilize from zero flow to full flow
conditions. It is entirely possible to replace this auto-
matic pressure regulator with a manually operated valve.

By working 1n conjunction with & large pressure indicator
from the settling chamber, an operator can successfully
maintain the required pressure in the settling chamber
after a 1little practice.

Settling Chamber. The function of the settling chamber
is to act as constant pressure source of low turbulence air
for the wind tunnel. The alr 1s reduced in pressure by a
pressure regulator. Alr out of the regulator valve is tur-

bulent, It 18 necesesary to suppress this turbulence. This
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can be accompllished by providing a large area such that the
flow slows down, and by incorporating damping screens in
the settling chamber deslgn.

Nozzle. The functlon of the nozzle 1s to efficlently
expand the alr from the settling chamber to the desired
Mach number in the test section. It must produce uniform,
parallel, shock-free flow in the test sectlon. The nozzle
nust be of converglng-diverging configuration. Variation
of Mach number can be accomplished by any one of three
methods: a flexible wall nozzle, a s8llding block nozzle,
and a nozzle employing replaceable nozzle blocks. Replace=-
able nozzle blocks are the most feaslble for small inter=-
mittent wind tunnels.

Test Section. The test sectlon is the reglon of the
wind tunnel from which data are obtalned. A square cross
section 1s the most practical configuration for a small
supersonic wind tunnel, Since & small wind tunnel is belng
contemplated, the test section and the nozzle must be
designed as one unit. Provisions for windows in the test
section must be made such that optical viewing 1s possible.

Diffuser. The function of the diffuser 1s to deccel-
erate the flow from the test sectlion Mach number down to a
low subsonlec Mach number that can be exhausted to the atmos-
phere. Furthermore, it must do this efflciently. The

diffuser must necessarlly consist of a supersonic portion
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and a subsonic portion. The supersonlc portion must be a
decrease in area followlng the test section. The subsonic
portion must consist of a gradually increasing area. Be-
tween the supersonic and the subsonic portions, the flow
will pass through a shock wave or a series of shock waves.
These will be either one normal shock wave or one or more
oblique shock waves. The latter would be preferable from
an efficiency standpoint. An increase 1n diffuser effl-
clency will be realized as an increase in run duration and
a decrease in the noise level.

Instrumentation. Any wind tunnel 1s only as good as
its instrumentation. This is the limiting factor. Pro=-
visions should be made to take force, pressure, temperature,
and optical data. Ordinary sensing devices may be used,
however automatic recorders will be necessary due to short
run times. Force data may be obtained by incorporating a
strain gage balance in the model support. Pressures may
be obtained by use of a conventlonal manometer board.
Temperatures may be taken by using rapld responding thermo=-
couples. Shadowgraph and schlleren systems are practical

means of obtalning optical data.



BASIC DESIGN CONSIDERATIONS

Proposed Uses

In order tc successfully design any system, the pro-
posed use of the system must be carefully studied. Wind
tunnels may be designed with three different uses in mind.
They are used for basic research, for design and develop=-
ment, and for instructional purposes. These three possible
uses impose different requirements on the design of the
system, For instance a wind tunnel to be used in design
end developrent work needs to be quite elaborate. The wind
tunnel ehould be &8s large as economically feasible to elim-
inate doubt in scaling factors, It should be automated as
much as possible to enable the securing of data to be tled
directly to & production echedule. These characteristlics
would be desirable to have in any type, however they are
not required for satisfactory operation in all types.
Particularly in the case of use for instructlional purposes,
where simpliclity is a prime requisite, much of the equlp-
ment would prove to be costly luxuries,

Any wind tunnel built at a university such as Oregon
3tate would be used primarily as an instructlional ald
and for basic research work, Both of these purposes can
be served in one installation. The installation would
necessarily be small and simple. It would be sultable for
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conducting baslic research on small aerodynamic shapes. It
would also be sultable for use by students in the conduction
of simple experiments connected with the study of super-

sonlc aerodynamics.

Required Performance

In order to decide what acceptable performance is to
be, 1t must be decided how the performance of a wind tunnel
is to be measured. A wind tunnel attempts to simulate true
flight conditions in the laboratory where they can be
studied. In order to have similitude, certain simllarity
parameters must be duplicated. The two most important
similarity parameters are the Mach number and the Reynolds
number, Thus the range of Mach numbers and Reynolds numbers
that a wind tunnel can duplicate is a very good measure of
the performance of that wind tunnel.

Since a special type of wind tunnel 1s belng conslder-
ed, at least two additional parameters must be considered.
These parameters are the run duration and the recharge tlme.
The run time is a measure of the length of time that steady
state conditions exist in the test sectlion. It 1s a fune=-
tion of many factors, including storage tank volume, stag-
nation pressure, stagnation temperature, and test section
slze. The recharge time is malnly a functlon of the com=-

pressor capacity and the storage tank volume. Each of the
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above listed parameters must be discussed 1in detall to
determine acceptable values,

Mach Number. To make the proposed wind tunnel & use=-
ful tool it should be designed to cover a Mach number range
that may ressonably be expected in flight. Presently air-
planes that remain within the atmosphere are performing at
Mach numbers up to 3.0. In the near future, Mach numbers
approaching 4.0 can be expected. Missiles greatly exceed
these Mach numbers already. FPractlcal limltations on the
Mach number of a simple installation occur at about Mach
4,5, At higher Mach numbers it is necessary to heat the
air to prevent it from condensing. Mach numbers near 1.0
are hard to obtain without special test sections designed
to overcome stability problems. Therefore, & Mach number
range of 1.5 to 4.0 seems to be desirable and practical.

Reynolds Number. Reynolde numbers presently encounter-
ed in real flight are of the order of 108 based on the
chord. Higher Reynolds numbers may be expected in the
future, Reynolds numbers this high can be obtained only
in very large systems or in systema using very high stagna-
tion pressures. Nelther of these methods is feaslible for
this design. A minimum Reynolds number of 1 X 106 is fixed
as being the acceptable lower limit, if attainable at all
Mach numbers.

Run Duration. The mininmum useable run duration is a



23

funetion of the instrumentation only. Data may be taken
without sutomatle recorders in times of approximately ten
gseconds. Ordinary pressure readlng manometers can be read
in seven to ten seconds. (17, p. 475) Force data from
straln gage balances can be obtained in ten seconds. Obe
vicusly automatic recording equlpment reduces the necessary
minimum run duratlon. A minimum acceptable run duration
of ten seconds, at all Mach numbers, is deemed satisfactory.
Recharge Tlme. The recharge time 1ls determined by the
capacity of the compressor and the storage volume. Maximum
ecceptable recharge time l1ls fixed by a utllization factor
of the wind tunnel. If data must be produced on a rigid
schedule, a small recharge time 18 required. Basic re-
search and instructional applications can get by with
longer recharge times. 1In the case at hand, the recharge
time 1s fixed by the chosen storage volume and the capaclty
c¢f the svallable campressor. A recharge time of the order
of one-half hour 1g desirable and recharge times of the

order of one hour are acceptable.

Performance Analysls

A guantitative description of the effectes of various
paransters on the performance of the wind tunnel must be
presented, Parameters to be dlscussed include the Mach

number, the Reynolds number, the run duration, and the
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recharge time. Certain characteristics of the alr supply
glso enter into the problem. These lnclude the stagnation
temperature and the stagnatlion pressure.

In order to arrive at useable results, a model must be
postulated as follows. Consider a large tank of volume V,
initial pressure P,, and initial temperature T, that dls-
charges into a settling chamber and then into a properly
designed nozzle. A test section 1s located at the end of
the nozzle. Following the test sectlon, the alr experiences
a normal shock wave and i1s then discharged into the atmos-
phere. It should be noted that better performance can be
realized by using a properly designed dlffuser. However,
assuming a model as shown in Figure 2, one will arrive at
a conservative deslgn.

At thils point the cholice of operating controls affects
the analysis of the performance. The flow is controlled by
valves installed between the storage tank and the settling
chamber. One or two valves may be used. The first valve
must be a cut-off valve. The second valve, if used, 1is a
pressure-regulating valve. Its function 1s to reduce the
high pressure alr in the storage tank to a lower, constant
pressure in the settling chamber. Thls has the effect of
increasing the run duration as will be shown. Satisfactory
systeme can be designed with or without thls pressure

regulating valve.
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Using the model in the figure, 1t 1s possible to de=-

rive the following equations.

Case I Without Throttling
For a polytropic process, in an ilsentroplc perfect gas, in
differential form.
d P arP
*=E
The time rate of change of density can be related to the

mass flow out of the storage tank,

|
/O=v:~{.
4 18 _ -1,
at vV at v

The mass flow at sonic velocity at the minimum area 1is

glven by the equation

ksl
. JE (2 A
Y SV R kel VT

where P and T are the instantaneous values in the settling
chamber, For the case with no throttling, these values
are the same as the instantaneous values in the storage

tank, assuming no losses inbetween. Therefore
ksl

dp = = 2 ) k=T
g2 fue i B

But for a polytroplc process the temperature and pressure

are related by the equatlion

Nel

T =To ('g—o) ’
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so that

ETREAVARET - i .

at = v kel Po
This equation may be integrated over the range P equals P,
to P equals Pg, and over the range t equals O to t equals

t. Thls results 1n the followling equation:

n=1
=, 1 2 -k) n .
'E-TK:{\/@,'——;‘ (Eer [(ﬁ) 3 }

Assuming n equals k equals 1.4, it is possible to plot this
equation in the following form:

k-1
to = MV 2 _L_(_a.,'éﬂ-ﬁ) (B9)ZE
[« (E:l-)\ﬁ kel Ps M
The resulte of this are shown in Figure 3.

Case II With Throttling.
The derivation for the run duration with throttling

proceeds in a similar menner up to the following equation:
dp _n
at = v R’T ﬁ% %X 9
k+1
)

= _ [k 2 k=1
%’é-"-\/ﬁ‘m" =

At this point the first difference appears., The pressure

in the equation immediately above is now fixed as the mini-
mum value acceptable to maintain supersonic flow at the

desired Mach number. This results in
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ép = -n km'cy(_g_)r‘-:r A#Pg (g_o)?n_.

This can be integrated over the same range as the previous
case to obtain

1
& = SR (k)2El-k5 1 - (Ps)nﬁt_ Po
= ol A*fk%?o E+1 Po Ps '

Again this equation 1s plotted in the form

k4l
ol s 2 (2T 1 o] .
kR

The value of n 18 assumed to be the same. The plot is on
the same coordinates as the case without throttling for easy
comparison. (See Figure 3.)

Ueing the graphs in Flgure 3 it 1s very easy to compute
the run time for any glven combination of test section silze,
tank volume, initial temperature, and fixed pressure ratio.
It is interesting to compare run duration with throttling
to run duration without throttling for the same conditlons.
Simple computations show that the ratlio of throttled run
time to unthrottled run time varies from 1.5 at low pres-
sure ratios up to values approaching 4.0 for high pressure
ratios., From this 1t 18 evident that a throttling valve
1s desirable, particularly in the case where tank volume
is limited.

As can be seen from the equations, the run duration
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is dependent on the pressure ratlo. The run duration in-
creases as the pressure ratio increases. This pressure
ratio is determined by the maximum initial pressure in the
storage tank and the minimum pressure in the settling cham-
ber that will maintain supersonic flow at a glven lach num-
ber, ©Since the wind tunnel exhausts to the atmosphere, the
minimum pressure needed to maintain supersonic flow will be
equal to the atmospheric pressure plus the pressure losses
encountered between the settling chamber and the end of the
diffuser. The largest single pressure loss in this portlon
of the wind tunnel will be the loss in total pressure as
the supersonic flow passes through a shock wave, or through
a series of shock waves., The worst loss that can be en-
countered 18 if the flow passes through a normal shock at
the teat section Mach number. By use of a second minimum
area and a well designed diffuser, this loss can be minl-
mized. A second method to reduce this loss is to cause

the flow to pass through a series of oblique shocks instead
of through one normal shock., To obtaln conservative estli-
mates of the performance and to clrcumvent difficultles in
calculating exact frictional losses, it will be assumed
that the flow passes through a normal shock. The minimum
allowable pressure for each Mach number can be computed
using shock relationships.

To start and maintain supersonic flow it 1s necessary
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to provide a pressure ratlio high enough to overcome the
decrease in stagnatlon pressure caused primarily by two
dlfferent effects: frictlon and compression shock waves.
Attempts to predlct a necessery atarting pressure ratio
must consiat of flrst estimating loseas due to friction

and then estlmating loasses due to compression shock waves.
These losaes will be expressed as pressure ratlos, Thelir
product 1s the pressure ratlo needed to 1nitiate supersonic
flow.

The loss in stagnation pressure due to friction 1s
intimately connected with the boundary layer. To further
complicate thinge, the fluid is traversing a passage of
changlng area; thus a pressure gradient exists 1in the
streamwise directlon. Strictly theoretical solutlons are
impossible, or impractical due to the mathematical complex-
ity of the problem. Avallable experimental evidence indl-
cates that stagnation preesure losses, expressed ae & ratlo,
will be in the range of 1.15 to 1.25. (12, p. 34) The
fact that frictlonal losses are nearly constant as the
veloeity increases past Mach 1.0 1a used to slmplify the
problem. The frictional loss at Mach 1.0 1s used as the
frictional loss, regardless of the Mach number. Thls pres-
sure ratio would be the pressure ratio required to obtaln

sonic velocity in the throat of a converging-diverging
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nozzle. At Mach 1.0 no compression shocks exist, and there-
fore all losses are due to frictlion.

Losses due to compresslon shock waves are qulte amen-
able to a theoretical treatment., The predictions will be
arrived at by postulating the problem such that the worst
possible set conditions will exist., This will result 1in a
conservative estimate. The largest losses would be encoun=-
tered 1f the flow experlienced a normal shock wave at the
test section Mach number. In practice, two methods will be
used to reduce this loss. The first method 18 by reducing
the flow area after the test section, and thereby reduce
the Mach number and the assoclated loss. The second method
is to induce the flow to pass through a serlies of obligue
shock waves instead of one normal shock wave. This will
also reduce the total loss in stagnation pressure.

Most texts concerned with compressible fluld flow
derive the equation for the stagnatlion pressure ratlo across
a normal shock wave. (21) Within the assumption of a per-
fect gas, the following equatlon, in terms of Mach number
before the shock wave, states a quantitative relationship
between the stagnation pressure before and after a normal

shock wave.
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1

k
k+l - k=1
% Ml 2k _ k=1 )
01 k-l -_I

where k 18 the ratio of specific heats at constant pressure
and constant volume. For a perfect gas at normal temper=-

ature and pressure its value 1s 1.4 and the equation reduces

2 1 7/2 5/2
Pop |[1.2M 2.8 o« L0,
%51 ’I:I%T%ﬁf} / [2_K My =0 157} :

Thus the product of this ratlio and the ratlo of the

to:

pressures required to create Mach 1 flow at the minimum
area will constitute the pressure ratio required to inl=-
tiate and maintain the flow at the desired Mach number.

The pressure ratio that 1s required to start flow at
a given Mach number is plotted in Figure 4 as a function
of Mach number.

The effect of test section size on the allowable model
size and the maximum Reynolds number must be investigated.
By definition the Reynolds 1s

RN = P VL -
A

The Reynolds number is determined by the test sectlion streanm
parameters and by the size of the test model. The character-
istic length of this equatlion ie fixed by the slze of the

test section, the test Mach number, the angle of attack
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of the model, and the model configuration. This length 1s
determined by the size of the test rhombus defined by the
shock waves generated at the nose of the model and reflect-
ed from the walls of the wind tunnel as shown in Figure 5.
The model must lie completely within this rhombus to avoild
having the reflected shock wave impinging on it. It 1s
easily seen that the model configuration, 1.e,, wlng poel-
tion, tell position, etc., will have a limiting effect on
the allowable model size. For a simple flat plate, values
of chord length divided by tunnel height versus Mach number
are shown in Figure 6.

All properties of the air in the test section are
uniquely determined by the conditions in the settling
chamber and the geometry of the nozzle. The denslty and
the veloclty are directly related to the Mach number. The
viscosity, according to the kinetic theory of gases, le
dependent solely on the absolute temperature. Viscosity

is related to the temperature by the Sutherland formula:
2 ¢
U= %2%%% (§§5) x 10 lbf:ec
Using the above facts, it is possible to calculate the
Reynolds number per inch versus lMach number for several
values of settling chamber pressure. The results of these
calculations are shown in Figure 7. These Reynolds numbers

are based on a constant stagnation tempersature of 520°R.
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The overall size and performance of an intermittent
wind tunnel can be fixed by choosing values for the storage
pressure, the storage volume, and the test sectlion size.

By using the contents of the previous section, it 18 pos-
8lble to select values for these parameters, |

The storage pressure 1s fixed at 200 psig by the cap=-
abllitlies of the avallable compressor. The maximum size
of the storage tank is limited to a size that would pass
through the existing crane-way; the weight was limited by
the capacity of the crane., A tank volume of 300 cublec feet
was chosen., It 1s satisfactory from the standpoint of run
duratlion and cost.

As soon as the storage pressure and storage volume are
fixed, it is possible to fix the size of the test section.
The size should be as large as posslble within the limita-
tions of run duration and cost. At thils point a size is
selected and then checked against performance requirements,
The test section was chosen to be four inches square. That
is, the flow area 1s 16 square inches and the sldes are
four inches long.

By using data and equations of the previous sectlon,
it 18 possible to show that this size is satisfactory. A
Reynolds number of 25 x 106 per inch is avallable at all

Mach numbers, with a run duration of at least ten seconds.
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It 18 also posaslble to show that the minimum run duration
of ten seconds is obtainable over the Mach number range of

1-5 to 4.0.

Performance

It 1s now possible to compute exact run duratlion,
Reynolds number capabilities, and Mach number range for a
wind tunnel of size jJjust chosen.

A graph of maximum run duration versus Mach number 1is
presented in Figure 8. This graph shows that a maximum
run duration exlists at a Mach number of 2,0. This can be
explained as follows. At low Mach numbers the throat area
is large, and therefore the mass flow is large. Conse-
quently the run durations at low Mach numbers will be low.
Ae the Mach number increases, the throat area decreases.
Thus the run duration increases, Another effect 1s occur-
ring concurrently however. As the Mach number 1increases,
the required settling chamber pressure also increases.
This increase 1s necessary to overcome the hlgher losses
assoclated with a normal shock wave at the higher Mach
number. This effect increases rapidly with Mach number,
and becomes the dominant factor for lMach numbers above 2.0.
Thus the run duration will fall off above Mach 2.0 as 1s

shown. Essentlally the run duration is limited at low Mach
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numbers due to excessive mass flow, and at high Mach numbers
due to large pressure losses assoclated with normal shock
waves at high Mach numbers. The first set of nozzle blocks
was designed for a Mach number of 2.0 to take advantage of
this maxinmum,

The performance of this wind tunnel can be summarized
on one graph. The ordinate of the graph is the dynamic
pressure, and the abscilssa i3 the pressure in the settling
chamber. Lines of constant Mach number appear as stralght
lines passing through the origin. Lines of constant Rey-
nolds number per inch appear as go0lld lines., Lines of
constant run duration are shown as dashed lines, Capablle
ities of this particular wind tunnel fall within the en-
velope defined by ninimum settling chamber pressure, maxie
mun allowable test section pressure, minimum acceptable
run duration, and maximum Mach number. Thls graph 1es shown
in Figure 9.

The capacity of the compressor and the storage volume
determine the length of time that is required to recharge
after each run. The compressor that 1s belng used in this
system has a capacity of 200 cfm at all output pressures
up to 200 psig. A simple calculation fixes the recharge
at about 15 minutes. This is true with the compressor
working against a constant output pressure. This 18 en-

sured by the back pressure valve in the system between the
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drier and the storage tank.

Safety Considerations

High pressure alr 18 very dangerous 1f not handled
with the respect that 1t deserves, Safety 1ls the first
design consideration in ell components of the eystem.
Negzlect of safety considerations wlll endanger personnel
and eguipment, Thls section enumerates specific safety
problens.

All pressure vessels in the system must be deelgned to
comply with the safety standards llated in the ASHME Code
for Un-Fired Pressure Vessels. There are four pressure
vessels in the system that must mee! thease standards. They
are the oll filter, the alr dryer, the storage tank, and
the settling chamber. The actual design of the storage
tank and the settling chamber was not attempted., OIpeclif-
ications were submitted to varlous fabricators for final
design and bid., Safety was assured by requirling that these
vessels be reglstered ASMI Code vessels. The design of the
oil filter and alr dryer makes use of standard plpe and
pipe fittings. These vessels must be hydrostatically tested
to one and one-=half times their rated worklng pressure
before they can be reglstered., No difficultles are en-
visioned in obteining certification for these vessels.

Safety in operation as well as safety in deslgn must
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be carefully conasidered. Initial trials must be at low
settling chamber pressures and subsonlc velocities. The
full capabilities of the system should be reached gradually.
Intermittent wind tunnels impose large loads on test
models., Thlis necessltates & cereful end complete stress
analysls of the test models. Loads are hlghest durlng
starting and stopping operations. These starting loads
may be partlially allevlated by avoldélng abrupt startes or
stops. The startling or stopping operatlons should last for
at leest one second. (27, pe 51) The loads may also be
reduced by having the test model lnitlally at zero degrees
engle of attack and by reducing the stagnation pressure to
the minimum value required for starting. The model and

sting can also be braced durlng starting and stopplng.

Future Expansion

The wind tunnel must be deslgned with possibllitles
of future expansion in mind. This 1s particularly true
due to the manner in which funds become avallable. Several
profitable additions wlll be described,

The first desirable addition would be & means of vary-
ing the Mach number continuously over the entire Hach

nunber range of the system. Thls would require a complete
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re-deslign of the test section. Procedures for designing
variable Mach number sliding-block nozzles have been devel-
oped. (1) (24)

Three things can be done to the alr supply to lmprove
elther performance or operating procedure. The first one
is to install an automatic pressure regulating device 1in
the system in place of the manually operated valve. This
would simplify operatlon and reduce the number of personnel
needed to run the system. The second improvement would be
an attempt to stabllize the stagnation temperature. This
can be done by adding a heat sink, in the form of a metallle
matrix, in the storage tank. This matrlx must have a large
surface area and a small volume., Larger installations have
succesefully used ordinary tin cans with the ends removed.
(6, p» 5) A constant stagnation temperature would result
in a constant Reynolds number for an entire run. The third
improvement would be the addition of storage volume. This
would increase the run duration avallable at all Mach
numbers.

After the initial installation 1s completed, the most
profitable additions to the system would be to the instru=-
mentation. The eventual goal should be to have automatlc
recording of all force and temperature data. A multli=-
channel recording oscillograph would be the ideal instru-

ment to accomplish this. An eight channel recorder would
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be sufficient.

The Mach number range of the system can be extended
to the transonic and subsonic regions by re-design of the
test section. A ventilated test sectlon 1is required for
operation in the transonic range. A two=-dimensional test
section would be the most useful for subsonic testing in a

tunnel of this sort.
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DETAILED DESIGN CONSIDERATIONS

Alr Supply

At the heart of any wind tunnel system is the alr
supply. The performance of the wind tunnel is intimately
connected with the alr supply. The alr supply is com=-
posed of four major components: The compressor, the oil
filter, the air dryer, and the storage tank. Each will
be consldered in detall,

Compressor. In order to economlize, a compressor
already owned by the Mechanlcal Engineering Department
was chosen for the alr supply. Its characterlistics and
capabilities will influence the cholce of other components.
The important performance characteristice of this com=-
pressor will now be listed.

The compressor is a two stage Chicago Pneumatlc
compressor with an intercooler. It 1s powered by a 60
horsepower electric motor that drives it at +200 rpm.
At this rate, the capaclty of the compressor 18 200 cfm
at all discharge pressures up to 200 pounds per square
inch., The discharge temperature is approximately 200°F

at this pressure, The working pressure and temperature
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specificatione for the storage tank were based on these
values.

The fact that the compressor is equlipped with an
intercooler is an additional benefit. The intercooler
helps to condenae out a good deal of the humidity taken
in in the inlet air. Based on tests, it was determlined
that, due to compression and intercooling processes, the
dew point of the exit alr was about 45°F at standard
temperature and pressure. It is felt that this will enable
running at Mach numbers of up to 2.0 without further dry-
ing the alr. According to Pope (17, p. 273) it 1s
posslble to run at Mach numbers up to 1.6 without drying
at all, Therefore the initial installation wlll not in-
clude an air dryer. The dryer may be added later when 1t
18 needed.

A detrimental characteristic of this compressor,
and most others, is that it contaminates the air with a
good deal of oil. To protect the deslccant in a dryer,
and to prevent contamination of the test sectlon and
test models, 1t 1s necessary to inatall an oil filter in
the system between the compressor and the alr dryer.

011 Filter. A simple oil filter making use of both

mechanical action and chemical actlion is proposed. It 1e
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conatructed out of a plece of standard six-inch pipe 18
inches long. A seamless welding cap 1s used to close one
end. The other end ie blocked with a standard sllp-on
welding flange and a blind flange. The blind flange 1s
drilled in the center to receive a standard three-inch
pipe that acts as the outlet. The inlet to the oil filter
is through a three-inch pipe welded to the side-wall of
the six-inch pipe. A tube, four inches in dlameter, ex-
tends down the center of the six-inch pipe, and acts as
e holder for the desiccant, The inlet alr 1ls forced to
make a right angle turn upon entering. It is then forced
to travel down along the outside of the four-inch tube.
When 1t reaches the end of this tube 1t must turn through
an angle of 180° so that it can continue up through the
desiccant to the exit. The sharp turns will cause a
certaln amount of oil and water to be separated from the
alr. This condensate will collect at the bottom of the
fllter and nust be drained off occaslonally through the
drain provided. The filter 1is shown in Figure 10. The
filter should be installed in the vertical position.
Because of low volume flow at high pressure, the
flow velocities are sufficiently low to preclude large

pressure losses in the filter, Calculations show that
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the veloclty through the silica gel will be about 30 feet
per second. At this velocity the pressure loss through
the desiccant will be about one inch of water.

For best operation of the desliccant oil fillter, a
gimple mechanical filter should be installed between
the compressor and the desiccant filter. Mechanical alr
line filters are commercially avallable., Thie will in-
crease the useful life of the desiccant in the oil filter.
(12, p. 11, 12)

Alr Dryer. Temperatures near or below the liqui-
fication point of the conatituentes of alr are encountered
at high Mach numbers. To prevent condensation 1t 1s nec-
essary to remove an apprecliable amount of the water vapor
in the air. Actually condensation does not occur when
the dew point of the alr is reached, but super-cooling
occurs. The degree of super-saturation is determlned
mainly by the rate of growth, size, and number of con-
densation nuclei, the velocity of the alr, and the time
that is required for condensation to occur. A theoret-
1cal treatment of this subject, backed by some exper=-
imental evidence, l1& given by Burgess and Seashore (3).
From thelr results it 1s possible to predict an inlet

dew point necessary to prevent condensatlon from
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occurring for a given inlet temperature and Mach number.
Examples of values predicted by this theory are as followa:
for an inlet temperature of 200°F and a Mach number of
2.0, a dew point of -20°F is required. An even more ex=-
treme case 18 that a dew polnt of less than -TO°F 1s re-
guired for operation at Mach 4.0 with a stagnatlon temper-
ature of 650°F.

A8 the above figures indlcate, complete preventlon
of condensatlon requires extensive drying. Experlence
has shown that condensation shocks occurring in alir with
a dew point of -40°F are very weak and difficult to
detect. Therefore, for all except the most exacting
experiments, an 1nlet dew point of -40°F 18 considered
sufficlently low., Several authors concur in this opinion.
(7, p. 268; 12, p. 11; 17, p. 470; 23, D. 2) Therefore
the dryer employed in this system will be designed %o
give a dew poilnt of -40°F, Estimations of the error caused
by weak condensation shock waves can De obtained by methods
outlined in the work of Smolderen. (22, p. 4, 5)

Methods of drylng alr must now be considered. They
generally fall into two categories, deflned by the method
in which they remove the water from the alr. One group

relies on the thermodynamic propertlies of the alr-water
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mixture. Compression or cooling of the mixture can cause
saturation to occur, resulting in the water's belng con-
densed. A second general method makes use of the phys-
icel properties of some materleles that enable them to
selectively adsorb certain molecules, These materials
are characterlized by extremely large surface areas for a
glven volume, This property enables them to trap mole-
cules of water on their surface and retaln them there.
This process is kXnown as adsorption, 3illica gel, actli-
vated alumina, and activated charcoal are typlcal examples
of good adsorbents.

A combination of the two methods of drying illus-
trated will be employed. A certaln amount of water le
removed by the compression process in the compressor. A
further amount i1s separated out by the cooling effect of
the intercooler of the compressor. Aftercooling of the
effluent air would condense even more of it. An after-
cooler is not presently avallable, but 1t would be bene-
ficlal for two reasons. It would condense water out of
the air, and 1t would lower the temperature of the out-
going air, thereby increasing the efficlency of the
adsorptive dryer following the aftercooler. Thls final

dryer would employ & deslccant in sufflclent volume to
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complete the drying process down to the desired dew point.
Tests on the compressor indicate that the compression and
intercooling processes depress the dew point by about 159F
at best. The desiccant dryer wlll be designed to glve an
outlet dew point of =40°F with inlet air taken directly
from average atmospheric conditions.

Since the dryer 1s to follow the compressor, 1t must
be designed to withstand the maximum output pressure of the
compressor. The effect of increasing pressure on the per-
formance of a deslccant 18 not well known. It 1s known
however that the effects are beneficial. Experimental evl-
dence indicates that equilibrium molsture content of a
desiccant increases with pressure and decreases with temper-
ature. (14, p. 267) Therefore the dryer should be on the
high pressure side of the compressor, and it should be
preceded by an aftercooler if possible. An edditional
benefit of high pressure is the small volume flow and low
alr velocities. This permits the use of small components.

The mechanical arrangement of the dryer must be such
that the alr is forced to pass through a bed or serles of
beds of the desiccant. A means of regeneration of the
deslccant must be provided. This regeneration can be
accomplished by circulating hot alr through the desiccant
in a direction opposite to the normal alr flow direction
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or by removing the desiccant and heating it in an oven,

The latter method will be used in thls system because of
its simplicity and low cost. By using this method, several
fittings and a heater are eliminated. Two charges of the
desiccant should be avallable so that operation will not be
interrupted for long periods of time.

Factors governing the actual design of the deslccant
dryer include the required dew point, the average inlet
humidity and temperature, the type of deslccant, pressure
in the dryer, volume flow of alr, and length of time between
regenerations. The dew point requlrement, as stated pre-
viously, is =40°F. The average inlet humidity will be
taken as 60 per cent. The inlet temperature to the dryer
will be dlctated by the temperature of the outlet alr from
the compressor. It 1s about 200°F, Sillca gel is selected
to be used as the desilccant because 1t 1ls the most effi=-
ecient of the common adsorbents. The volume flow ls flxed
by the capacity of the compressor as 200 cuble feet per
minute at standard conditlons.

A closer look must be glven to the length of time
between regenerations. This parameter, more than any
other, determines the overall size of the dryer. Long
periods of time between regenerations require large amounts
of desiccant, and thus large dryers. A compromlse between

size and regeneration frequency must be reached. 3ince
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this wind tunnel is to be used for research and instruc-
tional purposes, it is likely to be utillized periodlcally
rather than continuously. The capaclty of the compressor
will enable a maximum of three runs per hour. This 1s more
than really necessary. Probably three runs in a three-hour
laboratory period is a more realistic estimate of the utll-
ization. If the tunnel was used continuously for an elght
hour day, the number of runs would probably not exceed ten.
However, thls requires a dryer that is not economlically
feasible. Five runs between each regeneration is selected
as an acceptable compromise. This will not be a serious
limitation if a second charge of desicecant is avallable.
The only lost time would be that necessary to change the
deslicecant,

By assuming & useful concentration of five per cent,
245 pounds of eilica gel are required to remove the neces-
sary smount of water. This silica gel 1s arranged in a bed
36 inches deep with a flow area of two square feet. This
resulte in a face veloclty of approximately nine feet per
minute at 200 pounds per square inch. This 1s a low value
compared to standard practice but 1s beneficlal in at least
two respects. It gives a contact time of about one~half
minute. It also glves a very low pressure drop. The
gilica gel is contained in a removable cannister for ease

of replacement., Glass wool 1s packed on the top and
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bottom of the silica gel to prevent dust from belng carried
to other parts of the system. Regeneration of the silica
gel is to be accomplished by heating in an oven at a
temperature of at least 350°0F.

One last conslderation 1s the pressure drop across the
dryer. It can be readily estimated by a simple calculation
as given by Smolderen (22, p. 33). This method results in
a pressure drop of less than one inch of water. A graph of
pressure drop versus face velocity given by Emley (7, p.
270) concure in this estimate. This is very satisfactory.

The dryer 1s constructed out of standard 20 inch steel
plpe. One end 18 closed by means of a welding cap. The
other end has a slip-on welding flange and a blind flange.
The dryer is to be installed in the vertlcal position with
the welding cap at the bottom. The inlet is three-inch
plpe welded on the side of the large plpe near the bottom.
The exit 18 also a three-inch plpe. It 18 threaded into
the center of the blind flange. The cannister is made out
of sheet metal. The silica gel is supported on small mesh
screen supported by larger mesh screen., Detalls of the
dryer are shown in Figure 1l.

Storaze Tank. No attempt was made to actually design
the storage tank. 3Specifications were written and sub=-
mitted to interested manufacturers for final deslgn and

bidding. Working pressure and temperature of the tank were
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fixed by characteristics of the compressor. Maximum volume
of the tank was fixed by the requirement that the tank be
able to pass through exlsting doors and crane-wells in the
Engineering Laboratory.
The tank specifications were:
1. The tank shall meet all requirements of the ASMNE
Code for Un-fired Pressure Veasela.
2. VWorking pressure -- 200 pslg.
3. VWorking temperature =- 200°F,
4, Volume ==~ 300 cublec feet.
5. Overall dimensions not to exceed:
a. Length 17' o"
b. Diameter 5 6"
6. Maximum weight not to exceed 5 tons.
T. Fittings:
a, Inlet == Standard 3" plpe, threaded
b. Outlet =-- Standard 6" pipe, flanged
A detalled sketch of the tank is shown in Figure 12,
Control Valves. At least two valves are required for
satisfactory operation of a wind tunnel of the type under
consideration here. A quickeacting cutoff valve 1s needed
to efficlently initiate flow., Any wasted time in this
operation subtracts just that much time from the useable
run durations of the system. The second valve required 1s

a pressure regulator to reduce the pressure from the storage
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tank to some lower desired pressure in the settling cham-
ber., A further Job of this valve ls to maintain the de-
sired pressure 1n the settling chamber, The reason for the
use of a pressure regulator valve 1s to increase the run
time for glven storage volume and pressure.

The size of these valves ls of course chosen to fit
the pipe from the storage tank., Thls pipe slze was chosen
to be standard six-inch flanged plpe. Thls size 1s larger
than needed lmmedlately. It does allow for later expansilon
when a larger test sectlon might be employed with the
addition of more storage volunme.

The cutoff valve was chosen to be qulcke-acting gate
valve because of the characteristic of gate valves that they
offer 1little obetruction to flow when in the full open posi-
tion. The pressure regulating valve was chosen to be &
gate valve because they are relatlvely cheap and are read-
11y available. It 18 intended to make use of a manually
operated pressure regulating system. ©OSuch a system 1s
adequate, especially for small installations. (22, p. 2)
An operator will control the position of the valve to glve
the desired pressure, in the settling chamber. He will
make the necessary corrections in the valve setting by
watching a large, accurate pressure gage attached to the
settling chamber.

Starting procedure has a material effect on the
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starting loads experlienced by & test model. It has been
found that very fast or very slow starting procedures will
impose large loads on a test model. Starting procedures
wherein the flow is initlated in a few seconds imposes the
smallest starting loads on the model. Either an increase
or a decrease in this starting time causes increased

loads. (27)
Wind Tunnel

The several components of the wind tunnel include
the settling chamber, the transition sectlion, the test
section and nozzle blocks, and the diffuser, The detalled
design of each of these componentes will be dlscussed in
this sectlon.

Settling Chamber. The detalled design of the settling
chamber must take into account several factors. These are
cost, working pressure, working temperature, size, instru-
mentation, safety considerations, and prevention of turbu-
lence.

The settling chamber is a pressure vessel with a
working pressure of 200 psig and a working temperature
of 200°F., To ensure safety, thls vessel must comply with
the safety standards of the ASME Code for Un-Fired Pressure

Vessels.
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The slze of the settling chamber is patterned after
the size of the settling chamber described by Lindsay and
Chew. (12, p. 15) This results in a settling chamber 20
inches in outside diameter and 36 1nches in length., This
will give a contraction ratio of 22,5:1 at Mach 1.5. This
ratio will be higher for all higher Mach numbers. It is
sufficient to provide flow of low turbulence. (6, p. 7)
Damping screens are also included to help suppress turbu=-
lence.,

One end of the settling chamber must be designed to
mate with a standard six-inch pipe flange that comes from
the storage tank, The other end of the settling chamber
must provide a transition from the clircular area of the
settling chamber to the rectangular area at the entrance
to the nozzle. This is accomplished in two steps. Withiln
the settling chamber itself, a cylindrical transitlion
contracts the flow area from a circular shape to a rectang-
ular shape 4,0 by 18.85 inches. Beginning at the end of
the settling chamber a transition section further con-
tracts the flow area into a rectangular area of 4.0 by
10,27 inches. The slope of the walls of this transition
section 18 15° to match the slope of the nozzle blocks

at the entrance.
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Deslgn detalls for the settling chamber are glven
in Figure 13. Detalls of the transition section are given
in Flgure 14,

Test Section. The test sectlon must be designed in
conjunction with the nozzle blocks because of the small
8ize of the test sectlion. An additional requirement
is that the nozzle blocks be removable. The test sectlion
acts as a positioning Jig for the nozzle blocks, and
as slde walls for the tunnel. These side walls must be
provided with windows to allow optical viewing of the
test models, The test section must mate with the transi-
tion section on the upstream end and the diffuser on the
downstream end.

The test section was designed to withstand a pres-
sure of 200 peig. In normal operation this pressure will
never be realized. However the deflectlion of the slde
walls will be small during operation for a test section
designed for this pressure. This 1s very deslrable in
order to prevent distortions in the optical aystem due
to the windows becoming non-parallel from wall deflec-
tions. Detalls of the test section design are shown in
Figure 15.

The side walls of the test section are designed to

be removable. The side walls also support the windows.
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Detalls of mounting of the windows are shown in Figure 22
(Appendix). BSeals must be provided on all mating sur-
faces, These seals take the form of neoprene strips sup-
ported in rectangular slots as shown in Figure 23 (Appen=-
dix).

Nozzle Blocks. It has been concluded elsewhere that
the test sectlion size willl be 4 inches x 4 inches. The
funetlon of the nozzle and test section is to provide a
Jet of uniform parallel flow in which to test various
models. In addition, this Jet must be of the desired Mach
number and it must be shock free. This requires careful
design of the contours downstream of the throat.

A further requirement is that the Mach number be
variable over a range from 1.25 to 4.0, This may be done
by one of three methods:

l. Flexlble nozzle

2. 81liding block nozzle

3. Replaceable nozzle blocks
The last method is chosen as being the most practical for
the immedlate needs. As a later extension of this system
a sliding block arrangement could be incorporated. Extreme
complexity of a flexible nozzle eliminates it from use for
a small wind tunnel of this nature. The use of replace=-

able nozzle blocks requires that one set of nozzle blocks
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be designed for each Mach number desired, Sets for Mach
1.5, 2.9, 2,5, 3.0, 3.5, and 4.0 would be desirable. As
a start, nozzle blocks for a Mach nuamber of 2.0 wlll be

designed and fabricated. This Mach number 1e chosgen be=-
cause maximum run time 1s achleved at this point.

Two design problems must be faced in the design of a
set of nozzle blocks for a particular Mach number. The
first problem is to design the nozzle contours to produce
the desired Mach number in the test section. These are
designed on the assumption that the alr is frictionless.
These contoure are then corrected for the growth of the
boundary layer along the surfaces of the nozzle. Thus at
each station the value of h/2 is increased by an amount
equal to the boundary layer displacement thickness at that
point.

First let ue consider the problem of designing the
initial nozzle contours. This proceeds by applying the
method of characteristice, Generally, there are three
schemesa by which this 1s done:

1. Busemann's method
2. Puckett's method
3. Foelsch's method (5)

Busemann's method is a direct applicatlion of the
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Method of Characteristics, It begine with the assumption
of the shape and the position of the sonic line in or near
the nozzle throat. From this starting point, the flow is
expanded in a serles of equi-angular corners out to the
desired degree. The resulting Mach waves are cancelled out
by then turning the flow inward as required. The result
will be uniform, parallel, shock-free flow in the test
sectlon,

Puckett's method is similar to Busemann's except the
one starts at the inflectlion point and works both ways.
It must be realized, of course, that all converglng-dlverg-
ing nozzles except the sharp cornered nozzle will have an
inflection point in the wall curve., Starting at thls polnt,
the followlng boundary conditions are assumed, The flow at
this point ie of uniform speed, and uniformly varylng dir-
ection of flow. It is then possible to design the down=-
stream portion of the nozzle to provide the required uni-
form, parallel flow at the exit. By working upstream from
the inflection point it also is possible to deslgn the
initial curve. It can be shown that an infinlte number of
initial curves will be satisfactory. Thus, within reason,
1t 1s possible to use any curve, for this initlal curve,
that satisfies the following requirements:

1. The slope of the assumed curve must be that re-

quired for the given Mach number.
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2. The curve must contaln no discontinuities.

3. The curve must provide the required area ratlo.

The advantages of this method over Busemann's method
is that 1t cuts the work in half., An 1nitial curve 1is
assumed, and only the finel curve 1s designed by the method
of characteristice.

The Foelsch method takes advantage of the fact that
there 18 a reglon in the downstream portion of a nozzle
where the equations of flow can be solved 1n closed form.
Starting at the inflection polnt, the followlng boundary
conditions are chosen:

1. Along Mach lines emanating from the inflectlon

point, the veloclty vectors are co-original.

2. The Mach number 1s constant along the arc of the
eircle passing through the inflection point wlth
its center located at the origin of the veloelty
vectors.

3. In the reglon between this arc and the Mach line
from the inflectionrn point, the Mach number 1s a
function of the radius from the vector origin
only.

As wilth Puckett's method, an initial curve 18 assumed. The
obvious advantage of thle method 1s that 1t 1s analytlcal.
Coordinates of the terminal curve can be computed to any

desired degree of accuracy from the followlng equations:
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X = Xy = Xp = X3 4 1 cos (vt - v+d)

¥y =yp+ 1sin (vy = ved)
Terms are deflned in Flgure 16.

Experience shows that a good nozzle deslgn should lle
between the sharp cornered nozzle and the excessively long
nozzle, The short nozzle is very sensitive to small errors
in the region of the throat. These small errors result in
large errors in the test section., Also some adverse boundary
layer effects may be encountered at the sharp corner. The
excesslvely long nozzle suffers from excessive boundary
layer growth, and the fact that 1t requires more materlal
to fabricate it.

A satisfactory initial curve 18 given by the follow=-
ing equation:

Y =y, + (28090 2. (1 . X

Xy 3%,
where

Xl :% (Yl - Yo) cot 91

The frictionless contours of the nozzle blocks used
in this system were obtained as follows. The contours of
the Mach 2.0 blocks were patterned after those glven by
Lindsay and Chew (12, p. 47). The subsonlc portion of
these blocks was changed to match the slope of the walls

of the transition section., A second set of nozzle blocks
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was designed for a Mach number of 3.0 by the Foelsch method.
These contours are included in the appendix.

To obtaln shock-free flow at the desired Mach number
in the test sectlion, 1t 18 necessary to correct the nozzle
contours for boundary layer growth. This 1s accomplished
by computing the boundary layer displacement thickness at
each station, and adding this to the value of h/2 at that
point, Calculation of the boundary layer displacement
thickness 18 a long involved process at best., It conslsts
of a stepwise solution of the boundary layer equations for
a compressible fluid under the influence of a favorable
pressure gradient. To make any progress at all, simplify-
ing assumptions must be made. The nozzle must be assumed
to be insulated, that is, no heat transfer takes place
through the walls., A second assumption concerns the shape
of the boundary layer velocity profile. It is assumed to
be of the form %I = (%)%' vhere ¥ 18 an integer ranging
from 5 to 11. Values of skin friction coefficlent must be
known at each point along the wall. These are determlned
experimentally in the subsonic regime, and extrapolated.
For ease of computation, the method outlined by Tucker was
used. (26) Various parameters are machine computed for
generalized cases, and tabulated for convenlence. Results

of these calculations are tabulated in the appendix with

the nozzle contours.
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Transferring the computed contours to the materials to
be shaped presented quite a problem. The simplest and most
accurate method for machining a contour such as this, would
be to use a contour milling machine. Since none was avall-
able at Oregon State University, another method was used.
The method used consisted of transforming h/2 values at
each station into heights above a reference line. Two
plates of aluminum alloy were bolted together and mounted
on the table of a milling machine. Starting from a known
point at one end of the plates, a geries of steps were cut,
approximating the desired profile. The horizontal position
was determined by the horizontal feed indicator of the
milling machine. Helghts above the base of the plate were
measured to the nearest thousandth of an inch with a mlero-
meter. Thus, the coordinates of the inner corner of each
step were known within 0,002 inches, Using these corners
as check points, the final profile was obtained by hand
filing of the plates untll the corner lines Just dis~
appeared. Of course accuracy was lost in this operation.
It 1s estimated that the finished contour 1s accurate
within 0.02 inch.

Using these plates as sldes, a mold was made by bolt-
ing a flexible plate along the contour. The ends were
blocked such that the mold could be poured full of Plaster

of Paris. Plaster of Paris was chosen as the material for
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several reasons. First, upon setting it expands slightly.
This ensures a sharp, true reproduction of the mold.
Secondly, Plaster of Paris 1s relatively cheap when com=-
pared to aluminum, brass, or even fibre glass; particularly
when the volume of each block 1s approximately 450 cuble
inches. A very smooth surface was obtalned. Some diffi-
culty may be encountered due to erosion in the vielnity of
the throat, If it occurs, 1t can be somewhat alleviated
by coating the surface with a strong plastic such as flbre
glass resin.,

The nozzle blocks must be securely mounted in the teat
section and accurately positioned to ensure proper opera-
tion. The nozzle blocks were designed with this in mind.
A mounting frame was integrally caet into the center of
the nozzle blocks. Mounting bolts are attached to thils
frame, and protrude from the sides of the nozzle blocks.
These bolta extend through the side-walls of the test
sectlon. In effect, bolte pass through the entlre test
gection and secure the nozzle blocks in place. A typical
nozzle block is shown in Figure 17. Detalls of the mount-
ing frame are shown in Figure 24 (Appendix).

Supersonic Diffuser. Supersonic diffusers employ two
processes to decelerate supersonic flow to a subsonic Mach
number. These methods are the employment of a decrease

in the flow area, and the employment of a shock wave or



MOUNTING FRAME

SEE FRAME DETAIL7

TYPICAL NOZZLE BLOCK
ano MOUNTING DETAIL

FIGURE 17

:lal: _/ | :
S OO . WO W eS¢~ -- 9, T YL
e o i o e e o e v i
! |1
! IH;
—— <} - /8
30

- [\) >

8.



79

series of shock waves. A supersonic alratream cannot be
decelerated to a subsonic Mach number by a decrease in area
only. Because of this the flow must experience & shock wave
of some sort. Thus the first method cannot be independent
of the second.

A decrease 1n the flow area after the test secticn
implies a second minimum, or throat in the diffuser. The
minimum size of this second throat 1s dictated by frictional
effects and starting proceseses that go on in a wind tunnel.
The second minimum must have a larger area than the first
throat teo allow for these effects. Frictlonal effects
are reallized as an increase in the boundary layer thickness
between the two throats. The second throat must be large
enough to account for thls. A more serious increase in the
area of the second throat over the first 1s a requirement
of starting processes. The flow accelerates from zero
veloeity to the desired veloecity of operation. During this
process a normal shock wave traverses the wind tunnel.
Supersonlc flow will not be established in the tumnel un-
less this happens, It 18 known that the stagnation temper-
atures across a normel shock wave 1s constant. This com-
bined with continulity requirements show that the second
minimum area must be larger than the first by a factor

equal to the ratlo of the stagnation pressure ahead of the
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shock wave to that after it, That 1is

s, = A%, o1
P02

This stagnatlon pressure ratio 1s a function of the Mach
nunber in the test section, Therefore, the areas of the
second throat must be elther variable, or large enough to
allow for the worst condition that will be encountered.
This means that the diffuser will operate at less than
optimum conditions at all except one lach number. Thue the
advantage of a varlable diffuser is clear. As a future
sddition to this system, a variable diffuser could be de-
signed and installed.

It has been shown that the area of the second minimum
muet be larger than the throat area. In the supersonic
portion of a nozzle the Mach number at any polnt 1s fixed
by the area ratio. Since the second throat ls larger than
the first, the lach number at the second throat must be
higher than at the first., Therefore the Mach number at the
second minimum will never be sonic and the flow must under-
go & shock wave to become subsonic. The losses assoclated
with this shoeck wave will be less than the losses through
a shock wave at the test section Mach number.

A second possible way to decelerate the flow 18 by

using shock waves. One normal shock wave at the exit of
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the test sectlon wlll decrease the Mach number to a sub=-
sonlc one. However, the losses in such a process are large
and should be avolded if possible. The flow can also be
decelerated by causing 1t to undergo a series of weak
oblique shock waves. Thile process can also end up at a
subsonic Mach number. The total losses incurred in such a
procesa are much less than the losses associated with a
normal shock, atarting from the same initial Mach number.

Due to the emall size of the test sectlion, it is not
feasible to use an area contraction. Any such contraction
will restrict the range of incidence angles. Thus the
supersonlc diffuser makes use of shock waves to decelerate
the flow. These shock waves are induced into the flow by
the test model, the sting, and the model support.

Subsonic Diffuser. The subsonlc diffuser for this
installation must accomplish two things. Firat, 1t must
decelerate the air to a reasonably low veloclity, approx=
imately 100 to 150 feet per second, and second, it must
turn the flow through a right angle so that it may be ex-
hausted outside of the bullding. Any pressure recovery
that is obtained at the same time 1s Just that much to the
good. Due to space limltatlons, a diffuser of relatively
short length is desired. An absolute maximum length 18
20 feet.

Experimental evidence indicates that there are two
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important design parameters when considering a two=-dimen=
glonal subsonic diffuser. These are the total divergence
angle 2 @, and the tunnel height to wall length ratlo
L/wl. Optimum values for these parameters have been found
to be 20 = seven degrees, and L/W; equal to between 25 and
30, Conslder for a moment the physical sizes that are re-
quired by these optimums. Assuming that the inlet veloelty
is about 1000 feet per eecond, the area ratio must be
about 10:1 to give the desired outlet velocity. If one 18
limited to a two dimensional diffuser, the height of the
diffuser at the outlet must be about 70 inches. If the
optimum value of dilvergence angle 1s used, the length of
the diffuser would be well in excess of 20 feet. Obtain-
ing the necessary length would also requlre violating the
requirement that L/¥, be between 25 and 30. From these
considerations, it 1s clear that this arrangement is not
satisfactory.

The work of Cochrane and Kline (4) suggests a way out
of the foregolng dilemma, They found that 1t is possible
to use large divergence angles and gtill maintain efficlent
operation by the use of ghort vanes placed in the diffuser
near the throat. Experimentally they determined several
deslgn criteria for the optimizatlon of the vane location
and length. These are: (1) the vanes are relatively short

and are located in the viecinity of the throat, (2) the
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vanes are symmetrically arranged, (3) the number of vanes

is chosen so that the individual vane-passage divergence
angles are approximately 7.0°, and (4) the length of the
vanes 18 chosen so that each passage is at or near the line
of appreciable stall obtained in high-turbulence water table
experiments. Optimum values of various parameters, as

shown on the defining sketch, Figure 18, were determined
according to the author's method.

Before these parameters are quoted, another departure
from the ordinary should be explained. To avoid such large
diffuser helghts at the outlet as required by the area
ratlo, increases in both height and width are employed.
However this does not occur within the same length of dif-
fuser. The top and bottom of the first sectlon diverge at
21 degrees. In the throat of this section, two vanes are
used., When the helght has increased to 24 inches, the
top and bottom become parallel. From this point on, the
eides diverge at an angle of 14 degrees, until a width of
24 inches 1s reached. One vane 1s employed in the throat
of this section. The cutlet area is 288 square inches and
thus the area ratio 18 approximately 10,

Optimum values for the locatlon and slze of the vanes
located in the first throat are as follows. The value of
e 1is 2.33 inches, b 1s 2.8 inches, ¢ 1s 2.5 inches, and

the optimum value for f 1s 46.6 inches. The length can
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be reduced appreclably from its optimum value with little
adverse effect. Therefore a value of f 1s chosen to be
30 inches. One vane 18 used in the second portion of the
diffuser. The values are as follows: a 18 1.0 inches,
b 18 1.2 inches, ¢ 1s 1.1, and f 1is 20 inches.

To the end of the diffuser, a right angle bend 1s
added so that the flow can be directed outside. A sche-
matic of the diffuser is shown in Flgure 19.

Instrumentation

The operation of this wind tunnel is determined by
the settling chamber pressure, the stagnation temperature,
and the nozzle geometry. To properly control the opera-
tion, it is necessary to monltor the settlling chamber
pressure and the stagnation temperature. A large, accure
ate pressure gage must be attached to the settling chamber.
The tunnel operator will make corrections to the settling
chamber pressure by observing this gage and controlling
the pressure regulating valve, The stagnation temper-
ature will be steadily decreasing during any glven run.

It is necessary to record the time history of this para-
meter in order that the Reynolda number of the run can

be computed. This task can be easlly accomplished by



SUBSONIC DIFFUSER
FIGURE 19 '
i 1|
- FLOW AREAS T
. 24
7
L - '
Y “

/ oy ——
X 7>

—— - _ - ]
THROAT ¥ 2 ‘/ }\

THROAT ¥ |

]ﬂ\.s"/
4 _ _ _ -

s e e e e s e e e

s e — e ———

- 57% 89

g

98



a7

the use of a thermocouple and a recording oscillograph.

A schlieren syotem is the most suitable optical
viewing system for this wind tunnel. A schlieren system
consists of two lenses or concave mirrors, a light
source, a knife edge, and a viewing screen. Fhotographs
can be taken if a camera is added to the system. An
additional requirement is that optical quality windows
must be used in the test section. A satisfactory schlieren
system would consist of mirros of 40 inch focal length and
8ix inch dlameter. The windows should be four inches 1in
diameter and at least one inch thick. These components
will permit viewing of the entire flow fleld. A schematlc
of the schlieren gystem is shown in Figure 20,

Force data can be obtalned with the use of a straln
gage balance, Essentially it consiste of an instrumented
cantilever beam. The model 1s attached to the free end
of this beam, usually called a sting, and the fixed end
1s supported by the sting support. Alr loads on the
model are transferred to the sting and cause it to bend.
Readings from the strain gages on the sting can be trans-
lated into forces and moments by proper calibration. The
sting support is designed to hold the sting and to pro=-

vide a means of varying the angle of attack of the model.
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The drag cannot be obtained directly from the bend-
ing of the sting. It 1s usually obtained from a drag link
that 18 incorporated in the sting support. The drag link
has flexures that bend when a drag load 18 applied to the
model. These flexures are instrumented with strain gages.
Force values can be obtalned from the strain gage read-
ings by proper callibration.

Pressure data may be obtalned by using either ordi-
nary manometers or pressure transducers. The latter method
1s preferable because it enables one to record pressure
econtinuously., Manometers must either be visually or
photographically recorded. Manometers remain the most
practical for an installation such as thls because of the
high coet of transducers.

Temperature data can be obtalned by the use of thermo-
couples, The output of a thermocouple i8 a voltage that
can be easily recorded.

As an ultimate goal, completely automatic data record-
ers are desirable. If a six channel recording osclllograph
was avallable, three channels would be used for force data,
one channel for stagnation pressure, one channel for stage
nation temperature, and the last channel for the angle
of attack. This would make a compact useful instrument

package. All data except for pressure distributions, would
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be contained on one record.

SYSTEM INS 10N

The entire wind tunnel system, except the compressor,
is designed to be installed on the balcony of the engineer-
ing laboratory at Oregon State Unlversity. The compressor
18 located one floor below on the main floor of the labor-
atory. The layout of the equlipment on the balcony is
shown in Flgure 21.
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CONCLUSIONS

On the basls of thls study the following conclusions
can be made:

1. A supersonic wind tunnel 1s a desirable and use-
ful addition to the laboratory equipment at any universlty.

2. A small intermittent supersonic wind tunnel of the
blow-down type is the most feasible for such an applicatlon.

3. A satisfactory system must include a compressor,
an oll filter, an alr dryer, a storage tank, control valves,
a settling chamber, a test section, and a diffuser.

4, The design presented hereln offere a system cap-
able of covering the Mach number range of 1.5 to 4.0. The

6 per 1nch.

maximum attalnable Reynolds number is 30 x 10
The meximum run duration ie 43 seconds at Mach 2.0. A
minimum run duration of ten seconds is avallable at all

Mach numbers from 1.5 to 4.0.
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NOMENCLATURE

AessesArea, square inches
A¥%,,,.Throat area, square inches

B.0eeeThroat parameter in subsonic diffuser, inches.
(See figure 18)

DesessThroat parameter in subsonic diffuser, inches,
(See flgure 18)

CeesseVane placement parameter 1 subsonic diffuser, inches.
(See figure 18)

feessesVane length in subsonic diffuser, inches.
(See figure 18)

f1++.+.Focal length, inches

HeeveoTest sectlon height, inches.

KewsssRatio of specific heats, 1.40.
Leesesslength, inches.

MesoosMMach number, dimensionless.

Meoseo.Mass, slugs,

NeeeooVelocity profile factor, 5 to 1l.
N.....Polytropic process exponent, 1.0 to 1.4,
Pgee+sesPressure 1n storage tank, psia.
PgeessPressure in settling chamber, psla.

Pol...stagnatlon pressure upstream of a normal shock
vave, psia,

Pype«+Stagnation pressure downstream of a normal shock
vave, psla.

Rpe+++sReynolds number, dimenslonless.
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ReesessGas constant, 53.34 ft-1lbf/lbm R,
TeseesTemperature, degrees Rankine,
ToeessTemperature in the storage tank, degrees Rankine.
teeeeeTime, seconds,
UseaeesVeloclty in the X direction.
UjessosFreestream velocity in the X-direction.
ViesooStorage tank volume, cubic feet.
W.eesoMass flow, slugs per second.
WeeseoThroat helght in subsonic diffuser, inches.
XeeoeesCartesian coordinate.
YeesesCarteslan coordinate.
X eseosdngle of attack, degrees.
8.....Boundary layer thickness.
§*....Boundary layer displacement thickness, inches
PeeessDensity, slugs per cubic foot.

M seeeeViscosity, 1b sec/ £t°,
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HISTORICAL DEVELOPMENT OF THE WIND TUNN

It has been stated that no sclentiflc endeavor can
progress very far or rapidly by hypothesls alone. A thor-
ough, fundamentel basis 1n experlmental fact is necessary
at every step along the way. Perhaps thls 1s a basic
reason for the relatively recent appearance of the airplane.
Earliest man must have concelved of the idea of human flight
after observing the flight of birds, Such ideas are part
of Greek Mythology. It 1s recorded that sclentists as
early as Leonarda da Vinei (1452-1519) conceived of flying
machines of various sorts. Yet, 1t was not until 1903 that
the first successful alrplane was built. The Wright brothers
succeeded where others falled due, in large measure, to
their skillful use of data obtained from wind tunnel exper-
iments.

The wind tunnel is perhaps the most useful of all re-
search tools avallable to the aeronautical sclentlst.

From very simple beginnings it has developed and diversi-
fled greatly. Perhaps it would be well to digress & moment
and trace the development of the wind tunnel.

The concept of the wind tunnel was first stated by
John Smeaton in 1759, when he stated that there are two
alternative methods avallable for aeronautlical research.

It is possible to move the model against the wind or move

the wind against the model. The latter half of this
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statement 1s first statement of the concept of the wind
tunnel.

Over a century elapsed before the concept was applled.
Francis Herbert VWenham designed the first wind tunnel for
the Aeronautical Soclety of Great Britain in 1871. This
wind tunnel was bullt at the Messr's Penn Marine Engineer-
ing Works in Greenwlich, The second wind tunnel was bullt
by Horatio Philips in 1884, In an effort to overcome turbu-
lence troubles caused by the fan in Wenham's tunnel, Philips
used a steam induection system. He placed a steam elector
downstream of the teat section and induced a flow through
the test section by exhausting steam downstream. This cen
be considered to be the forerunner of the modern 1inductlon
tunnels,

Many others bullt small wind tunnels around 1900.

John Irminger and H, C. Vogt bullt the first suctlonetype
wind tunnel during this period, by making use of the draft
of a large chimney. A. F. Zahm designed and bullt the first
fully equipped aeronautical research laboratory in the
United States during this period. The Wright brothers
finished thelr small wind tunnel in October of 1901. They
used the wind tunnel as an aild in designing thelr first
airplane, the first successful powered airplane.

Although wind tunnels were belng constantly enlarged

and improved, no major steps forward were made untll 1508
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when Ludwlg Prandtl designed and bullt the first closed
eircuit wind tunnel at GYettsingen. This improvement
enabled a significant reduction 1n power required to oper=
ate at any given veloelty. (19)

The next significant advancement was proposed in 1889
by Ernst Mach., He suggested that one could produce very
high velocities by discharging elr from a tank at high
pressure., Thie idea was neglected until 1916 when Laengevin
built a crude tunnel of this type. E. Huguenard construct-
ed an improved version in 1917. In QOectober of that year
he observed shock waves about certaln projectile models,
This wind tunnel is the first blowdown wind tunnel. (8)

It has been suggested that aseronautlcal supremescy ls
directly attributable to possession of superior aeronaut-
ical research equipment, 1.e., wind tunnels, Hlstory bears
this out. The VWright brothers were successful 1ln large
part due to their wind tummel research. This U. 5. Suprem-
acy was short lived. France came to the fore wlth the cross-
channel flights of the Bleriot. These successes can be
traced to the Eiffel wind tunnel. Thls aeronautical lead
passed to Great Britaln around the close of the first
decade of the Twentleth Century due to the research carried
on at the Nlational Physical Laboratory and in the NPL wind
tunnel. Just before the start of Vorld War I, Germany be-

came the leader in the fleld of aeronautics. This was
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largely due to the installation at G8ettsingen and the work
of such famous researchers as Ludwlg Prandtl. Cermany re-
tained thls lead throughout the war as is evidenced Dby
their air superiority. (18)

Between wars, the science of aeronautics progressed
relentlessly toward higher and higher speeds. Tunnels of
the type pioneered by Hugenuenard in 1917 afforded the only
means of high speed research until the advent of contlnuous
pupersonlc tunnels in the late 1930's. The first contin-
uous supersonic wind tunnel was bullt in Zurich, Switzer-
land., The second one was built in Guidonia, Italy in 1939.
(9)

Throughtout World War II, Germany relied on intermit-
tent types for the bulk of thelr research. Perhaps thelr
greateat successes were in the fleld of rockets., At
Peenemunde on the Baltic Sea conslderable research was car-
ried out on guided missiles. Thls program relied entirely
on data from intermittent wind tunnels.

During World War II and immediately thereafter, in the
United States, great emphasis was placed on the development
of continuous supersonic wind tunnels, The Unlted States
became the world leader in the field of aeronautlics with
completion of the extensive NACA research installations,

To the present day, continuous tunnels hold the upper

hand. However due to the enormous initlal cost,
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intermittent wind tunnels have been constructed by many of
the smaller countries and by private companies, VWith recent
improvement in instrumentation, data output from inter-
mittent turmels 18 on & par with that of the continuous

wind tunnels.
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