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Abstract

The goal of this projeawasto design a supersonic wind tunnel (SWT) for use in the laboratory.
This SWT will be the indraftr draw-down type, with the necessarpressureratio provided by a
existing vacuum chambeiThe design constraints includddterfacing with existing flanges on the
vacuum chamber, the ability to sustain a supersonic flow for at least two minutes, optioeds for the
test section of the tunnel, and maintaining costs within the allocated budget. The mechanical design of
the tunnel was completed using solid modeling software and the supersonic nozzle was designed using
the method of characteristics. This report details the process of determining critical dimensions (throat
area and expansion ratio), estimating the attainatdsttduration, and design of a supersonic nozzle to

minimize shocks in the test section.
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1. Introduction

This projectvasundertakento designand begin fabricatiof a smakscale (test section volume
approximately344 cnr) supersonic wind tunnel appropriate fdeaching andlaboratory testing of
miniaturized diagnosticdnitial efforts wereintendedto study and understand several different types of
supersonic wind tunnels. Compressible flow theory was applied to some of the prospective designs to
evaluate whib design would be most appropriat&€here were several constraints on the project. The
first factor was the schedule, considering that this project was to be conpleté¢he summerterm;
project scope would need to be well definddext was budget, thisas a oneperson effort so material
purchasing would have to be strategic in order to control cost. There were also physical constraints as a
result of the equipment that was availabl€he intention wago usean existing vacuum chambéthe
Vacuum Test FEdity (VTF) chamber in HLO16) provide the pressure differential needed for a draw
down, or indraft, typetunnel. The volume of this chamber, the speed with which it could be pumped
down, and theultimate (minimum) pressuravere hardconstraints Finaly, the size of the vacuum

chamber ports wouldieterminehow big or small the test section could realistically be.

Within these limits the options were pared down to a final selection of tunnel type. This project
would be to design an indraftype supersorg wind tunnel.Design of the interface between thiinnel
and the vacuum chambaevas fairly straightforwardDesigning the channel contour using the Method of
Characteristics was a nontrivial challenge and constituted the central effort of the projeetirst step
was to learn the Method of Characteristid@Shapter3 of this report summarizes this technique and
elaborates on the way it is utilized for this projedtnless otherwise notedJmperial units of

measurement will be used throughout this project.

Indraft high speed tunnels (HSTs), and the related Wlown HSTs which use pressure

chambers upstream of the nozzle and test section, are necessarily intermittent in test runs. Due to the



potentially largeenergy requirements of a continuousiynning fardriven supersonic wind tunnel
(SWT), intermittent operation is an economical choice. Considering the accuracy, availability, and ease
of use of digital measurement and photographic equipmeésdt durationson the order ofa fewtens of
seconds are more tharadequate. Dynamic testing, involving the moving of modelthin the
supersonic air stream benefit from longer durations, and part of this projexd the evaluation of

steady continuous opet®an of the SWT bygontinuouslypumpingon the vacuum chamber while the

tunnel is running.



2. Background

In order to provide context for what this project endeavors to accomplibie, following
discussionis meant toprovide the readerwith some backgroundon the development of controlled
supersonic flow, as well as the ways in which it has been used to enable the progression of aerospace

technology.

2.1 Historical Note

The first high speed wind tunnel was built by thatidnal AdvisoryCommittee for Aeronautics
(NACAJn 1932.The fastest military and racing aircraft those daysvere achieving speeds of 350 miles
per hour,corresponding to a Mach Number of M=.50 manyNACA scientists and enginegis need
for an HST was dubious, but to a few forwdnithkers the direction ahead was clear. Spinning propeller
blade tips werealreadyapproachingvi=1in flight and understanding aerodynamiasthis speed regime
was becoming necessary. Design of thst fiHSTwas started inL927[4]. Since accelerating air to sonic
speeds by conventional fairiven means would be exponentially more expendivan conventional

subsonic tunnelsother options were explored.

In its young lifeThe NACA Variable Density Tieh(VDT) hagroventremendouslysuccessful
Designed to allowmproved control of the Reynoldsumber during tests thereby facilitating teststo
more accuratly reflect actual flight conditions, the VDT enabled a quantum leap in airfoil theory
developnent and design. To create proper test conditiotfee 5200 cubic foot VDT was pressurized to

20 atmosphere$4].

! The Mach number represents a nondimensional ratio of the flow speed to the local speed of sound.

>The Reynolds number is a nondimensional ratio of inertial forces to viscous forces, a key factor in fluid and gas
dynamics calculations. Low Reynolds numbers, where viscous forces dominate, tend to indicate laminar flow, and
high Reynolds numbers, domireat by inertial forces are a sign of turbulent flow.



Figurel. The Langley tinch
High Speed Tunnel [4D NASA.
All Rights Reserved.

Once test operations had beguay subsequent opening of
the tunnel for changes in model configuration would require all of
that pressure,a substantial amout of potential energy, berented
away. It was NACADirector of Research George Lewis in the early
1930sg K2 | &1 SR &2 K&4]. Wehcd, 1982 Saw thé

creation of the Langley ihch HighSpeed TunnelThis was a

, verticallyoriented wind tunnel which was driven by the 20

atmospheres of pressure from theaklable Density Tunnel being
blown down through its duct. Test duratiomsould typically lasbne

minute.

Two years later a 2ihch high speedunnel, also driven by exhaust from the Variable Density

Tunnel,was put into usenvhich would contribute to the development of superior higheed aircraft

Figure2. Diagram of the Langley 4 referred to as the throgtand immediately diverges to a wide

Inch HST [3]© NASA. All Rights
Reserved.

propellers for World War fighter planes.

A apersonic wind tunnel uses an expansionnozzle
exactly like those found on rocket enginesexpand a relatively
slow stream of & to supersonic speeds in its test sectid¢ior a
completelysubsonicwind tunnel, air flow accelerates through a
convergingduct andits speedis greatest at the point of least
crosssectional area. In convénpnal subsonic wind tunnels this
narrow throat is elongated and constitutes the test sectiém a

supersonic wind tunnel, the duct converges to a narrow point,

crosssectional area which becomes the test sectids airflowm
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the throat approaches Mach 1 Whokes@meaning a maximunmassflow rate for the givenpressure
differential and throat areas reached that cannot behangedwithout changing the upstream reservoir

conditions.

Counterintuitively, when the throat beomes chokedair flow in the diverging portion of the
nozzle immediately downstream of the standing Mach wave expands to supersonic, spatds, it

increases in speed’he Mach number of the flow continues to increassthe nozzle crossectional

areaincreasesilt is that ratio of test section area to throat area, representeé’ &%z and referred to as

the compression ratiowhich determines the Mach number of the tunnel.

In the earlyl940s,engineersat the Langley Memorial Aeronautical Laboratamgre conducting
all of their supersonic research @very smallpine-inch tunnel.lt was in 1945 that engineer Robert
Jones suggested that sweback winggeometries would minimize dragnd a larger tunnel became
necessary for continuing technologicadlvancement. Thus, on a tight budget, and after a-fwear
worker strike, themultistage axial compressairiven closed circuitfour foot by four foot supersonic
wind tunnel came online in 194&his system operated at a pressure of one quarter of an apne®,
and used a sevestage axiaflow compressor with a compression ratio of®attain a Mach number of
2 in the test sectionThis facility was used to test thelB2, F105, the B58 supersonic bomber, the Bell
X-2 research craft, as well as manyet important jets. With periodic upgrades the tunnel remained in

use until 19774].

Concernover which country would be the first tdemonstratesupersonicflight was growing
and NACA was not the only agency developing supersonic capabiliiessomany other technical
advances during that erghis was all accomplished in the context of competition with the Soviet Union
Towhat extentthe details of this rivalry werknown to U.S. intelligese at the time is Cold War loré/e

now know that oncurrent to these eventsin America the Soviet Union was experimenting with
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captured German rocket planes designed to reach a maximum speed of Madh@).9he Lavochkin
design bureau was developing a swept winggetveredfighter plane designated the La 1.78/hile in
house effortsat NACAwere largely intended to advance the theory of supersonic aerodynaithies
engineers were interested in practical progress as weltdllaboration with the Army Air Force Flight
Test DivisionNACAcontracted Bell Aimaft to build a piloted plane intended toreakthe sound barrier.
By the time theNACAmultistage axial compressairiven closed circuifour by fourfoot supersonic
wind tunnel came online in 1948Chuck Yeager had already nudged the bullet shaped Béllrcket
planebeyondMach 1.1t was also in 1948, a little over a yesfter, S I 3 S NRbieaking fipat Nt
Soviet engineers achieved supersonic flight whest pilot I. E. Fedoroveached Mach 10 in a

LavochkirLa 17¢16].

In 1958 NACA watissolved and all of its assets and personnel weaedferred to the newly
formed NASAToday NASA operates a 10xbot 8-stage axiaflow compressodrivenandan 8x6foot
7-stage axiaflow compressoidrivensupersonic wind tunnedt its Glenn Researc@enter (formerly the
Lewis Rasarch Centérin Cleveland, Ohio. The Lewis Research Cevdsroriginallynamed for the man

largely credited for the original Langley-itith HST4, 8].
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2.2 Current state of the art

For the most part gpersonic windtunnels are operated the same today as they were in the
1960s Ongoing developments in the fiedadle concernedwith nuanced aspects and fitening details to
provide incremental gains in efficiency and test accuracy. According to a witklytext publshed in
1965, High Speed Wind Tunnel TestimgAlan Popg¢l4], the following components are required for a
drawdown(or indraft asPopecalls it) supersonic wind tunnek vacuum pump and vacuum chamben,
isolation valve between the SWT and the vacucinamber, a diffuser, a test section, a converging
diverging de Laval nozzle, a settling chambdarge-capacity drier, and possibly a door or valve at the

inlet.

The vacuum chamber is what provides the pressure difference drawing air through the tunnel.
One of the advantages to the indraft tunnel tisat gagnation pressure is simply the ambient
atmospheric pressure. Other advantages are the relative quietness as opposed to-ddviovor fan

driven systemand the fact that vacuum is much safer to wawnith than gas at higlpressure.

Figure3 is a diagram of an indraft supersonic wind tunnel, as opposed to adbeum tunnel

which is shown in Figuré. At the opening of the tunnel there should be a screen or cage to keep

Test section .
Supersonic

Settling chamber diffaser

Inlet screen Supersonic nozzle

Sonic throat

Figure3. General configuration of an indrafgpe supersonic wind tunnel.
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relatively large objects like leaves (if the intake is outdoors) or papers from being drawn in. Pope points
out that if this screen is tilted outwards a few degrees a thp it willo S Wl&aSifig@neaning any
debrisdrawn against the screewill fall away as soon as airflow ceasksaddition to this is the option

of an outer door or valve. In an indraft tunnel this will allow sealing of the tunnel only (i.e. to prevent

entry ofdebris and not for low pressure isolation prior to a test.

Before the air can be compressed and expandedugh the nozzle it should first pass through
a drier and a series of filters. The drier is most often a bed of desiccant such as activated alumina or

silica gel that spans the cross section in a-gpeged portion of the duct. The desiccant is held in a

Supersonic nozzle Test section

Settling charaber

Exdt throat

Pressure control

High-pressure tank

Figured. General configuration of a blowdowviype supersonic wind tunnégl7] © Wikimedia
Commons. All Rights Reserved

vertically-oriented tray made of a finenesh screen rigidly mounted. It is important the fixture be rigid
Sy2dzak GKIFIG Ad R2S8SayQid ¥t SE dzyRSNJ iKS LINB A& dzNB
desiccant particles together and create tdusrying of the air is necessary because during the expansion

to supersonic velocity any moisture will tend to condense on the test section walls and models. In order

27

G2 WNBaSGiQ GKS RNASNI GKSNB Ydzald 0SS aRvIecSSOKI yAaY

to shed the collected moisture. In an indraft tunnel this can be accomplished while the vacuum chamber

is being evacuated in between rufist].
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There must also be a section where the airflow is filtered of particulates such as dust andils
sent through directional vanes to promote steady, uniform flow. This section is called the settling
chamber. Velocity in this area should be no higher tBBrmiles per houf36 m/seq. The drier can be
included in this section but an advantage taek@ng the drier in its own section is that it minimizes the

volume which must be heated when resetting the desicdaat.

The de Lavalype convergendivergent nozzle contains the first throat which chokes the flow.
When the first throat becomes chokethd mass flow rate reaches a maximum that will be constant
throughout the duration of the run. The Mach number at a given point downstream of the throat can be
estimated using theareaMach Number relation[2]. The area component is expressed as a
nondimensional ratio of the local duct cressctional area to the sonic throat cressctional area. The
test section area ratio determines the downstream Mach number for a particular test. Test sections in
general have relatively simple geometries imthhey have a constant cross section, parallel walls and
thus constant crossectional area. However, multiple small orifices in the tunnel walls to accommodate
pressure transducers, the model mounting assembly, and the test section access wiredalsgpart of
the test section. Test sections can be configured in different ways depending on the speed regime. For
example, in supersonic testing the tunnel walls must be polished to minimize boundary layer turbulence,
but in transonic test sections the walinay be perforated or slotted. The number and type of pressure
sensors will vary according to the intended use of the tunnel. The model is mounted on a rod called the
sting. This is simply a connector with a known effect on the test data. The tunnel repssi
equipment must be calibrated with any auxiliary equipment that may be present which could skew test
results. A drive mechanism may be included in the mounting assemblydriM@mechanism may be
any variety as long as it providése control of pich during model testing. This assembly must also
accommodate force and moment measuring devices. Mounting methods and analog measuring devices

I NE RS&ONROGSR AHKighSpeeéd\ing Tihnel Testihg).t 2 LIS Qa
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A blow-down tunnel(Figure 4has a snilar configuration. In this case the pressure ratio comes
from a highpressure tank upstream of the wind tunneSafety features are included in both designs
wherever appropriate, for example the test section access doors must be interlocked with thel tun

control valves so thatn operator is not harmed by an accidental flow startup.

Considering many SWTs have usable run times on the order of a few seconds, transient

inefficiencies can waste significant amounts of tirR&009paperby a group at the University of Texas

FG 'NIAYy3IG2yQa ! SNEP Rdesclib¥dh thei usewd pProgddied felécyoniS NJ
ProportionatintegratDerivative controller (PID controlletd operate the isolation valvén blowdown
supersonic wind tunnslfor the purpose of maximizing test tinj&Q]. Using PID controllers to regulate
airflow is effective atpreventing overshoot of stagnation pressure and thus limiting oscillatansed

by fast opening valves. As stagnation pressure is equal to
the ambient atmospheric pressure in an indraft

supersonic wind tunnethisfine degree of controis not a

Figureb. Shockwave system in a concen for the current project. For the current project
supersonic diffuser H]. © Lehrstuhl fur
ThermodynamikAll Rights Reserved. the tunnel run time is sufficiently lengthy that a slow,

manually operated valve will make the initial fluctuations that precede steadyifioensequential

Exit dffusers are used toeduce the pessue ratio required to keep the airflow supersonic in
the wind tunnel test section A convergentdivergent nozzleexhausting directly to theatmosphere
requires a pressure ratio several times that of one equippéth an extended constagarea duct
downstream The nozzle alone must exhaust at atmospheric pressure, requiring all of the necessary
pressure to be supplied upstream in order to achieve a given Mach number. For the same Mach
number, an extended duct will allow the supersonic flow to occur at a moelel stagnation pressure.

In this case a series of oblique shocks, such as in Figure 5, will compress the flow to subsonic speeds,
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keeping the loss of stagnation pressure low while slowing the airfldverefore the pressure ratio
across the SWT is greatlgduced. Hiciency can bdurther improvedby adding a divergingection at

the end of the tunnel to further slow the airflow. This configuration is called a normal shock diffuser.
Greater efficiency can be achieved using an oblique shock diffuser cethmdsa second, extended
region of smaller crossectional area relative to the throalownstream of the test section. The
converging geometry creates a series of reflecting oblique shocks which gradually slow the test section
Mach number until a weak norah shock at the endf this diffuserbringsthe flow to subsonic speedA
divergent section continues to slow the flow and increase pressure. Oblique shock diffusers are always
less efficient in practicéhan they are in theorydue to shock interaction wlt the viscous boundary
layers along theunnel walls. It has been observehlat the second throat crossectional area (4)
required for choked flow at the first throat is less than that required to start the tunnel, and pea
efficiency is achieved by ag somewhere in between. This fact has ledlte use of variable geometry

diffuser throats that constrict once the tunnel has been staffgd

The use of a diffusén an indraft tunnel does not bring alf the advantages of a diffusenaa
blowdown wnnel R]. Considering that the tunnel will be exhausting into a vacuum the flow will initially
be underexpanded and as the tank pressure rises will be overexpanded, and finally a shock will travel up
the test section to end the test. It is ondlgringthis last time interval, when thehocks form inside the

tunnel, that a diffuser would extend test time.

Other examples of recent researdhclude studies of freestream disturbance fields in SWTs
where experiments are conducted on lamirtarbulent transiions. These tunnels may have run times
measured in millisecondgl8]. Further studies have been conducted on control algorithms using
proportionatintegratdifferential (PID) controllerswith variable throat nozzlesto optimize test

conditions in blowdown tunnels [13]. Many questions remain concerning the lamidarbulent
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transition and shockwawoundary layer interaction. Likewise, phenomena associated with the
transonic regime of airflow have been resistant to effective modeling and must be investidpteigh

experimentation[6].

The central object of most research and development effovith respect to testing in the
supersonic regiméas been greater accuracy and control over test conditions. Critical characteristics of
wind tunnel flow are Mach imber, Reynolds number, pressures, and temperatures. Precise knowledge
and control of these variables ithe test section allows for testing that betteeflects actual flight

conditions.



18

3. Summary of the Method of Characteristics

Characteristics ardine? Ay | &AdzLISNE2YAO Ff2g 2NASYGSR Ay
disturbances (pressure waves) are propagatéde Method of Characteristics (MOC) is a numerical
procedure appropriate for solving, among othhings two-dimensional compressibleoflv problems.

By using this techniqudlow properties such aslirection and velocity, can be calculated at distinct
points throughout a flow fieldThe method of characteristicimplemented incomputer algorithmsjs

an important element of supersonimomputational fluid dynamics software. These calculations can be
executed manually, with the aid of spreadsheet programming or technical compsitgare (e.g.
Matlab or Mathematicg As the number of characteristic lines increase, so do the data poindsthen

manual calculations can become exceedingly tedious.

WEYSa W2Ky | YR ¢ KGa& Dyndnicdok OescribésSthree opogetties of

characteristics.

Property 1. A characteristic in a twddmensional supersonic flow is a curve or line
alongwhich physical disturbances are propagated at the local speed of sound relative
to the gas.

Property 2: A characteristic is a curve across which flow properties are continuous,
although they may have discontinuous first derivatives, and along which the
derivatives are indeterminate.

Property 3: A characteristic is a curve along which the governing partial differential
equations(s) may be manipulated into an ordinary differential equation(s).

Property 1 is what dictates that characteristics are Mach lite€f dzA R LJ NI A Ot Sa
pathlines propagating information regarding the condition of the flown. supersonic flow, acoustic
g @Sa GNY @St Ff2y3 al OK fAySa 62NJ OKIF N OGSNRAGAOA

9.
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Property 2 States that a Mach line

characteristic

can be thought of as an infinitesimally thin
iy interface  between two smooth and
uniform, but different regions. The line is a
boundary between continuous flows. Along

Expansion section

a streamline passing through a field of

_ o these Mach wavesthe derivative of the
Figure6. Characteristic lines downstream of a supersc

throat velocity and other properties maybe

discontinuous

Property 3 essentially speaks for itself. It is importhatauseordinary differential equations

are often easier to solve than partial differential equations.

While the ratios of duct areas are relatively straightforward to determine based on desired test
section Mach numbers and tunnel run times, determining an optimum cblaoontour is slightly more
complicated. It is in the region immediately after the sonic throat where the flow is turned away from
itself that the air expands into supersonic velocity. This expansion happens rather gradually over the

initial expansion reg@in as seen in Figu& In

the PrandttMeyer expansionscenario, it is

streamline passing through
expansion waves

assumed that the expansion takes place
across a entered fan originating from an
abrupt corner as in Figure 7. This

phenomenon is typically modeled as a

continuous series of expansionawes, each

Figure7. Expansion fan caused by supersonic airfloy
around a corner

turning the airflow an infinitesimal amount
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along with the contour of the channel wall. These expansion waves can be thought of as the opposite of

shock compression waves, which slow airflow. This is govdmdite PrandtMeyer function

@)
Where the change in flow angle (relative its original direction) is presented byQ— Eq. lintegrates

to give the following Equation (7.10) ir9]):

, . o+l 1 1 7o 4
0 = ; 1an r+1(U 1) tan 0 1

@
The parametet is known as the PrandWeyer angle.

In MOC calculations, angles and other relations are in reference to the geometry shown in

Figure8. Also in that figure is a diagram dfet rightNXzy' y Ay 3 OKIF N} OGSNARA &G A0a TNB

: 4

Figure8. Geometry of characteristics at a point and impinging characteristics
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Method of Characteristics analysis for this project used the following equations; all taken from
chapter 14 ofGas Dynamicgg], and numbered as they appear in that teki.Method of Characteristics

equations the angle of the flow with respectto theNA T 2y i f A& 3IABSYy (K a28YO0?2

defined as = sin 1Ui Theequationsreference Figure 8,

g tan ( )
O "O— |
14.43
o tan(| +°)
D "GD— |
14.44
"4+ = (BEiOCEO= 0o
14.56
'] = (EEiCEO= O
14.57
The constant§ and G are known as Riemann invariants.
Ogt O
0= —>
14.58
00 Owm
ot

14.59
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a o= tan BT B
© 2
and
, |+ g+ | +° 5§
w= 1
a @— @an >
14.60
=G+ aoly
and
G =G+ Gy Gy
14.61
o @ Gl a6
Oa G0
14.62

A handdrawn diagran?2 ¥ (G KS & OK | wsihgpénsiNidaulieh isSealugtfedide to this
process. This will be referred back to as a reference of which points relate to each other, and what the
proper relations areThe first step in &rrying out an analysis with this method is to chotise angle of
the expansion region. The assumption is that after an abrupt corner there will be an expansion region
with straight walls. The angle of the wall with respect to the horizontal centerlidesS @I f dzS 2 F b
first point. Now chooséhow many characteristics will initially be usdtlis convenient to choose an
FY2dzy G 2F OKF NI OGSNRAGAOA GKI G ¢ Af+20NEREdolidibery |y
five characteristics a20°Mmpc X MncX pc3X | YR nc® ¢wkiIGHdsthadistfideSa ¢ 2 dz
pointswhich constitute an initial value liné KS y SEG T2 dzNJ LJ2 A y-lalueslthstBSplith & & dzy S

those of the first five. In the case of the above example these will be 17.5°, 12.5°, 7.5°, and 2.5°.
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¢ KNR dzZAK 2 dzii {0 K-&luesINiR €o&tiug to toKo® this pattern with the exceptiof wall

points in the straightening region, which will be addressed when necessary.

An initial Mach number must be assumed for the five initial points. From this, using the Prandtl

aSe88NJ FdzyOiliazys A OFy 068 T2dzyR: diSindmithekiadbMacl O  dz

number is arbitrarily assumed, the Prantiteyer function can be used for these points. That is the only
time the Mach number will be initially knowAdditionally the initial group of coordinates can be found
by the Pythagoreanhieorem and trigonometryFor the rest of the flonthe Mach number (and the

coordinate points)must be derived. The Riemann invariants allow this teabeomplished Equations

OmMndpy 0 FYR omndp o S T A ¥, &nd R.Afer this hithg Rnalysis tBd Macho S T 2 d

number will be derived with the following equation, given in Example 7QAas Dynamick9]:

r +1 I 1

02 1 tan 1 02 1 '
I 1 [ +1

®3)

PaAy3d GKS 32+t 4881 FSIGdzNB Ay aiONBaE Mihat9elsOSt = F

"Q0 = 0. There is now enough information to find the slopes of each Riemann invafiaese are
found using the two equations labeled (14.60) and the point coordinates are determined by Equations

(14.61) and (14.62).

Next, selectwherél KS gl £t gAff o0S3IAYy (2 avanledu@dwth&y ® ¢ KA

2F Ada W.Q LRAY(GSES NBFTSNNAY3I G2 CAIdNB yo !''a (KS
labeled appropriately At this point in the analysis the inputs ftre equations must be adjusted as
needed according to the characteristic net diagram. As the characteristics terminate against the wall
eventually the final one will lead to a final coordinate. This is the end point of the straightening section

and the bginning of the test section. The wind tunnel walls are now parallel. As this is a manual process

LJ
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there may be some iteration required. If there are constraints, such as tunnel height or Mach number,
that are not being met it is necessary to change the @iharacteristic termination point. The Method of
Characteristics is not inherently iterative, but as this is an analytical procedure some trial anchestor

be conducted.
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4.\Wind Tunnel Design, Fabrication, and Assembly

Thepractical objectives of this project, once the theory was understood and incorporated, were
to design, fabricate, and assemble a small working supersonic wind tunnel for laboratofihediest
step was the establishment of several governing paramefengse arecalculatedusing MATLARBThe
MathWorks Inc., Natick, MAand the results are plottedbelow. The informationyielded by these
calculationswasused to settle on a design concept based on run time andgestion Mach number.
An optimum design floduct components and a vacuum chamber interface flangsthen generated
using SolidWorkgDassault Systemes SolidWorks Corp., Concord, Myking within the budget
constraint, naterials were obtainedand sent tothe Higgins Laboratories Manufacturirpop for

fabrication of components.

4.1 Vacuum chamber and pump constraints

The WPI Vacuum Test Facility is a 50 inch

72 inch, 35,343 cubic inctf2.3167 rﬁ) vacuum
chamber, with supporting instrumentation. It

pumped down by a combined rotary mechanical pum
and a positive displacement blower. This supplies

pumping speed of ovet0?¢10° Torr (560 liters per

second. The cycle timdthe total time from tre start

Figure9. The WPI Vacuum Test Facility (VT
of one run to the equipment being ready for the next

run) of this apparatusis determined by the time required to pump down the vacuwmhamber in
between tunnel runsA vessel of volume V takes the following time to be pumped froto P; at a

given pumping speed S:
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4)

At pressures less than 2T orrrate of evacuation is determined by the evolutiohgas from the vessel
walls[11]. This is not a concern here as the vacuum chamber will be evacuated to a pressirabds

Torr, or 50 milliTorrWith the available pumpshis procesdakesless than a minute.

4.2 Solid Modeling

Initial calculationsof mass flow rate and test duratiomere conducted to gain a sense of what
size test sections would be possible considering the vacuum chamber volume and the flange diameter.
Test duration, for a constant vacuum chamber volume, and constant inlet pressure, is a function of
throat area. To desser extent it is also a function of vacuum chamber pressure. What is meant by that
last statement ighat the pressure difference between the inlet, in this case atmospheric pressure, and
the outlet into the vacuum chamber, will never be more than otra@sphere. Considering the vacuum
pressure of 50 milliToris relatively easy to attain, and the fact that pressures that are order of
magnitude less only result in a gain of a few seconds of tunnel run time, exploring ways to draw near
total vacuum pressies was deemed unimportanthe necessary first calculation was mass flow rate vs.
throat area. In this particular case, with a constant upstream pressure of aim®sphere, the

relationship $ linearas seen in Equatioi

These preliminary calculatiomgere made usindATLAB 208 Sl units were used for the solid
modeling calculationsA series of scripts were written to plot several relations regarding dimensions,
mass flow, and test duratod Ay GKAa&a OF &S WiSaid RdzNI (thethidat NB LINS 2
remains choked)The firstto be explored vasmass flow rate vs. throat arearough a choked nozzle.

The governing equation in this case is the followkig
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N
|+
R

()

Oncethe throat of a convergingliverging nozzle becomeahoked, mass flow ratewill remainconstant
until the nozzle unchoke$Specificallyfor a constanback pressure at the tunnekit, R, if the upstream
pressure, P is at leasequal t01.8929R, the throat will choke and any furthaetecreasen R, will not

increase the mass flow rate through the nozzle.

As seenin Equatbn (), there is a
0.04

sl linear relationship between mass

003t flow rate and throat area The

0.025F resulting plot is shown ifigure 10.

002+
For this calculation the following

005

gl f dzS§a ¢SNB | aadzYSRZ

mass flow rate, kg/sec

0.01F
287 JI(kg*K), T= 293K, and P=

0.005

0 1 : : : : : . 101325 PaAs previously described,

throat area, cm?

) , indraft t Is d f th
Figurel0. Mass flow rate vs. throat area. Created in MATLAL indra unnels — drawfrom €

using Equatior. ambient atmosphere, which is

reasonably assumed to be constaBi assuming isentropic conditions in the wind tunthel stagnation
pressure (B in the converging section of the nozzle is also coristas is the stagnation temperature
(Ty). Shouldthe tunnel be designed witthe option to run continuously while evacuating the vacuum

chamber the mass flow rate through the throat must not exceed the capacity of the vaoumnp

The next relation was & duration as a function dhroat area. Test duration here is considered

GKS GAYS FTNRY 6KSy (i K&moindaytheSHroat Wecamed\Ndhed ard therfldow y A y 3
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in the test section becomes supersonic, to when the pressure in the vacuum ché®bames high

enough that the tunnel unchokes. The governing equation here is the following

oo | On
a’yy Ug

©

Equation 6) is derived from the
1500

continuity equation. The details dhis

derivation are giverSection6.1 in the
1000 -

appendix.The resulting plot is shown in

test duration, sec

Fgure11l.
500

Equation (6) introduces a new

ratio, 04, U Thisspecifically is the ratio

D 1 1 1 1 1 1 1
0 0oos 0o 0.015 002 0025 003 0035 0.04
mass flow rate, kg/sec

of initial vacuum chamber pressure to
Figurell. Test duration vs. mass flow rate. Assumes

isentropic conditions, initial vacuum chamber pressigre end-of-run vacuum chamber pressure
6.6875 Pa, and end of run chamber presdeye 53499.6 Pa

Oq is found from the pressure ratio

required to sustairsupersonic flow through the test sectiohhe ratio of stagnation to static pressure at
a given Mach number @efined byEquation (3.30) idohn D! y R S NMa2lefrCdmpressible FIJ#j.

It is repeated here:

&
I
'—\
+

)

At the sonic condition M=1, Equation (6) reduces to the following, given as Equation (3.35) in Anderson

[2]:



29

<
N
J

4
O
—

+

=

@)

Note Equation (8) refers to the characteristic pressure at a sonic thigguming that = 1.4,
0%j 0y € 0.528. Once the backpressurein the vacuum chambdras risen to 0.5280,, which is equal to
53499.6P3a a shock willhave formed inside the tunnel. At this timeflow in the test sectionwill be
assumed completely subsonicand the test will be over. Due to the geometry of a convergiagliverging
nozzle, the characteristic pressubé can be replaced with the end of run pressukg For an indraft
tunnel, drawing from an atmospheric pressufg = 101325Pa the end of run presser will be
Oo= 53499.6 Pa It must be made clear that in the eraf-run condition the throat is still choked and a
standing normalshock is in the expansion section compressing the test section flow to subsonic
conditions.In fact, according to the subsanéentries of the Isentropic Flow Properties tableModern
Compressible Floj2] this throat will remain choked until the vacuum chamber readhes 0.9960;, or

100919.7 Pa.

As described isection4.1the vacuum system uses a Stokes model 1Z2ilsphcement pump
and blower combinationThe mass flowcapability of the pump is determined by thepump speed
(volumetric flow rate) at a given pressure. This information is provided by the pump manufacturer as a
G LJdzY LJA y 3 & LTBeSniass @alzNaes dugal to the product of the pumping speed and gas
density in the vacuum chambéddensity being determined from the ideal gas lawhe minimum
starting pressure is selected so as to prevent oil skamingfrom the pumpinto the chamber as a
result of moecular diffusion. Thisninimum starting pressurealue is approximately 50 milliTorfhis
model more accurately reflects thergbable usage of this supersonic wind tunnghce the blower is

not intended for continuous use
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Test section Meh number is dunction of area, pecifically, the ratio of théest sectioncross
sectioral area to the throat crossectioral area. The relation 0 = "Q;’—Z) is given by the following

equation.

©)

Equation 9) is known as the arellach
number relation[2, 8]. For example, for
a test section Mach number of 4

1 corresponds to an area ratio of 10.72.

Mach number M
w

1 1 1 1 1 1
0 5 10 15 20 25 30

Area ratio AAT

Figure12. AreaMach relation for a choked superson
nozzle. Created in MATLAB.
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An equation for test time as a

function of throat height, for a
constant throat width can be found
by substituting Equation 5§ into

251+
Equation ). Making the substitution,

test duration, sec

setting 6" = 0'Q and simplifying

yields the following equation:

0 02 04 0B 08 1 12 14 16 18 2
throat height, cm

0 1 1 1

Figurel3. Test duration vs. throat height. Created in MATLA

&
g.
(ef]
0

+

-

c4 -
D 3

(10)

Test duration for a throat width of 3.81cm (1.5 in) and height ranging frong @.tm (0.039; 0.787 in)
is shown in Figure 13. The following assumptions were made for the calculationt.4, 0-o=

6.6875 00 U= 53499.6 0() Uy = 10132506 "¥ = 2930, Gy = 2.317 & 3, and'Y = 287.
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4.3 Mechanical Design

zEm

Window flange

Tunnel
contours

Figurel4: exploded view of tunnel assembly

Design of the wind tunnel encompassed three primary components. réb&@ngilar entry
flange, thetunnel contours and the end piece(which includesthe roundto-square crosssection
transition). The wind tunnelassembly also includes clear acrylic walls which are fixdmbtio sides of

the tunnel with epoxy.

4.3.1 Rectangular entry flange

The Rectanglar entry flange got its namesimply becausethe final configurationfor the test
section wasrectangular. The body of the flange musbe
compatible withthe window flange, which stays fixed to a port
on the vacuum chambeihe opening in therectangular entry
point is simply @amooth continuation of tessection geometry.
Originally this component weagoingto be locatedimmediately
after the tunnel contol ball valve, which would have been

mounted downstream of the test section. Ball valves are made

to fit round tubes, sothis would have had a round opening.

Figurel5: rectangilar entry flange
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Further complicating the designa supersonic transition from
rectangle to round would have beerequired upstream of the
valve It was determined that this complication would atts much
to fabrication demands, whicbould be avoidedjiven a simpldine-
up change We decided that the control ball valve would be
mounted at the inlet, which allowed th&est section to discharge
directly through the rectangle entryflange. This alteration

Figurel6. Image of finished
rectangular entry flange. tremendously simplified the machining requirements.

Apart from the airflow channel, theectangularentry flange
only serves to mount the tunnel to the vacuum chamber via
the window flange. On the front of the rectanlgr entry flange
(Figures 15 and 16 is a shallow face recessdd8 inch into
which a 1/16 inch gasket will be fitted.With the channel
securely mounted to the flangahe depth of the recess and

Figure17: window flange the thickness of the gasketere planned so that the channel
assemblyis seated within the plaa of the flangeThisprovides

additional alignment for the assemblThe assemil ismounted to the rectangilar entry flange with

four ANSI 1/428 socket head bolts

The window flangdFigure ) is already in existence, and has been used for othericatres.
This project treats it as a standard piece of support equipment for the vacuum test facloliddVorks
model of the existingwindow flange vas providedfor use by this MQMPy agraduate student, Nick

Behlman





















































































































