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Abstract  

 The goal of this project was to design a supersonic wind tunnel (SWT) for use in the laboratory. 

This SWT will be the indraft or draw-down type, with the necessary pressure ratio provided by an 

existing vacuum chamber. The design constraints included interfacing with existing flanges on the 

vacuum chamber, the ability to sustain a supersonic flow for at least two minutes, optical access 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 attainable test duration, and design of a supersonic nozzle to 

minimize shocks in the test section.  
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Nomenclature  
  

I{¢ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦƘƛƎƘ ǎǇŜŜŘ ǿƛƴŘ ǘǳƴƴŜƭ 

b!/!ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧbŀǘƛƻƴŀƭ !ŘǾƛǎƻǊȅ /ƻƳƳƛǘǘŜŜ ƻƴ !ŜǊƻƴŀǳǘƛŎǎ 

b!{!ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧbŀǘƛƻƴŀƭ !ŜǊƻƴŀǳǘƛŎǎ ŀƴŘ Space Administration 

{²¢ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧǎǳǇŜǊǎƻƴƛŎ ǿƛƴŘ ǘǳƴƴŜƭ 

±5¢ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦǾŀǊƛŀōƭŜ ŘŜƴǎƛǘȅ ǿƛƴŘ ǘǳƴƴŜƭ 

ʰΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧŦƭƻǿ ŀƴƎƭŜ ǊŜƭŀǘƛǾŜ ǘƻ ŎŜƴǘŜǊƭƛƴŜ 

ὥΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦǎǇŜŜŘ ƻŦ ǎƻǳƴŘ 

!ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧŎǊƻǎǎ-sectional area 

άΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦƳŀǎǎ Ŧƭƻǿ ǊŀǘŜ 

aΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦaŀŎƘ ƴǳƳōŜǊ 

ὖΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦǎǘŀǘƛŎ ǇǊŜǎǎǳǊŜ 

ὖὸΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦǎǘŀƎƴŀǘƛƻƴ pressure 

wΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧƳŀǎǎ-specific gas constant 

SΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧVolume flow rate, Ὓḳ
Ὠὠ

Ὠὸ
, referred to as pumping speed. 

ὝΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦǎǘŀǘƛŎ ǘŜƳǇŜǊŀǘǳǊŜ 

ὝὸΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦstagnation temperature 

‎ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦǊŀǘƛƻ ƻŦ ǎǇŜŎƛŦƛŎ ƘŜŀǘǎ ŦƻǊ ŀ ǇŜǊŦŜŎǘ Ǝŀǎ 

”ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦŘŜƴǎƛǘȅ 

ЎὸΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦtunnel run time 

‘ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧaŀŎƘ ŀƴƎƭŜ 

—ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧŦƭƻǿ ǘǳǊƴƛƴƎ ŀƴƎƭŜ 

’ ΧΧΧΧΧΧΧΧΧ.ΧΧΧΧΧΧΧΧΦtǊŀƴŘǘƭ-Meyer angle  
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1. Introduction  

This project was undertaken to design and begin fabrication of a small-scale (test section volume 

approximately 344 cm3) supersonic wind tunnel appropriate for teaching and laboratory testing of 

miniaturized diagnostics. Initial efforts were intended to study and understand several different types of 

supersonic wind tunnels. Compressible flow theory was applied to some of the prospective designs to 

evaluate which design would be most appropriate. There were several constraints on the project. The 

first factor was the schedule, considering that this project was to be completed in the summer term; 

project scope would need to be well defined. Next was budget, this was a one-person 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 available. The intention was to use an existing vacuum chamber (the 

Vacuum Test Facility (VTF) chamber in HL016) to provide the pressure differential needed for a draw-

down, or indraft, type tunnel. The volume of this chamber, the speed with which it could be pumped 

down, and the ultimate (minimum) pressure were hard constraints. Finally, the size of the vacuum 

chamber ports would determine how 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 indraft-type supersonic wind tunnel. Design of the interface between the tunnel 

and the vacuum chamber was fairly straightforward. Designing the channel contour using the Method of 

Characteristics was a nontrivial challenge and constituted the central effort of the project. The first step 

was to learn the Method of Characteristics. Chapter 3 of this report summarizes this technique and 

elaborates on the way it is utilized for this project. Unless otherwise noted, Imperial units of 

measurement will be used throughout this project.  

Indraft high speed tunnels (HSTs), and the related blow-down HSTs which use pressure 

chambers upstream of the nozzle and test section, are necessarily intermittent in test runs. Due to the 
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potentially large energy requirements of a continuously-running fan-driven supersonic wind tunnel 

(SWT), intermittent operation is an economical choice. Considering the accuracy, availability, and ease 

of use of digital measurement and photographic equipment, test durations on the order of a few tens of 

seconds are more than adequate. Dynamic testing, involving the moving of models within the 

supersonic air stream benefit from longer durations, and part of this project was the evaluation of 

steady continuous operation of the SWT by continuously pumping on the vacuum chamber while the 

tunnel is running. 
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2. Background  

 In order to provide context for what this project endeavors to accomplish, the following 

discussion is meant to provide the reader with some background on 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 the National Advisory Committee for Aeronautics 

(NACA) in 1932. The fastest military and racing aircraft in those days were achieving speeds of 350 miles 

per hour, corresponding to a Mach Number of M=0.51. To many NACA scientists and engineers, the need 

for an HST was dubious, but to a few forward-thinkers the direction ahead was clear. Spinning propeller 

blade tips were already approaching M=1 in flight and understanding aerodynamics at this speed regime 

was becoming necessary. Design of the first HST was started in 1927 [4]. Since accelerating air to sonic 

speeds by conventional fan-driven means would be exponentially more expensive than conventional 

subsonic tunnels, other options were explored.  

In its young life The NACA Variable Density Tunnel (VDT) had proven tremendously successful. 

Designed to allow improved control of the Reynolds number2 during tests, thereby facilitating tests to 

more accurately reflect actual flight conditions, the VDT enabled a quantum leap in airfoil theory 

development and design. To create proper test conditions, the 5200 cubic foot VDT was pressurized to 

20 atmospheres [4]. 

                                                           
1
 The Mach number represents a nondimensional ratio of the flow speed to the local speed of sound. 

2
 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, dominated by inertial forces are a sign of turbulent flow. 
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Once test operations had begun, any subsequent opening of 

the tunnel for changes in model configuration would require all of 

that pressure, a substantial amount of potential energy, be vented 

away. It was NACA Director of Research George Lewis in the early 

1930s ǿƘƻ ŀǎƪŜŘ ά²Ƙȅ ƴƻǘ ǳǎŜ ƛǘΚέ [4]. Hence, 1932 saw the 

creation of the Langley 11-inch High-Speed Tunnel. This was a 

vertically-oriented wind tunnel which was driven by the 20 

atmospheres of pressure from the Variable Density Tunnel being 

blown down through its duct. Test durations would typically last one 

minute.  

Two years later a 24-inch high speed tunnel, also driven by exhaust from the Variable Density 

Tunnel, was put into use which would contribute to the development of superior high-speed aircraft 

propellers for World War II fighter planes. 

A supersonic wind tunnel uses an expansion nozzle 

exactly like those found on rocket engines to expand a relatively 

slow stream of air to supersonic speeds in its test section. For a 

completely subsonic wind tunnel, air flow accelerates through a 

converging duct and its speed is greatest at the point of least 

cross-sectional area. In conventional subsonic wind tunnels this 

narrow throat is elongated and constitutes the test section. In a 

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

referred to as the throat, and immediately diverges to a wide 

cross-sectional area which becomes the test section. As airflow in 

Figure 1. The Langley 11-Inch 
High Speed Tunnel [4]. © NASA. 
All Rights Reserved. 

Figure 2. Diagram of the Langley 11-
Inch HST [3]. © NASA. All Rights 
Reserved. 
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the throat approaches Mach 1 it Ψchokes,Ω meaning a maximum mass flow rate for the given pressure 

differential and throat area is reached that cannot be changed without changing the upstream reservoir 

conditions.  

Counter-intuitively, when the throat becomes choked, air flow in the diverging portion of the 

nozzle immediately downstream of the standing Mach wave expands to supersonic speed, that is, it 

increases in speed. The Mach number of the flow continues to increase as the nozzle cross-sectional 

area increases. It is that ratio of test section area to throat area, represented as 
ὃὸ
ὃz and referred to as 

the compression ratio, which determines the Mach number of the tunnel.  

In the early 1940s, engineers at the Langley Memorial Aeronautical Laboratory were conducting 

all of their supersonic research on a very small, nine-inch tunnel. It was in 1945 that engineer Robert 

Jones suggested that swept-back wing geometries would minimize drag, and a larger tunnel became 

necessary for continuing technological advancement. Thus, on a tight budget, and after a two-year 

worker strike, the multistage axial compressor-driven closed circuit four foot by four foot supersonic 

wind tunnel came online in 1948. This system operated at a pressure of one quarter of an atmosphere, 

and used a seven-stage axial-flow compressor with a compression ratio of 2 to attain a Mach number of 

2 in the test section. This facility was used to test the F-102, F-105, the B-58 supersonic bomber, the Bell 

X-2 research craft, as well as many other important jets. With periodic upgrades the tunnel remained in 

use until 1977 [4].  

Concern over which country would be the first to demonstrate supersonic flight was growing 

and NACA was not the only agency developing supersonic capabilities, like so many other technical 

advances during that era, this was all accomplished in the context of competition with the Soviet Union. 

To what extent the details of this rivalry were known to U.S. intelligence at the time is Cold War lore. We 

now know that concurrent to these events in America, the Soviet Union was experimenting with 
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captured German rocket planes designed to reach a maximum speed of Mach 0.9 [16]. The Lavochkin 

design bureau was developing a swept wing jet-powered fighter plane designated the La 176. While in-

house efforts at NACA were largely intended to advance the theory of supersonic aerodynamics, their 

engineers were interested in practical progress as well. In collaboration with the Army Air Force Flight 

Test Division, NACA contracted Bell Aircraft to build a piloted plane intended to break the sound barrier. 

By the time the NACA multistage axial compressor-driven closed circuit four by four-foot supersonic 

wind tunnel came online in 1948, Chuck Yeager had already nudged the bullet shaped Bell XS-1 rocket 

plane beyond Mach 1. It was also in 1948, a little over a year after ¸ŜŀƎŜǊΩǎ ǊŜŎƻǊŘ-breaking flight, that 

Soviet engineers achieved supersonic flight when test pilot I. E. Fedorov reached Mach 1.0 in a 

Lavochkin La 176 [16].  

In 1958 NACA was dissolved and all of its assets and personnel were transferred to the newly-

formed NASA. Today NASA operates a 10x10-foot 8-stage axial-flow compressor-driven and an 8x6-foot 

7-stage axial-flow compressor-driven supersonic wind tunnel at its Glenn Research Center (formerly the 

Lewis Research Center) in Cleveland, Ohio. The Lewis Research Center was originally named for the man 

largely credited for the original Langley 11-inch HST [4, 8]. 
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2.2 Current state of the art  

For the most part supersonic wind tunnels are operated the same today as they were in the 

1960s. Ongoing developments in the field are concerned with nuanced aspects and fine-tuning details to 

provide incremental gains in efficiency and test accuracy. According to a widely-cited text published in 

1965, High Speed Wind Tunnel Testing by Alan Pope [14], the following components are required for a 

drawdown (or indraft as Pope calls it) supersonic wind tunnel: a vacuum pump and vacuum chamber, an 

isolation valve between the SWT and the vacuum chamber, a diffuser, a test section, a converging-

diverging de Laval nozzle, a settling chamber, a large-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 is that stagnation pressure is simply the ambient 

atmospheric pressure. Other advantages are the relative quietness as opposed to a blow-down or fan-

driven system; and the fact that vacuum is much safer to work with than gas at high pressure.  

 Figure 3 is a diagram of an indraft supersonic wind tunnel, as opposed to a blow-down tunnel 

which is shown in Figure 4. At the opening of the tunnel there should be a screen or cage to keep 

Figure 3. General configuration of an indraft-type 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 at the top it will ōŜ ΨǎŜƭŦ-cleaning,Ω meaning any 

debris drawn against the screen will fall away as soon as airflow ceases. In addition 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 of debris and not for low pressure isolation prior to a test. 

Before the air can be compressed and expanded through 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 low-speed portion of the duct. The desiccant is held in a 

vertically-oriented tray made of a fine-mesh screen rigidly mounted. It is important the fixture be rigid 

ŜƴƻǳƎƘ ǘƘŀǘ ƛǘ ŘƻŜǎƴΩǘ ŦƭŜȄ ǳƴŘŜǊ ǘƘŜ ǇǊŜǎǎǳǊŜ ƻŦ ŦƭƻǿƛƴƎ ŀƛǊΣ ŀǎ ǘƘƛǎ ΨǿƻǊƪƛƴƎΩ ƻŦ ǘƘŜ ǘǊŀȅ ǿƛƭƭ ƎǊƛƴŘ ǘƘŜ 

desiccant particles together and create dust. Drying 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 

ǘƻ ΨǊŜǎŜǘΩ ǘƘŜ ŘǊƛŜǊ ǘƘŜǊŜ Ƴǳǎǘ ōŜ ǎƻƳŜ ƳŜŎƘŀƴƛǎƳ ōǳƛƭǘ ƛƴ ǘƻ ƘŜŀǘ ǘƘŜ ŘŜǎƛŎŎŀƴǘ ǘƻ ǘƘŜ level necessary 

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

is being evacuated in between runs [14]. 

Figure 4. General configuration of a blowdown-type supersonic wind tunnel [17] © Wikimedia 
Commons. All Rights Reserved 
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 There must also be a section where the airflow is filtered of particulates such as dust or oils, and 

sent through directional vanes to promote steady, uniform flow. This section is called the settling 

chamber. Velocity in this area should be no higher than 80 miles per hour (36 m/sec). The drier can be 

included in this section but an advantage to keeping the drier in its own section is that it minimizes the 

volume which must be heated when resetting the desiccant [14]. 

The de Laval-type convergent-divergent nozzle contains the first throat which chokes the flow. 

When the first throat becomes choked the 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 the area-Mach Number relation [2]. The area component is expressed as a 

nondimensional ratio of the local duct cross-sectional area to the sonic throat cross-sectional area. The 

test section area ratio determines the downstream Mach number for a particular test.  Test sections in 

general have relatively simple geometries in that they have a constant cross section, parallel walls and 

thus constant cross-sectional area. However, multiple small orifices in the tunnel walls to accommodate 

pressure transducers, the model mounting assembly, and the test section access window are also part 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 walls may 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 measurement 

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 assembly. The drive mechanism may be 

any variety as long as it provides fine control of pitch during model testing. This assembly must also 

accommodate force and moment measuring devices. Mounting methods and analog measuring devices 

ŀǊŜ ŘŜǎŎǊƛōŜŘ ƛƴ ŎƘŀǇǘŜǊ т ƻŦ tƻǇŜΩǎ High Speed Wind Tunnel Testing [14]. 
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A blow-down tunnel (Figure 4) has a similar configuration. In this case the pressure ratio comes 

from a high-pressure tank upstream of the wind tunnel.  Safety features are included in both designs 

wherever appropriate, for example the test section access doors must be interlocked with the tunnel 

control valves so that an 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 time. A 2009 paper by a group at the University of Texas 

ŀǘ !ǊƭƛƴƎǘƻƴΩǎ !ŜǊƻŘȅƴŀƳƛŎǎ wŜǎŜŀǊŎƘ /ŜƴǘŜǊ described the use of pre-programmed electronic 

Proportional-Integral-Derivative controller (PID controller) to operate the isolation valve in blowdown 

supersonic wind tunnels for the purpose of maximizing test time [10]. Using PID controllers to regulate 

airflow is effective at preventing overshoot of stagnation pressure and thus limiting oscillations caused 

by fast opening valves. As stagnation pressure is equal to 

the ambient atmospheric pressure in an indraft 

supersonic wind tunnel, this fine degree of control is not a 

concern for the current project. For the current project 

the tunnel run time is sufficiently lengthy that a slow, 

manually operated valve will make the initial fluctuations that precede steady flow inconsequential. 

 Exit diffusers are used to reduce the pressure ratio required to keep the airflow supersonic in 

the wind tunnel test section. A convergentςdivergent nozzle exhausting directly to the atmosphere 

requires a pressure ratio several times that of one equipped with an extended constantςarea 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 much lower stagnation pressure. 

In this case a series of oblique shocks, such as in Figure 5, will compress the flow to subsonic speeds, 

Figure 5. Shockwave system in a 
supersonic diffuser [15]. © Lehrstuhl fur 
Thermodynamik. All Rights Reserved. 



16 
 

keeping the loss of stagnation pressure low while slowing the airflow. Therefore the pressure ratio 

across the SWT is greatly reduced. Efficiency can be further improved by adding a diverging section 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 composed of a second, extended 

region of smaller cross-sectional area relative to the throat downstream 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 normal shock at the end of this diffuser brings the flow to subsonic speed. A 

divergent section continues to slow the flow and increase pressure. Oblique shock diffusers are always 

less efficient in practice than they are in theory due to shock interaction with the viscous boundary 

layers along the tunnel walls. It has been observed that the second throat cross-sectional area (At2) 

required for choked flow at the first throat is less than that required to start the tunnel, and peak 

efficiency is achieved by an At2 somewhere in between. This fact has led to the use of variable geometry 

diffuser throats that constrict once the tunnel has been started [2].  

The use of a diffuser in an indraft tunnel does not bring all of the advantages of a diffuser on a 

blowdown tunnel [2]. 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 only during this last time interval, when the shocks form inside the 

tunnel, that a diffuser would extend test time.  

 Other examples of recent research include studies of free-stream disturbance fields in SWTs 

where experiments are conducted on laminar-turbulent transitions. These tunnels may have run times 

measured in milliseconds [18]. Further studies have been conducted on control algorithms using 

proportional-integral-differential (PID) controllers with variable throat nozzles to optimize test 

conditions in blow-down tunnels [13]. Many questions remain concerning the laminar-turbulent 
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transition and shockwave-boundary layer interaction. Likewise, phenomena associated with the 

transonic regime of airflow have been resistant to effective modeling and must be investigated through 

experimentation [6]. 

 The central object of most research and development efforts with respect to testing in the 

supersonic regime has been greater accuracy and control over test conditions. Critical characteristics of 

wind tunnel flow are Mach number, Reynolds number, pressures, and temperatures. Precise knowledge 

and control of these variables in the test section allows for testing that better-reflects actual flight 

conditions.  
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3. Summary of the Method of Characteristics  

 Characteristics are ΨlinesΩ ƛƴ ŀ ǎǳǇŜǊǎƻƴƛŎ Ŧƭƻǿ ƻǊƛŜƴǘŜŘ ƛƴ ǎǇŜŎƛŦƛŎ ŘƛǊŜŎǘƛƻƴǎ ŀƭƻƴƎ ǿƘƛŎƘ 

disturbances (pressure waves) are propagated. The Method of Characteristics (MOC) is a numerical 

procedure appropriate for solving, among other things, two-dimensional compressible flow problems. 

By using this technique, flow properties such as direction and velocity, can be calculated at distinct 

points throughout a flow field. The method of characteristics, implemented in computer algorithms, is 

an important element of supersonic computational fluid dynamics software. These calculations can be 

executed manually, with the aid of spreadsheet programming or technical computing software (e.g. 

Matlab or Mathematica). As the number of characteristic lines increase, so do the data points, and the 

manual calculations can become exceedingly tedious. 

 WŀƳŜǎ WƻƘƴ ŀƴŘ ¢ƘŜƻ YŜƛǘƘΩǎ ǘŜȄǘōƻƻƪΣ Gas Dynamics [9], describes three properties of 

characteristics.  

Property 1: A characteristic in a two-dimensional supersonic flow is a curve or line 
along which 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 lines. άCƭǳƛŘ ǇŀǊǘƛŎƭŜǎ ǘǊŀǾŜƭ ŀƭƻƴƎ 

pathlines propagating information regarding the condition of the flow... In supersonic flow, acoustic 

ǿŀǾŜǎ ǘǊŀǾŜƭ ŀƭƻƴƎ aŀŎƘ ƭƛƴŜǎ όƻǊ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎύ ǇǊƻǇŀƎŀǘƛƴƎ ƛƴŦƻǊƳŀǘƛƻƴ ǊŜƎŀǊŘƛƴƎ Ŧƭƻǿ ŘƛǎǘǳǊōŀƴŎŜǎέ 

[9]. 
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 Property 2 States that a Mach line 

can be thought of as an infinitesimally thin 

interface between two smooth and 

uniform, but different regions. The line is a 

boundary between continuous flows. Along 

a streamline passing through a field of 

these Mach waves, the derivative of the 

velocity and other properties may be 

discontinuous. 

 Property 3 essentially speaks for itself. It is important because ordinary 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 channel contour 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 region as seen in Figure 6. In 

the Prandtl-Meyer expansion scenario, it is 

assumed that the expansion takes place 

across a centered fan originating from an 

abrupt corner as in Figure 7. This 

phenomenon is typically modeled as a 

continuous series of expansion waves, each 

turning the airflow an infinitesimal amount 

Figure 6. Characteristic lines downstream of a supersonic 
throat 

Figure 7. Expansion fan caused by supersonic airflow 
around a corner  
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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 governed by the Prandtl-Meyer function: 

Ὠ—= ὓ2 1
Ὠὠ

ὠ
 

(1) 

Where the change in flow angle (relative to its original direction) is represented by Ὠ—. Eq. 1 integrates 

to give the following (Equation (7.10) in [9]): 

’ὓ =
‎+ 1

‎ 1
tan 1

‎ 1

‎+ 1
(ὓ2 1) tan 1 ὓ2 1 

                                            (2) 

The parameter ’ is known as the Prandtl-Meyer angle.  

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

Figure 8. Also in that figure is a diagram of the right-ǊǳƴƴƛƴƎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ŦǊƻƳ Ǉƻƛƴǘ Ψ!Ω ŀƴŘ ǘƘŜ ƭŜŦǘ-

Figure 8. Geometry of characteristics at a point and impinging characteristics  
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ǊǳƴƴƛƴƎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ŦǊƻƳ Ǉƻƛƴǘ Ψ.Ω ƛƳǇƛƴƎing on point P. 

Method of Characteristics analysis for this project used the following equations; all taken from 

chapter 14 of Gas Dynamics [9], and numbered as they appear in that text. In Method of Characteristics 

equations the angle of the flow with respect to the hƻǊƛȊƻƴǘŀƭ ƛǎ ƎƛǾŜƴ ǘƘŜ ǎȅƳōƻƭ ʰΦ ¢ƘŜ aŀŎƘ ŀƴƎƭŜ ˃ ƛǎ 

defined as ‘= sin 1 1

ὓ
. The equations reference Figure 8, 

Ὠώ

ὨὼὍ
= tan (‌ ‘) 

 14.43 

Ὠώ

ὨὼὍὍ
= tan (‌+ ‘) 

14.44 

’+ ‌= ὧέὲίὸὥὲὸ= ὅὍ 

14.56 

’ ‌= ὧέὲίὸὥὲὸ= ὅὍὍ 

14.57 

The constants CI and CII are known as Riemann invariants.  

’ὖ=
ὅὍ+ ὅὍὍ

2
 

14.58 

‌ὖ=
ὅὍ ὅὍὍ

2
 

14.59 
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άὍ= tan
‌ ‘ὃ+ ‌ ‘ὖ

2
 

and 

άὍὍ= tan
‌+ ‘ὄ+ ‌+ ‘ὖ

2
 

14.60 

ώὖ= ώὃ+ άὍὼὖ ὼὃ  

and 

ώὖ= ώὄ+ άὍὍὼὖ ὼὄ  

14.61 

ὼὖ=
ώὃ ώὄ+ άὍὍὼὄ άὍὼὃ

άὍὍ άὍ
 

14.62 

A hand-drawn diagram ƻŦ ǘƘŜ άŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ƴŜǘέ using pencil and ruler is a valuable aide to this 

process. This will be referred back to as a reference of which points relate to each other, and what the 

proper relations are. The first step in carrying out an analysis with this method is to choose the 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 centerline is ǘƘŜ ǾŀƭǳŜ ƻŦ ʰ ŀǘ ǘƘŜ 

first point. Now choose how many characteristics will initially be used. It is convenient to choose an 

ŀƳƻǳƴǘ ƻŦ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ǘƘŀǘ ǿƛƭƭ ǊŜǎǳƭǘ ƛƴ ŀƴ ŜǾŜƴ ŘƛǾƛǎƛƻƴ ƻŦ ʰΦ CƻǊ ŜȄŀƳǇƭŜΣ ƛŦ ‌= 20° there could be 

five characteristics at 20°, мрϲΣ млϲΣ рϲΣ ŀƴŘ лϲΦ ¢ƘŜǎŜ ǾŀƭǳŜǎ ǿƻǳƭŘ ōŜ ǎŜǘ ŀǎ ǘƘŜ ʰ-value for the first five 

points which constitute an initial value line. ¢ƘŜ ƴŜȄǘ ŦƻǳǊ Ǉƻƛƴǘǎ ŀǊŜ ŀǎǎǳƳŜŘ ǘƻ ƘŀǾŜ ʰ-values that split 

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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¢ƘǊƻǳƎƘƻǳǘ ǘƘŜ ǇǊƻŎŜǎǎ ǘƘŜ ʰ-values will continue to follow this pattern with the exception of 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-

aŜȅŜǊ ŦǳƴŎǘƛƻƴΣ ˄ Ŏŀƴ ōŜ ŦƻǳƴŘΣ ǘƘǳǎ ƎƛǾƛƴƎ ǾŀƭǳŜǎ ŦƻǊ ǘƘŜ wƛŜƳŀƴƴ ƛƴǾŀǊƛŀƴǘs. Since the initial Mach 

number is arbitrarily assumed, the Prandtl-Meyer function can be used for these points. That is the only 

time the Mach number will be initially known. Additionally the initial group of coordinates can be found 

by the Pythagorean Theorem and trigonometry. For the rest of the flow the Mach number (and the 

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

όмпΦруύ ŀƴŘ όмпΦрфύ ŘŜŦƛƴŜ Ƙƻǿ ʰ ŀƴŘ ˄ Ŏŀƴ ōŜ ŦƻǳƴŘ ŦǊƻƳ /I and CII. After this in the analysis the Mach 

number will be derived with the following equation, given in Example 7.1 in Gas Dynamics [9]: 

Ὢὓ =
‎+ 1

‎ 1
tan 1

‎ 1

‎+ 1
ὓ2 1 tan 1 ὓ2 1 ’ 

(3) 

¦ǎƛƴƎ ǘƘŜ Ǝƻŀƭ ǎŜŜƪ ŦŜŀǘǳǊŜ ƛƴ aƛŎǊƻǎƻŦǘ 9ȄŎŜƭΣ ŦƻǊ ŀ ƎƛǾŜƴ ǾŀƭǳŜ ƻŦ ˄ ŀƴŘ ʴΣ ǎŜŜƪ ǘƘŜ Ǿalue of M that sets 

Ὢὓ = 0. There is now enough information to find the slopes of each Riemann invariant. These are 

found using the two equations labeled (14.60) and the point coordinates are determined by Equations 

(14.61) and (14.62). 

Next, select where ǘƘŜ ǿŀƭƭ ǿƛƭƭ ōŜƎƛƴ ǘƻ ǎǘǊŀƛƎƘǘŜƴΦ ¢Ƙƛǎ Ǉƻƛƴǘ ǿƛƭƭ ƘŀǾŜ ŀƴ ʰ-value equal to that 

ƻŦ ƛǘǎ Ψ.Ω ǇƻƛƴǘΣ ǊŜŦŜǊǊƛƴƎ ǘƻ CƛƎǳǊŜ уΦ !ǎ ǘƘŜ Ǉƻƛƴǘǎ ŀǊŜ ōŜƛƴƎ ƳŀǇǇŜŘ ōȅ ƘŀƴŘ ƻƴ ǘƘŜ ŘƛŀƎǊŀƳ ǘƘŜȅ ǿƛƭƭ ōŜ 

labeled appropriately. At this point in the analysis the inputs for the 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 beginning of the test section. The wind tunnel walls are now parallel. As this is a manual process 
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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 first characteristic termination point. The Method of 

Characteristics is not inherently iterative, but as this is an analytical procedure some trial and error must 

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

 The practical objectives of this project, once the theory was understood and incorporated, were 

to design, fabricate, and assemble a small working supersonic wind tunnel for laboratory use. The first 

step was the establishment of several governing parameters. These are calculated using MATLAB (The 

MathWorks Inc., Natick, MA) and the results are plotted below. The information yielded by these 

calculations was used to settle on a design concept based on run time and test-section Mach number. 

An optimum design for duct components and a vacuum chamber interface flange was then generated 

using SolidWorks (Dassault Systèmes SolidWorks Corp., Concord, MA). Working within the budget 

constraint, materials were obtained and sent to the Higgins Laboratories Manufacturing Shop for 

fabrication of components.  

4.1 Vacuum chamber and pump  constraints  

 The WPI Vacuum Test Facility is a 50 inch by 

72 inch, 35,343 cubic inch (2.3167 m3) vacuum 

chamber, with supporting instrumentation. It is 

pumped down by a combined rotary mechanical pump 

and a positive displacement blower. This supplies a 

pumping speed of over 10-2ς10-3 Torr (560 liters per 

second). The cycle time (the total time from the start 

of one run to the equipment being ready for the next 

run) of this apparatus is determined by the time required to pump down the vacuum chamber in 

between tunnel runs. A vessel of volume V takes the following time to be pumped from Pi to Pf at a 

given pumping speed S: 

Figure 9. The WPI Vacuum Test Facility (VTF) 
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ὸ= 2.3
ὠ

Ὓ
ln
ὖὭ
ὖὪ

 

 (4) 

At pressures less than 10-6 Torr rate of evacuation is determined by the evolution of gas from the vessel 

walls [11]. This is not a concern here as the vacuum chamber will be evacuated to a pressure of 5.0 x 10-2 

Torr, or 50 milliTorr. With the available pumps this process takes less than a minute.  

4.2 Solid Modeling  

 Initial calculations of mass flow rate and test duration were 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 a lesser extent it is also a function of vacuum chamber pressure. What is meant by that 

last statement is that the pressure difference between the inlet, in this case atmospheric pressure, and 

the outlet into the vacuum chamber, will never be more than one atmosphere. Considering the vacuum 

pressure of 50 milliTorr is 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 pressures was deemed unimportant. The necessary first calculation was mass flow rate vs. 

throat area. In this particular case, with a constant upstream pressure of one atmosphere, the 

relationship is linear as seen in Equation (5). 

These preliminary calculations were made using MATLAB 2009. SI units were used for the solid 

modeling calculations. A series of scripts were written to plot several relations regarding dimensions, 

mass flow, and test duration όƛƴ ǘƘƛǎ ŎŀǎŜ ΨǘŜǎǘ ŘǳǊŀǘƛƻƴΩ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ǘƛƳŜ the throat 

remains choked). The first to be explored was mass flow rate vs. throat area through a choked nozzle. 

The governing equation in this case is the following [2]: 
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ά=  
ὖὸὃ

ᶻ

Ὕὸ

‎

Ὑ

2

‎+ 1

‎+ 1
‎ 1

 

                                                              (5) 

Once the throat of a converging-diverging nozzle becomes choked, mass flow rate will remain constant 

until the nozzle unchokes. Specifically, for a constant back pressure at the tunnel exit, Pb, if the upstream 

pressure, Pt, is at least equal to 1.8929Pb, the throat will choke and any further decrease in Pb will not 

increase the mass flow rate through the nozzle.  

As seen in Equation (5), there is a 

linear relationship between mass 

flow rate and throat area.  The 

resulting plot is shown in Figure 10. 

For this calculation the following 

ǾŀƭǳŜǎ ǿŜǊŜ ŀǎǎǳƳŜŘΣ ʴ Ґ мΦпΣ w Ґ 

287 J/(kg*K), Tt = 293K, and Pt = 

101325 Pa. As previously described, 

indraft tunnels draw from the 

ambient atmosphere, which is 

reasonably assumed to be constant. By assuming isentropic conditions in the wind tunnel the stagnation 

pressure (Pt) in the converging section of the nozzle is also constant, as is the stagnation temperature 

(Tt). Should the tunnel be designed with the option to run continuously while evacuating the vacuum 

chamber the mass flow rate through the throat must not exceed the capacity of the vacuum pump.  

The next relation was test duration as a function of throat area. Test duration here is considered 

ǘƘŜ ǘƛƳŜ ŦǊƻƳ ǿƘŜƴ ǘƘŜ ǘǳƴƴŜƭ ΨǎǘŀǊǘǎΣΩ ƳŜŀƴƛƴƎ ǘƘe moment the throat becomes choked and the flow 

Figure 10. Mass flow rate vs. throat area. Created in MATLAB, 
using Equation 5. 
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in the test section becomes supersonic, to when the pressure in the vacuum chamber becomes high 

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

ὸ=  
ὠὝὖὩ
άὙὝὸ

1
ὖὭ
ὖὩ

 

                                                       (6) 

Equation (6) is derived from the 

continuity equation. The details of this 

derivation are given Section 6.1 in the 

appendix. The resulting plot is shown in 

Figure 11.  

 Equation (6) introduces a new 

ratio, ὖὭὖὩϳ . This specifically is the ratio 

of initial vacuum chamber pressure to 

end-of-run vacuum chamber pressure. 

ὖὩ is found from the pressure ratio 

required to sustain supersonic flow through the test section. The ratio of stagnation to static pressure at 

a given Mach number is defined by Equation (3.30) in John D. !ƴŘŜǊǎƻƴΩǎ Modern Compressible Flow [2]. 

It is repeated here: 

ὖὸ
ὖ

= 1 +
‎ 1

2
ὓ2

‎
‎ 1

 

(7) 

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

[2]:  

Figure 11. Test duration vs. mass flow rate. Assumes 
isentropic conditions, initial vacuum chamber pressure Pi = 
6.6875 Pa, and end of run chamber pressure Pe = 53499.6 Pa 
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ὖᶻ

ὖὸ
=

2

‎+ 1

‎
‎ 1

 

(8) 

 Note Equation (8) refers to the characteristic pressure at a sonic throat. Assuming that ‎= 1.4, 

ὖᶻὖὸϳ ḙ0.528. Once the back pressure in the vacuum chamber has risen to 0.528ὖὸ, which is equal to 

53499.6 Pa, a shock will have formed inside the tunnel. At this time flow in the test section will be 

assumed completely subsonic and the test will be over. Due to the geometry of a converging ς diverging 

nozzle, the characteristic pressure ὖᶻ can be replaced with the end of run pressure ὖὩ. For an indraft 

tunnel, drawing from an atmospheric pressure ὖὸ= 101325 Pa, the end of run pressure will be 

ὖὩ= 53499.6 Pa. It must be made clear that in the end-of-run condition the throat is still choked and a 

standing normal shock is in the expansion section compressing the test section flow to subsonic 

conditions. In fact, according to the subsonic entries of the Isentropic Flow Properties table in Modern 

Compressible Flow [2] this throat will remain choked until the vacuum chamber reaches ὖ= 0.996ὖὸ, or 

100919.7 Pa.  

 As described in section 4.1 the vacuum system uses a Stokes model 1721-2 displacement pump 

and blower combination. The mass flow capability of the pump is determined by the pump speed 

(volumetric flow rate) at a given pressure. This information is provided by the pump manufacturer as a 

άǇǳƳǇƛƴƎ ǎǇŜŜŘ ŎǳǊǾŜΦέ The mass flow rate is equal to the product of the pumping speed and gas 

density in the vacuum chamber (density being determined from the ideal gas law). The minimum 

starting pressure is selected so as to prevent oil back-streaming from the pump into the chamber as a 

result of molecular diffusion. This minimum starting pressure value is approximately 50 milliTorr. This 

model more accurately reflects the probable usage of this supersonic wind tunnel, since the blower is 

not intended for continuous use. 
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 Test section Mach number is a function of area, specifically, the ratio of the test section cross-

sectional area to the throat cross-sectional area. The relation ὓ= Ὢ(
ὃ

ὃz
) is given by the following 

equation. 

 

ὃ

ὃz

2

=
1

ὓ2

2

‎+ 1
1 +
‎ 1

2
ὓ2

‎+ 1
‎ 1

 

                                                  (9) 

Equation (9) is known as the area-Mach 

number relation [2, 8]. For example, for 

a test section Mach number of 4 

corresponds to an area ratio of 10.72. 

  

 

 

 

 

 

 

 

Figure 12. Area-Mach relation for a choked supersonic 
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 

Equation (6). Making the substitution, 

setting ὃᶻ= ύὬᶻ and simplifying 

yields the following equation: 

 

ὸ=
ὠὸὖὩ

ὖὸύὬz
Ὑ‎
Ὕὸ

2
‎+ 1

‎+ 1
‎ 1

1
ὖὭ
ὖὩ

 

(10) 

Test duration for a throat width of 3.81cm (1.5 in) and height ranging from 0.1 ς 2 cm (0.039 ς 0.787 in) 

is shown in Figure 13. The following assumptions were made for the calculation: ‎= 1.4, ὖὭ=

6.6875 ὖὥ, ὖὩ= 53499.6 ὖὥ, ὖὸ= 101325 ὖὥ, Ὕὸ= 293 ὑ, ὠὸ= 2.317 ά3, and Ὑ= 287.  

 

  

Figure 13. Test duration vs. throat height. Created in MATLAB. 
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4.3 Mechanical Design 

 Design of the wind tunnel encompassed three primary components. The rectangular entry 

flange, the tunnel contours, and the end piece (which includes the round-to-square cross-section 

transition). The wind tunnel assembly also includes clear acrylic walls which are fixed to both sides of 

the tunnel with epoxy. 

4.3.1 Rectangular  entry  flange 

The Rectangular entry flange got its name simply because the final configuration for the test 

section was rectangular. The body of the flange must be 

compatible with the window flange, which stays fixed to a port 

on the vacuum chamber. The opening in the rectangular entry 

point is simply a smooth continuation of test section geometry. 

Originally this component was going to be located immediately 

after the tunnel control ball valve, which would have been 

mounted downstream of the test section. Ball valves are made 

to fit round tubes, so this would have had a round opening. 

Figure 15: rectangular entry flange 

                                            Figure 14: exploded view of tunnel assembly 
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Further complicating the design, a supersonic transition from 

rectangle to round would have been required upstream of the 

valve. It was determined that this complication would add too much 

to fabrication demands, which could be avoided given a simple line-

up change. We decided that the control ball valve would be 

mounted at the inlet, which allowed the test section to discharge 

directly through the rectangle entry flange. This alteration 

tremendously simplified the machining requirements.  

Apart from the airflow channel, the rectangular entry flange 

only serves to mount the tunnel to the vacuum chamber via 

the window flange. On the front of the rectangular entry flange 

(Figures 15 and 16) is a shallow face recessed 1/8 inch into 

which a 1/16 inch gasket will be fitted. With the channel 

securely mounted to the flange, the depth of the recess and 

the thickness of the gasket were planned so that the channel 

assembly is seated within the plane of the flange. This provides 

additional alignment for the assembly. The assembly is mounted to the rectangular entry flange with 

four ANSI 1/4 -28 socket head bolts.  

The window flange (Figure 17) is already in existence, and has been used for other applications. 

This project treats it as a standard piece of support equipment for the vacuum test facility. A SolidWorks 

model of the existing window flange was provided for use by this MQP by a graduate student, Nick 

Behlman.   

Figure 17: window flange 

Figure 16. Image of finished 
rectangular entry flange. 














































































