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At Bethel University, fluid mechanics is integrated into the physics curriculum as a required 
component in the Applied Physics major option.  Although the fluid mechanics course is not 
required for students pursuing other physics major options, most of these students take the 
course as an elective. Open-ended advanced lab projects are key components of the fluid 
mechanics course, as is the case in the upper level Optics, Contemporary Optics (i.e. lasers), 
Electronics, and Computer Methods in Physics courses.  
 
In this workshop, we demonstrate the operation of a small supersonic blowdown tunnel ( see 
Figure 1) that was initially constructed as part of a fall 2010 project in our fluid mechanics 
course.  Following the initial construction and testing of the apparatus, subsequent student 
research projects have included high-speed video (HSV) shadowgraph imaging and the 
development of a MATLAB GUI for side-by-side comparisons between simulation and ongoing 
experiments with the tunnel [1-2]. HSV imaging of the flow in the tunnel was highlighted as a 
2011 ALPhA laboratory immersion workshop at Bethel University [3]. Ongoing student project 
work is supported to further characterize the flow in the tunnel and to assess the 1D isentropic 
flow assumption for our numerical simulations.  Details will be presented on the design, 
construction, operation and ongoing project objectives with the blowdown tunnel.   
 

 
Figure 1: Preliminary flow imaging with the blowdown tunnel (fall 2010).  
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Introduction: 

The physics department at BU has a strong history of open-ended advanced labs, with project-
oriented advanced laboratory experiences in its upper level courses in optics, laser physics, fluid 
mechanics and computer methods [4-5].  A variety of advanced laboratory projects at BU have 
focused on applications involving compressible flows and shock waves.  Several of these projects 
have been central to the upper-level BU Fluid Mechanics course (PHY420), but have also been 
enriched by student experiences in the other BU advanced lab courses in Optics (PHY330), 
Lasers (PHY430), and Computer Methods in Physics and Engineering (PHY350). 

Example 1: The Ping Pong Cannon.  Recent BU open-ended student projects on shock waves in 
expansion tube accelerators (also known as the “ping-pong cannon”) have been well 
documented [6-8].  The ping-pong cannon has been a highlight of numerous physics 
demonstrations by BU faculty, capturing the excitement of diverse audiences ranging from 
elementary school students to physics professors. A ping pong ball is accelerated to speeds of 
approximately 300 m/s over a distance of 2-3 meters using atmospheric pressure only. Student 
intrigue with the cannon and the richness of the underlying physics have led to numerous 
student studies at BU in General Physics(PHY290/295), Fluid Mechanics (PHY420), Optics 
(PHY330) and Senior Research (PHY490). These studies have included both experimental 
studies (optical diagnostics and imaging) and numerical simulations of the shock dynamics that 
are dominant in ping-pong cannon operation. Previous studies on the ping pong cannon have 
recently been revisited with the use of high-speed video. Figure 2 shows a pulsed laser 
shadowgraph image of the shock waves at the exit of the ping pong cannon (left); and, HSV 
images of the exiting ball along with a sequence of shadowgraph shock wave images just prior to 
the exit. The HSV imaging was highlighted as an advanced lab project in one of ALPhA’s 2011 
Laboratory Immersions at BU [2]. 

 
Figure 2: Compressible flow physics of the ping-pong cannon: Pulsed laser shadowgraph (left) [6]; HSV images  
of the exiting ball (upper right) and shock wave sequence (lower right): The sequence of frames in the shock  

wave sequence show the propagation of multiple waves exiting the cannon in front of the ball [3]. 



Example 2: Mach 3 Shock Tunnel.  More recently, the physics department has designed and 
constructed a Mach-3 shock tunnel.  Initial design for the shock tunnel stemmed from a spring 
2007 student project in PHY420 (Fluid Mechanics).  Final design and construction of the shock 
tunnel have taken place between summer 2007 and 2008 as undergraduate student research 
projects.  The shock tunnel has been used for student advanced lab projects on shock dynamics 
and supersonic aerodynamics.  Figure 3 shows the shock tunnel facility and results from initial 
imaging studies in the tunnel test section.  The facility can be converted to a shock tube by 
removing the nozzle, test section, and dump tank at the end of the apparatus. Pulsed laser 
shadowgraph images taken in the Bethel physics lab portray the interaction and eventual 
degeneration of a gas-filled shock bubble with a strong shock wave and are depicted in Figure 4.  
These results have been presented at recent American Association of Physics Teachers (AAPT) 
conferences [5,8].  Figure 4 (left) shows a shadowgraph image of the bubble and shock wave for 
a sulfur-hexafluoride (SF6) filled soap bubble, approximately 40×10-6 seconds after the shock 
wave (outside of the bubble) has passed.  In Figure 4 (right), an air-filled soap bubble breaks 
down approximately 1×10-3 seconds after the shock wave has passed. 

 
Figure 3: BU shock tunnel with pulsed laser (foreground) schlieren imaging setup.  Shadowgraph and  
schlieren images depicting the standing bow shock in front of a blunt object during tunnel operation. 

     
Figure 4: Interaction of a sulfur-hexafluoride (SF6) filled soap bubble with a shock wave (left);  

Deterioration of an air-filled soap bubble one millisecond after being hit by a shock wave.  



Example 3: Benchtop Blowdown Tunnel.  A fall 2010 student project in the BU Fluid Mechanics 
course was directed towards the design, construction, and initial testing of a small supersonic 
blowdown tunnel.  Subsequent BU student projects have included studies on the compressible 
flow and shock waves in the converging-diverging (CD) nozzle of the tunnel utilizing HSV 
shadowgraph imaging techniques, development of a MATLAB program and GUI to model the 
flow in the tunnel, and ongoing studies to characterize the compressible fluid mechanics in the 
tunnel throughout its operation [1-2].  Figure 1 shows a picture of the preliminary student 
shadowgraph imaging studies on the blowdown tunnel after the construction of the apparatus 
during the fall 2010 Fluid Mechanics course. Figure 3 shows sequences of shadowgraph images 
during the tunnel blowdown in the diverging nozzle which were taken during a 2011 Advanced 
Lab Physics Association (ALPhA) Laboratory Immersion  at BU [3]. 

Description of Blowdown Tunnel: 

The blowdown tunnel is constructed with two 5-gallon pressure tanks which are connected by a 
CD nozzle and valve.  One tank is at high pressure and the other is at a lower pressure. Upon 
opening the valve (and for acceptable pressure differences), the nozzle provides a period of 
steady supersonic flow in the diverging section, with a Mach 1 condition at the throat. A diagram 
of the apparatus is shown in Figure 5. The flow goes through three stages in the nozzle. The first 
stage is highly transient and culminates with the development of the quasi-static flow condition 
throughout the nozzle. In the second stage, flow is fully developed with sufficient driving 
pressure to sustain supersonic flow in the entire divergent section of the nozzle.  In the final 
stage, the driving pressure is no longer sufficient and a normal shock recedes from the exit of the 
nozzle to the throat, marking the end of supersonic flow. 
 
Note: A parts list is included on the last two pages of this document. 

 
Figure 5: Blowdown tunnel apparatus. 

HSV Shadowgraph Imaging Setup: 

Initial student projects with the blowdown tunnel focused on characterization of the flow 
throughout the blow down process using HSV shadowgraph imaging techniques.  The basic 
setup for the imaging studies is shown in Figure 6.  Collimated light passes through the nozzle 
windows and onto a frosted glass plate on the other side of the nozzle.  Light is refracted due to 
the air density gradient in the nozzle and the shadowgraph is projected on the frosted plate.  The 
shadowgraph projection is recorded with a HSV camera. Although Figure 6 depicts the setup 
with an LED light source, initial HSV imaging was carried out with a laser.  



 
Figure 6: Top view of blowdown tunnel with HSV shadowgraph imaging setup.   

As shown, LED light source is imaged on a frosted glass window after passing through the test section.   
Note: Sharper shadowgraph images are produced using a laser light source. 

Transient Pressure Measurements: 

A LabVIEW program was developed by students to take simultaneous measurements of absolute 
pressure using Kulite miniature piezoelectric (PZ) pressure transducers.  The program is being 
developed to better understand the transient flow characteristics in the tunnel during the 
blowdown operation.  Figure 7 (top) show the LabVIEW “front panel” for the pressure 
measurements.  Figure 7 (bottom left) shows preliminary pressure histories at three nozzle 
locations, clearly depicting the initial buildup of pressure in the nozzle and the pressure jumps 
due to the receding shock wave in the diverging nozzle. 

 

 

Figure 7: PZ pressure measurements with LabVIEW: The 

LabVIEW “front panel” is a flow chart for the 

measurements and data control (top); Pressure histories at 

three locations in the nozzle (left). 



Numerical Modeling: 

Some numerical modeling has been carried out to complement and support experimental 
studies.  A student project has focused on the development of a MATLAB graphical user 
interface (GUI) that models the compressible fluid dynamics in the nozzle throughout the blow 
down process.  The GUI allows the user to define nozzle design parameters and test conditions 
and to compare simulation results with experimental data.  A snapshot of the MATLAB GUI is 
shown in Figure 8 (left).  Additional simulations have been carried out with COMSOL 
multiphysics modeing software.  Whereas the MATLAB provide fast results based on the 1D 
isentropic flow assumption and normal shock relations, COMSOL provides solutions based on 
the fully viscous compressible flow equations.  A snapshot from a COMSOL solution is shown in 
Figure 8 (right). 

 

Figure 8: Numerical modeling of blowdown tunnel behavior:  
Snapshot of MATLAB GUI (left); Mach number distribution from a COMSOL simulation (right). 

A few considerations: 

As stated previous, BU physics advanced laboratory experiences are integrated into upper-level 
coursework as open-ended projects.  The following questions are examples of the types of 
questions that have been posed to facilitate the design of student lab projects with the blowdown 
tunnel. 

a. How could we approximate the blow-down time for the fully supersonic operation of the 

nozzle?  Assume that you know the necessary dimensions of the nozzle and the initial tank 

pressures.  A few hints: 

- What is the mass flow rate during supersonic operation? 

- What is the require pressure ratio to sustain fully supersonic flow? 

 

b. How might we approximate the time that it takes for the flow to go fully subsonic after the 

shock enters the exit of the nozzle? 

 

c. What implications do previous questions have for HSV imaging of the supersonic flow in the 

nozzle? 

 



d. The isentropic flow assumption is reasonable in the absence of shock waves and when viscous 

flow effects are negligible.  What influence does the viscous boundary layer have on this 

assumption? 

 

 

Basic Theory: 

Here, we describe the basic underlying compressible fluid 
physics behind the operation of the blowdown tunnel. We 
assume that the flow can be described based on 1D steady 
isentropic flow equations.  We also assume the presence of a 
1D normal shock wave when pressure differences across the 
nozzle are insufficient to sustain fully supersonic flow in the 
diverging section of the nozzle.  Figure 8 depicts the CD 
nozzle (top) and the pressure distribution throughout the 
nozzle for various inlet to exit pressure ratios.  The different 
pressure distributions in Figure 8 describe the blowdown 
process of the tunnel, with the initial flow beyond the throat 
fully supersonic (lower curve), followed by a period during 
which a normal shock recedes from the exit toward the 
throat, followed by fully subsonic flow after the shock has 
receded to the throat, and ending with an equilibrium 
situation (upper curve). 
1D Isentropic flow Relations for a Perfect Gas: The isentropic 

flow assumption greatly simplifies the compressible flow 

description.  The assumption is reasonable when viscous 

effects are small and when no shock waves are present.  For 

1D, isentropic flow, temperature (T), pressure (p), and density () can be related to the Mach 

number. 
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Here,  is the specific heat ratio for air, U is the flow velocity, M is the Mach number, c is the 

speed of sound, and R is the gas constant for air.  The subscript “0” indicates stagnation values, 

where the flow speed is zero. Thus, all we need is the local Mach number to describe 

temperature, pressure and density at any location in the nozzle. 

Figure 8: Pressure distribution along the 
nozzle for various pressure differences. 
Isentropic flow is assumed everywhere, 
except across the shock wave. 



Using the isentropic flow relations along with the continuity equation (and a bunch of algebra), 

we get  
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This relation indicates that the sonic condition (i.e. M=1) can only occur where dA is zero, which 

is the nozzle throat. Additional algebra leads to the following relationships for the Mach 

number-area relationship and the mass flow through the sonic throat of the nozzle: 
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Here, A* is the nozzle throat area. Whenever flow in the diverging section of the nozzle is 

supersonic, the nozzle throat must have a sonic condition.  In these situations, the isentropic 

flow relations and conservation of mass condition lead to an expression for the mass flow rate in 

the nozzle of 

00

* RTA6847.0m   

Note: The isentropic flow relations (eqns. 1-3) and the Mach number-area relationship are 

tabulated in Table 1. 

Normal Shock Relations: When the pressure difference between the two tanks of the blowdown 

tunnel drops below a critical value, supersonic flow cannot be achieved throughout the diverging 

nozzle and a shock wave occurs in the nozzle.  Thus, if the flow starts fully supersonic in the 

diverging nozzle, eventually the critical pressure ratio will be reached and a shock wave will form 

at the exit of the nozzle and recede towards the throat as the tank pressures equalize.  Isentropic 

flow relations are not valid across the shock wave!  However, isentropic flow can be assumed up 

to the shock and after the shock.  The normal shock relations allow us to determine jumps in 

properties across the shock. 

The normal shock relations are unique functions of  and the upstream Mach number Mn1. The 

downstream Mach number can be described as 
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The downstream Mach number and the pressure, temperature, and density ratios are 

summarized in Table 2 as a function of the upstream Mach number.  

 

 



Table 1: Isentropic Flow Relations 

Isentropic Flow of a Perfect Gas,   = 1.4 

M p/p0 ρ/ρ0 T/T0 A/A* 

0.0 1.0000 1.0000 1.0000 ∞ 

0.1 0.9930 0.9950 0.9980 5.8218 

0.2 0.9725 0.9803 0.9921 2.9635 

0.3 0.9395 0.9564 0.9823 2.0351 

0.4 0.8956 0.9230 0.9690 1.5901 

0.5 0.8430 0.8852 0.9524 1.3398 

0.6 0.7840 0.8405 0.9328 1.1882 

0.7 0.7209 0.7916 0.9107 1.0944 

0.8 0.6560 0.7400 0.8865 1.0382 

0.9 0.5913 0.6870 0.8606 1.0089 

1.0 0.5283 0.6339 0.8333 1.0000 

1.1 0.4684 0.5817 0.8052 1.0079 

1.2 0.4124 0.5331 0.7640 1.0304 

1.3 0.3609 0.4829 0.7474 1.0663 

1.4 0.3142 0.4374 0.7184 1.1149 

1.5 0.2804 0.4032 0.6954 1.1629 

1.6 0.2353 0.3557 0.6614 1.2502 

1.7 0.2026 0.3197 0.6337 1.3376 

1.8 0.1740 0.2868 0.6068 1.4390 

1.9 0.1492 0.2570 0.5807 1.5553 

2.0 0.1278 0.2300 0.5556 1.6875 

2.1 0.1094 0.2058 0.5313 1.8369 

2.2 0.0935 0.1841 0.5081 2.0050 

2.3 0.0800 0.1646 0.4859 2.1931 

2.4 0.0684 0.1472 0.4647 2.4031 

2.5 0.0585 0.1317 0.4444 2.6367 

2.6 0.0501 0.1179 0.4252 2.8960 

2.7 0.0430 0.1056 0.4068 3.1830 

2.8 0.0368 0.0946 0.3894 3.5001 

2.9 0.0317 0.0849 0.3729 3.8498 

3.0 0.0272 0.0762 0.3571 4.2346 

3.1 0.0234 0.0685 0.3422 4.6573 

3.2 0.0202 0.0617 0.3281 5.1210 

3.3 0.0175 0.0555 0.3147 5.6286 

3.4 0.0151 0.0501 0.3019 6.1837 

3.5 0.0131 0.0452 0.2899 6.7896 

3.6 0.0114 0.0409 0.2784 7.4501 

3.7 0.0099 0.0370 0.2675 8.1691 

3.8 0.0086 0.0335 0.2572 8.9506 

3.9 0.0075 0.0304 0.2474 9.7990 

4.0 0.0066 0.0277 0.2381 10.7188 



Table 2: Normal Shock Relations 

Normal Shock Relations for a Perfect Gas,  =1.4 

Mn1 Mn2 p2/p1 V1/V2=ρ2/ρ1 T2/T1 p02/p01 A2*/A1* 

1.0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

1.1 0.9118 1.2450 1.1691 1.0649 0.9989 1.0011 

1.2 0.8422 1.5133 1.3416 1.1280 0.9928 1.0073 

1.3 0.7860 1.8050 1.5157 1.1909 0.9794 1.0211 

1.4 0.7397 2.1200 1.6897 1.2547 0.9582 1.0436 

1.5 0.7011 2.4583 1.8621 1.3202 0.9298 1.0755 

1.6 0.6684 2.8200 2.0317 1.3880 0.8952 1.1171 

1.7 0.6405 3.2050 2.1977 1.4583 0.8557 1.1686 

1.8 0.6165 3.6133 2.3592 1.5316 0.8127 1.2305 

1.9 0.5956 4.0450 2.5157 1.6079 0.7674 1.3032 

2.0 0.5774 4.5000 2.6667 1.6875 0.7209 1.3872 

2.1 0.5613 4.9783 2.8119 1.7705 0.6742 1.4832 

2.2 0.5471 5.4800 2.9512 1.8569 0.6281 1.5920 

2.3 0.5344 6.0050 3.0845 1.9468 0.5833 1.7144 

2.4 0.5231 6.5533 3.2119 2.0403 0.5401 1.8514 

2.5 0.5130 7.1250 3.3333 2.1375 0.4990 2.0039 

2.6 0.5039 7.7200 3.4490 2.2383 0.4601 2.1733 

2.7 0.4956 8.3383 3.5590 2.3429 0.4236 2.3608 

2.8 0.4882 8.9800 2.6636 2.4512 0.3895 2.5676 

2.9 0.4814 9.6450 3.7629 2.5632 0.3577 2.7954 

3.0 0.4752 10.3333 3.8571 2.6790 0.3283 3.0456 

3.1 0.4695 11.0450 3.9466 2.7986 0.3012 3.3199 

3.2 0.4643 11.7800 4.0315 2.9220 0.2762 3.6202 

3.3 0.4596 12.5383 4.1120 3.0492 0.2533 3.9483 

3.4 0.4552 13.3200 4.1884 3.1802 0.2322 4.3062 

3.5 0.4512 14.1250 6.2609 3.3151 0.2129 4.6960 

3.6 0.4474 14.9533 4.3296 3.4537 0.1953 5.1200 

3.7 0.4439 15.8050 4.3949 3.5962 0.1792 5.5806 

3.8 0.4407 16.6800 4.4568 3.7426 0.1645 6.0801 

3.9 0.4377 17.5783 4.4156 3.8928 0.1510 6.6213 

4.0 0.4350 18.5000 4.5714 4.0469 0.1388 7.2069 

4.1 0.4324 19.4450 4.6245 4.2048 0.1276 7.8397 

4.2 0.4295 20.6098 4.6749 4.3666 0.1173 8.5227 
 

 
 

 



Design:  A design schematic and parts list are shown in the section below. 
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