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Preface 

This study originated as a desire to improve the per¬ 

formance of the Mechanical Engineering Laboratory shock tube. 

The basic shock tube was capable of flows up to a Mach number 

of approximately 1.4 for 1.4 milliseconds. As a result of 

this project, the modified shock tube is now capable of 

Mach 2.6 - 2.8 flows over a variety of Reynolds numbers for 

up to 18 milliseconds. 

I would like to express my appreciation to the following 

individuals, whose assistance, guidance, and advice was 

invaluable to the successful completion of this study: 

Dr. A.J, Shine, Prof. M.E. Pranke, and Lt. P.P. Meyfarth, 

Head and members of the faculty of the Mechanical Engineering 

Department; Mr. John Parks, M. E. Laboratory Technician; 

Mr. M.W. Wolfe, School Shops Supervisor; and Mr. Clif Howell, 

ASD Technical Photographer. The individual effort that each 

of these people provided cannot be measured, but it was most 

certainly appreciated. 

My special thanks to my wife and children for their 

patience and understanding during the accomplishment of the 

project and the preparation of this report. 

Carroll C. Rands 
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Abstract 

This study concerns the Installation and test of a two- 

dimensional, sharp-edge-throat, Mach 3 nozzle in the Mechanical 

Engineering Laboratory shock tube. 

Preliminary tests on an abrupt area reduction resulted 

in the selection of a 1-inch nozzle throat height. Wooden 

nozzle blocks were installed and test runs were conducted 

with a constant chamber pressure and varied channel pressure 

to produce incident shock waves of increasing strength. 

Analysis of high-speed motion pictures indicates that the 

nozzle test section Mach number is independent of incident 

shock strength; however, available and usable test times 

increase with increasing incident shock strength. 

A plenum chamber attached to the low-pressure channel 

helped produce Mach 2.6 - 2.8 flows for up to 18 milliseconds. 

xiii 
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THE DESIGN AND PERFORMANCE 

OF A 

CONVERGENT - DIVERGENT NOZZLE 

FOR 

THE MECHANICAL ENGINEERING LABORATORY SHOCK TUBE 

I. Introduction 

Purpose 

The original objective of this study was: . . to 

design and test a section which will increase the Mach number 

capabilities of the Mechanical Engineering Department shock 

tube. Basically the objective requires that a convergent- 

divergent section, a second diaphragm, and a low-pressure 

chamber be added to the present tube." 

Early in the study, it became apparent that material 

would not be available to build a new test section. After a 

search of the literature, it was decided that a second dia¬ 

phragm might not be necessary (Ref 6). The study was then 

re-defined as, "The Design and Performance of a Convergent- 

Divergent Nozzle for the Mechanical Engineering Laboratory 

Shock Tube." 

Background Information 

Early in the age of hypersonic flight, the need for a 

method to simulate high-temperature, high-Mach number flows 
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became apparent. The shock tube has been used for several 

years for various studies in high-temperature, high-speed 

flows and its limitations are well known to its users. 

The characteristics and operating principles of the 

shock tube are adequately described by Glass, Martin, and 

Patterson (Ref 4, 5, 7), in general, the shock tube is a 

long metal tube consisting of a high-pressure chamber separated 

from a low-pressure channel by a frangible diaphragm. When 

the diaphragm is ruptured, a series of expansion waves pro¬ 

pagates into the high-pressure chamber and a series of com¬ 

pression waves propagates into the low-pressure channel. The 

compression waves rapidly coalesce into a normal shock wave, 

which continues to travel into the low-pressure channel. At 

this time, there are four distinct regions of flow in the 

shock tube (Fig l). 

Regions 1 and 4 are at rest and have not been disturbed 

by either the shock wave or the expansion waves. 

The fluid in region 2 has been heated and accelerated by 

the incident shock wave. The flow in this region is uniform 

and steady, but of short duration. For a given diaphragm 

pressure ratio, the flow Mach number is a function of the 

ratio of specific heats of the fluid in the low pressure 

channel. Considering air as the fluid, M2 reaches a maximum 

value of 1,89 with an infinite diaphragm pressure ratio. 

The fluid in region 3 has been accelerated and cooled by 

2 
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the expansion waves. A temperature discontinuity or contact 

surface separates region 3 and region 2. Region 3 is not 

generally used for test purposes because it is "cold" flow. 

Researchers pondered the idea of attaching a nozzle to 

the end of the shock tube and expanding the flow in region 2 

to a higher Mach number. Hertzberg investigated the problem 

and concluded it would be possible to achieve hypersonic flow 

simulating free-flight conditions using this method (Ref 8). 

He also investigated the advantages and disadvantages of 

three possible nozzle arrangements: wnon-reflectedM shock 

method, reflected shock method, and the non-steady expansion 

method (Ref 10), Further studies were conducted concerning 

flow starting phenomena and real gas effects in the hypersonic 

shock tunnel (Ref 6, 15). 

Progress was made very rapidly in the development of 

hypersonic shock tubes and today, they are being operated in 

the range from Mach 8 to 35 with Reynolds numbers from 40 

million per foot to 100 per foot. 

With this advance in shock tube technology, the members 

of the Mechanical Engineering Department expressed a desire 

to improve the performance of the M. E. Laboratory shock tube. 

They realized that this shock tube did not possess the potential 

for hypersonic flow, but it certainly could be modified to 

produce a higher supersonic flow. It was their desire that 

originated this study. 

3 
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Scope of Study 

This study concerns the design and performance of a 

supersonic nozzle installed in the Air Force Institute of 

Technology Mechanical Engineering Laboratory shock tube. 

A preliminary investigation was conducted to determine 

the action of a shock wave when it impinges on an abrupt area 

change. The strength of the shock wave transmitted through 

the reduced area section was compared with the strength of 

the incident shock wave and Schlieren photographs were taken 

of the flow field. The results of this investigation were 

applied to the selection of a nozzle throat size. 

A two-dimensional, sharp-edge-throat nozzle was constructed 

with a design exit Mach number of 3 and a throat height of 

1 inch. A series of runs was conducted to: 

1. Record the Schlieren image of the flow field in and 

through the nozzle. 

2. Determine the test section Mach number as a function 

of incident shock strength. 

3. Determine the total test time available, the test 

flow duration, and the time loss due to the starting shock in 

the nozzle as a function of incident shock strength. 

4. Determine the necessity for a second diaphragm in 

front of the nozzle. 

5. Determine how the nozzle throat height might be varied 

from 1 inch. 

4 
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Air was used as the working fluid in both the chamber 

and the channel for all runs. 

The following chapters briefly discuss the theory of 

operation, describe the equipment and apparatus, and present 

the results. Conclusions were based on an evaluation of the 

Schlieren photographs of the flow field taken during each run. 

5 
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t=0 

A Diaphragm /l\ 

t=t, 

Arif-A I A-| - A 

Figure 1 

Basic Shock Tube Wave Diagram 
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II. Theory 

A detailed analysis of the process in a "reflected" 

shock type shock tunnel is quite complex and is beyond the 

scope of this study. However, an idealized, simplified 

explanation is readily understandable (Ref 6, 7, 10). A 

wave diagram of the process is shown in Figure 2. 

The incident shock wave accelerates, compresses, and 

heats the air behind it as it travels down the tube. It 

strikes the nozzle face and is almost completely reflected 

since the nozzle entrance is small compared to the area of 

the shock tube. The reflected shock further compresses the 

air and leaves a slug of hot, compressed, nearly stagnant air 

at the entrance to the nozzle. This slug of air is then ex¬ 

panded through the nozzle to the desired test section conditions. 

The test time available is considered to be the time 

interval between the arrival at the nozzle entrance of the 

incident shock and the shock reflected from the contact surface. 

This interval is shown in Figure 2. The time available is 

reduced by the flow starting phenomena in the nozzle (Ref 6). 

As the incident shock strikes the nozzle face, another 

shock wave and contact surface are formed at the nozzle en¬ 

trance. As this system proceeds through the nozzle, a distur¬ 

bance is created which rapidly forms into an upstream-facing 

shock wave. This starting shock tends to remain in the 

7 
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nozzle and must be swept downstream before a useful flow can 

be established. The flow will continue undisturbed until a 

disturbance from upstream disrupts it, or until the pressure 

ratio across the nozzle drops below the critical value 

required for sonic velocity at the nozzle throat. 

8 
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III. Equipment 

Basic Shock Tube 

General. The Mechanical Engineering Laboratory shock 

tube is pictured in Figure 3. It was designed and built by 

Davis and French as an independent study in 1955 (Ref 2). 

Egan and Foster completed the project and tested it as their 

study in I956 (Ref 3). Details of construction and operation 

are presented in their reports. 

Description. In general, the shock tube is made of 

aluminum Jig-plate in 5 four-foot sections. When assembled, 

it is a closed rectangular tube, 20 feet long, with a constant 

internal cross-section 4 inches wide by 8 inches high. 

Section 1 is the high-pressure chamber. The remaining 

four sections are bolted together to form the low-pressure 

channel. Sheets of Mylar film are used as the diaphragm 

which separates the high and low pressure sections. Section 

1 is held in place against the low-pressure channel by a 

hydraulic clamping arrangement. 

Transducer Mounts. Transducer mounting plugs are located 

on the top of the shock tube at 100", 128". l4o", 148", and 

174" downstream of the diaphragm, and in the end plate. In 

this report, these positions are designated for transducers 

2, 3, 4, 5, and 6 as shown in Figure 8. 

10 
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Test Section. Section 5 contains the test section. A 

6-1/4 inch diameter optically flat viewing window is located 

on each side of the section. The center-line of the windows 

is 168 inches from the diaphragm. Sixty threaded brass plugs 

are located at various positions in the top, bottom, and sides 

of the section. These plugs may be removed and their holes 

used for mounting test equipment or models between the viewing 

windows. 

Air Supply. Dry, oil-free air is supplied to the high- 

pressure chamber from the laboratory's compressed air system. 

Pressures up to 100 psi are available. A 150 inch mercury 

manometer, a 100 psi Bourdon gauge, and a 200 inch Wallace & 

Tiernan gauge are provided for pressure measurement. 

Vacuum System. The low-pressure channel can be evacuated 

to 0.25 inches of mercury, or lower, with two Cenco vacuum 

pumps. Pressure in the low-pressure channel is determined 

with a 36 inch U-tube mercury manometer. 

Temperature Measurement. Thermocouples are provided for 

temperature measurement in both the high and low pressure 

sections. A bulb-type thermometer is also available at the 

operator's table. 

Diaphragm Rupturer. A manually-operated plunger device 

mounted in section 1 was used to rupture the diaphragm for 

runs during the initial part of the study. This device was 

unsatisfactory when the high-speed motion picture camera was 

11 
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used to record the Schlieren images. For these runs, an 

electrically heated wire, actuated through the camera control, 

was used in place of the manual plunger. This apparatus is 

described in Appendix A. 

Plenum Chamber 

A plenum chamber at the end of the shock tube was 

necessary for the runs with the nozzle in the test section. 

This chamber provides additional downstream volume and is 

equivalent to adding several more sections to the shock tube. 

Shock waves and starting disturbances do not reflect from the 

plenum chamber entrance as they would from a closed end. 

Instead, they are dissipated by the large increase in area 

as they enter the chamber. 

To serve as the plenum chamber, a small air tank was 

modified with an adapter section, mounted on casters, and 

attached to the end of section 5. Another Cenco vacuum pump 

was connected to the tank to reduce the time necessary to 

evacuate the entire low-pressure section. A switch to control 

this pump was installed at the operator's table. Two views of 

the plenum chamber and purnp are given in Figure 4, 

Instrumentation 

Transducers. Endevco Corporation, Model 250I-500, piezo¬ 

electric transducers were used as shock wave indicators. 

12 
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These transducers are sensitive to a pressure change and pro¬ 

duce a voltage proportional to the impressed pressure step. 

The transducers are mounted at known locations in the mounts 

provided along the top of the tube. Appendix E contains a 

discussion regarding the use of these transducers for mea¬ 

suring a pressure step. 

Oscilloscopes. The two oscilloscopes used in the study 

are shown in Figure 5» 

The Tektronic Type 531 has a horizontal sweep rate that 

is variable from 0,02 microseconds per cm. to 12 seconds per 

cm. It has been modified with a single sweep circuit which 

prevents re-triggering of the sweep. A Tektronic Type 123 

preamplifier is used to amplify the voltage pulse from the 

transducer to trigger the sweep. 

The Hickok Type l805 is basically the same as the Type 

531 but has a sweep delay circuit. This circuit allows a pre¬ 

selected time delay to be applied to its sweep. 

The Tektronic Type 53B and Type 53/5^D vertical amplifiers 

are interchangable. The Type 53B provides for input of one 

channel only and presents this information over a vertical 

range from 0.05 to 20 volts per cm. The Type 53/5^0 presents 

two Input channels of information over a range from 1 millivolt 

per cm. to 50 volts per cm. 

Oscilloscope Cameras. A modified Polaroid camera using 

either Type 42 or 44 film was attached to each oscilloscope 

13 
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to record the trace for later evaluation. The picture of the 

trace was used to determine the shock wave velocity (Appendix B). 

Flow Visualization 

Schlieren System. A folded Schlieren system with the 

knife edge vertical was used for flow visualization. Both 

still and motion pictures were used to record the flow images. 

Figure 6 is a schematic diagram of the arrangement. 

Still Photography. For the still pictures, a Polaroid 

film pack containing either Type k2 or 44 film was mounted on 

a bellows arrangement as shown in Figure 7. 

The light source for this arrangement was a General 

Electric FT-230 spark lamp. A power supply for the lamp was 

constructed by the laboratory technicians for earlier studies. 

Figure 8 shows a schematic of the circuit and the sequence is 

as follows. The incident shock wave causes a voltage pulse 

from transducer 1. This pulse is amplified by the Type 123 

preamplifier and triggers the Type 531 oscilloscope which 

passes the signal to the delayed sweep of the Type l805 

oscilloscope. After a pre-determined delay time, calculated 

to catch the desired phenomena in the test section, the Type 

1805 triggers the spark lamp power unit with a 150 volt, saw¬ 

tooth pulse. The spark lamp is fired and the desired results 

are recorded on film. 

This system records the flow field image at one particular 

14 
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instant during the run, 

Motion Picture Photography. A Wollensak ',Fastax,^ Model 

WF high-speed framing camera was used to record the 

flow field image for an entire run. This camera is capable 

of film speeds up to 7,000 frames per second. When set for 

maximum speed, a 100-foot roll of film provides a camera run¬ 

time of approximately 0.6 seconds. The camera was operated 

through a Wollensak "Goose" Control Unit, Model J-515. The 

camera and control unit are shown in Figure 9. 

A 24 volt battery was connected to the diaphragm rupturer 

through an "Event" time delay relay in the "Goose" and a 

safety switch at the operator's table. An initiator switch 

started the camera immediately and 400 milliseconds later 

the shock tube was fired. The electrical circuit is diagrammed 

in Figure 10. 

A 1000 cps pulse generator printed 1 millisecond timing 

marks on the edge of the film. These marks were used during 

later evaluation of the film to provide an accurate time 

reference. 

The steady light source required for this system, was 

provided by a Sylvania Type 300 AC, concentrated-arc lamp in 

place of the spark lamp. 

The motion picture photography and services were provided 

by the Technical Photography Division of ASD. 

15 
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Figure 4 

Modified Shock Tube with Plenum Chamber 
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IV. Preliminary Investigation 

General 

When a shock wave strikes an abrupt area change, It is 

broken Into a reflected shock which travels back upstream, 

and a transmitted shock which travels through the reduced area 

section. The literature indicates that the shock transmitted 

through the reduced area section is stronger than the inci¬ 

dent shock. Shock strength is defined in Appendix B. Hall 

discusses the theory and gives the following data (Ref 7:157). 

For an area reduction of 50$, the ratio of the trans- 

mitted shock strength to the incident shock strength, -2i , 
F01 

varies from I.I9 at an incident shock strength, P21 , 21 

of 3, to I.25 at a ?2i 0? 50. For an area reduction of 8(#, 

the ratio varies from 1.42 at a P21 of 6, to 1.48 at a P21 of 

50. For an area reduction approaching 100$, the ratio varies 

from I.60 at a P21 of 6, to I.69 at a P21 of 50, 

It was desirable to apply this information to the selection 

of nozzle throat area. 

An experimental program was set up to determine the 

validity of this data applied to the M. E. Laboratory shock 

tube. The study was conducted in two phases using a device 

inserted in the shock tube to reduce the area. Phase I was 

conducted to compare the strength of the transmitted shock to 

the incident shock for differing incident shock strengths and 
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three different area reductions. Phase II was conducted 

using the Schlieren system to observe the flow field. The 

Schlieren image was recorded with still photography in one 

series and motion picture photography in another series. 

The results of these tests were then applied intuitively 

to the selection of a nozzle throat area. 

Area Reducers 

The area reducers are shown In Figure 11. They were 

constructed of 3/4 Inch aluminum plate, with aluminum face 

blocks and wood spacer blocks attached with bolts. The blocks 

were made In three different size sets to provide area re¬ 

ductions of 50.8Í, 76.6%, and 8% The height of the reduced 

area was 3-15/16 Inches, 1-7/8 Inches, and 7/8 inch, respect¬ 

ively. The top plate was drilled and tapped for transducer 

installation. 

The assembly was mounted with lugs through the model 

mounting holes in the shock tube. The face blocks were 

aligned vertically even with the center-line of the test 

section windows as shown in Figure 12. 

Phase ,1: Shock Strength Comparison 

Test Program. A series of 10 runs with Incident shock 

strengths from 1.2 to 7.0 was made with area reductions of 

50.8#, 76.6$, and 89$. 
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Instrumentation. The incident shock velocity and the 

transmuted shook velocity were determined for each run using 

the electronic configuration shown in Figure 14. 

As the incident shock passed transducer 1, the transducer 

generated a voltage pulse which started the trace on the Type 

531 oscilloscope. A lead connected from the "Gate Out" of 

the Type 531 to the "Trigger or Ext Sweep In" of the Type 

1805 oscilloscope conducted the starting pulse to start the 

trace on the Type 1805. As the incident shock passed transducer 

3, the trace was deflected upward. The length of the trace 

from start to the deflection represents the time for the 

incident shock to travel between transducers 1 and 3. 

The transmitted shock caused an upward deflection of the 

trace on the Type I805 as the shock passed transducer 5, 

mounted in the top of the area reducer. When the transmitted 

shock struck transducer 6, the trace was deflected downward. 

The length of the trace between the two deflections repre¬ 

sents the time for the transmitted shock to travel between 

transducers 5 and 6. 

The Incident and reflected shock strengths were determined 

from their respective velocities using the method discussed In 

Appendix B. 

Results. In general, the results of this phase indicated 

that over the range of incident shock strengths used: 
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of 50.8$. 

1. 

the same for area 

2. *51 
The ratio —— is greater than 1 and approximately 

^21 
for area reductions of 76.6$ and 89$. 

Thus, with a nozzle throat area equal to 20$ or less of 

the shock tube area, the shock transmitted through the throat 

will be stronger than the incident shock. 

In order to get more quantitative results, a study with 

many more runs would be required. 

Phase II: Flow Visualization 

This phase of the investigation was conducted using the 

still camera and spark lamp arrangement in one series, and 

the Fastax" camera and associated equipment in the second 

series. 

Still Photography. Using the same initial conditions to 

produce the same strength incident shock for each run, the 

time delay was varied to get still pictures of the shock wave 

at various positions in the test section. The incident shock 

wave had the following characteristics: Wg s 1450 fpSi ms = I.25, 

P21 8 1.66 . The incident shock impinged on an area reduction 

of 50.8$. 

The results of this series are presented in Figure 14. 

The line at the entrance to the area reducer is a vertical 

reference line. The incident shock is visible as a dark 
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reference line. 

For runs 1 and 2, neither the incident shock nor the 

transmitted shock v/ere strong enough to generate supersonic 

flow behind them, yet supersonic flow exists in the reduced 

area section, as confirmed by the presence of the standing 

shock waves. These shock waves remain until the transmitted 

shock reflects from the end of the shock tube, travels up¬ 

stream and wipes them out. Flow continues into the reduced 

section for a short time after the standing shocks have 

dissipated. 

Figure 17 is comparable to Figure 16 except that the 

camera speed was 650 frames per second faster for run 2. 

Figure 18 shows that for strong incident shocks, with a 

low channel pressure, the flow starts very rapidly and ends 

abruptly. 

Conclusions 

It was concluded from this preliminary investigation that 

a nozzle throat height of 1 inch would be large enough to 

provide good flow starting characteristics and yet be small 

enough to maintain the critical pressure ratio across the 

nozzle such that sonic conditions exist at the throat for an 

appreciable length of time over a range of incident shock 

strengths. 
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Table I 

Preliminary Test Data* 

* - See Appendix B 
a - Nominal Values 
b - Maximum Error, *4,5$ 
c,- Maximum Error, ±9,Oft 
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Figure 12 

Test Section with Area Reducers in Position 
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Figure 15 

"Fastax" Camera Arrangement 

with 89$ Area Reducers in Test Section 
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Figure l6a 

Preliminary Investigation - Run 1 - Start 
(36OO frames per second) 
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Figure l6b 

Preliminary Investigation - Run 1 
36OO frames per second) 
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Figure l6c 

Preliminary Investigation - Run 1 
_(3600 frames per second) 

- End 
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Figure lya 

Preliminary Investigation - Run 2 
(4250 frames per second) 

Start 
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Figure 18 

(Start)» ,, , T (End) 
Preliminary Investigation - Run 4 

(4500 frames per second) 

CT 
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V. Nozzle Design 

A sharp-edge-throat type of supersonic nozzle was selected 

for this project because of Its short length. 

Using the method of characteristics as applied by Shames 

and Seashore (Ref 12), nozzle contours were graphically con¬ 

structed for a nozzle with a throat height of 1 inch and 

Mach 3 at the exit. The graphical construction was laid out 

on 10 X 10 to the cm. graph paper with 10 cm. of scale equal 

to 1 inch. The coordinates were read directly from the graph 

paper with accuracy to three decimal places. 

The calculated nozzle length and exit height was 8.48 

and 4.235 inches, respectively. However, with accumulating 

errors in the graphical construction, the actual length and 

height were 8.88 and 4.50 inches. A check of the calculations 

and construction revealed no gross errors so the accumulated 

excess was permitted as a compensation for boundary layer. 

The contours, as constructed, extend only from the 

throat to X - 11.00 (Pig 19)» A 2-inch radius was selected 

for the entrance to provide parallel, uniform flow at the 

throat. A 3-inch straight section was added to the exit to 

provide a test section free from the interference of expansion 

waves at the exit lip. 

Nozzle dimensions and contour coordinates are given in 

Figure 19. 
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The nozzle was cut out of two blocks of laminated birch 

hardwood. Each half of the nozzle had holes drilled and 

tapped Into It so that It could be mounted securely at three 

different positions In the test section. Hole clearance 

provided for final alignment after the blocks were In the 

test section. 

The surfaces of the nozzle exposed to the flow were 

sealed with several coats of varnish and finished with six 

coats of paste wax. The surface was very smooth and free of 

irregularities. 

The nozzle blocks are shown in Figure 20. 
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Figure 20 

The Nozzle Blocks 
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VI. Nozzle Test Program 

Objectives 

A nozzle test program was conducted to determine: 

1. The actual test section Mach number as a function 

of incident shock strength, 

2. The available test time as a function of incident 

shock strength. 

3. The usable test flow duration as a function of 

incident shock strength. 

The test time lost because of the starting shock 

in the nozzle. 

5. The extent of flow separation at the nozzle throat. 

Test Program 

The test program consisted of five series of runs with 

the plenum chamber attached to the shock tube and the nozzle 

blocks in the test section. The incident shock data is pre¬ 

sented in Table II. Series A and B were preliminary in nature 

and were not used to obtain quantitative results. Series C, 

D, and E were evaluated and the results are presented in 

Chapter VII. 

68 - Series A and B consisted of three runs 

each, with varied pressure ratios to produce a weak shock 

wave (P2i<2), a medium strength shock wave (P2]*5), and the 

strongest shock wave obtainable (P21>10). 
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Table II 

Incident Shock Data# 

Series Run 
No. 

P4 

in Hg 
abs 

pl 
in Hg 
abs 

P41 W s 
fps 

(a,b) 

Hs 

(a,b) 

P21 

(a,c) 

A. 1 
2 
3 

146.0 
221.0 
220.9 

28.95 
4.41 
O.29 

5.04 
50.1 

767 

1460 
2340 
3470 

1.27 
2.04 
3.02 

1.72 
4.67 

10.45 

B 1 
2 
3 

144.8 
220.8 
225.8 

28.80 
4.40 
0.32 

5.03 
50.2 

706 

1430 
2350* 
3430 

1.25 
2.1* 
3.00 

1.66 
4.9* 

10.34 

C 1 
2 
3 

4 
5 
6 

224.0 
224.0 
224.5 

225.7 
225.2 
223.O 

28.95 
19.96 
14.16 

9.97 
5.00 
0.35 

7.74 
11.2 
15.9 

22.6 
45.0 

637 

17IO 
1840 
1950 

2100 
2350 
3450 

1.49 
I.6I 
1.71 

1.83 
2.05 
3.01 

2.43 
2.85 
3.23 

3.76 
4.74 

10.40 

D 1 
2 
3 

4 
5 
6 

225.O 
225.O 
225.O 

225.O 
225.O 
225.O 

29.05 
19.99 
14.70 

10.11 
5.06 
0.37 

7.75 
11.3 
15.3 

22.3 
44.5 

608 

1710 
1850 
1990 

2090 
2360 
3410 

1.49 
1.62 
1.74 

1.82 
2.06 
2.96 

2.43 
2.88 
3.36 

3.71 
4.78 

10.08 

E 1 
2 
3 

4 
5 
6 

225.O 
225.O 
225.0 

225.0 
225.O 
225.0 

29.04 
19.86 
15.13 

10.11 
5.10 
0.42 

7.75 
11.3 
14.9 

22.3 
44.1 

536 

1670 
1820 
2010 

2160 
2450 
356O 

1.45 
1.59 
1.74 

1.88 
2.13 
3.10 

2.29 
2.77 
3.38 

3.94 
5.14 

11.02 

# - See Appendix B 
* - Estimated 
a - Nominal Values 
b - Maximum Error, ±4.5# 
c - Maximum Error, ±9.0# 
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In Series A, the nozzle was located in the test section 

with the throat 1 inch downstream of the center-line of the 

test section windows. 

In Series B, the exit plane of the nozzle was even with 

the center-line of the test section windows. An 18° wedge was 

mounted in the test section in the region of parallel, uni¬ 

form flow. The wedge, mount, and mounting plugs are shown in 

Figure 21. Figure 22 shows the test section with the wedge 

in place. 

Series C, D, and E. Series C, D, and E consisted of six 

runs each. In each series, a constant chamber pressure was 

maintained and the channel pressure was varied in six steps 

from atmospheric pressure to the lowest vacuum obtainable. 

Runs 1, 2, 3, and 4 were set up to have subsonic flow in 

region 2. Run 5 and 6 were to have supersonic flow. Since 

the initial conditions were held similar, corresponding runs 

are comparable between each series; i.e., Run C-l compares 

with Run D-l and E-l. 

The configuration for Series C was the same as for Series 

B. This is referred to as the Model Test Position (Fig 23). 

Series D was conducted with the nozzle throat located 1 inch 

upstream from the center-line of the test section windows. 

This is referred to as the Throat Test Position (Fig 24). 

Series E was conducted with the nozzle throat 5 inches up¬ 

stream from the center-line of the windows. This is referred 
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to as the Intermediate Test Position (Fig 25). 

Data Collection 

-■Clden" Data «noemlng the incident shock was 

calculated fron, velocity measurements taken with the Type 531 

oscilloscope and the Type 53/5¾ plug-in unit combination. 

The velocity was determined between transducers 1 and 3. 

Appendix B gives a detailed example. 

Mow Field. The Schlieren image of the flow field was 

recorded by the same "Fastax" camera arrangement as used for 

the runs with the area reducers (Fig 10, 12). Tll„lng marks 

were printed at 1 millisecond intervals along the film. The 

mm was processed, viewed and edited. Selected portions of 

the film from each run were enlarged and printed for closer 

observation. 
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Figure 22 

"Fastax" Camera Arrangement 

with Nozzle and Wedge in the Test Section 
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Flow 

Figure 23 

Test Section with Nozzle in the Model Test Position 

(Exit plane of nozzle @ centerline of window) 
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-> 
Plow 

Figure 24 

Test Section with Nozzle in the Throat Test Position 

(Throat 1" upstream from centerline of window) 
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Flow 

Figure 25 

Test Section with Nozzle 
In the Intermediate Test Position 

(Throat 5" upstream from centerline of window) 
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VII. Nozzle Test Results 

General 

This chapter consists of a summary of test results and 

includes selected flow field pictures from Series C, D, and 

E. These pictures are included to provide the reader with a 

visual grasp for the process that takes place in the nozzle. 

In each of the series of runs, the transmitted shock is 

visible as a rather oblique-looking figure as in Figure 38a. 

Its odd appearance is caused by the fact that it has been 

distorted and is no longer one-dimensional. 

After the transmitted shock passes through the throat, 

flow begins and the starting shock is formed. This process 

is shown in Figures 33 through 37. The region between the 

transmitted shock and the starting shock is characterized by 

very turbulent flow. 

By the time the starting shock reaches the test section, 

it has been weakened considerably and is not well defined 

(Fig 2? - 32). Uniform, steady flow is established after the 

starting shock has passed through the test section and an 

oblique shock is formed at the leading edge of the wedge. 

As flow continues, the pressure ratio across the nozzle 

drops and the starting shock moves back into the test section, 

disrupting the oblique shock attached to the wedge. The 

starting shock continues upstream to the throat and then 

dissipates. 
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A short time thereafter, another transmitted shock is 

observed passing through the nozzle as shown in Figure 39« 

This transmitted shock is caused by the reflected incident 

shock which has been re-reflected by the contact surface (See 

Fig 2). Usable flow is not established behind this shock 

because the pressure ratio is too low. It is this shock that 

should have disrupted the test flow rather than the starting 

shock moving back upstream. 

Test Section Mach Number 

The test section Mach number was determined by measuring 

the oblique shock wave angle and using the method discussed 

in Appendix C. 

The Mach number ranged from 2.6 to 2.8 during each run. 

This variation is probably caused by the unsteady nature of 

the pressure generating process. For the runs analyzed, the 

range of fluctuation was independent of incident shock strength. 

Available Test Time 

The available test time was determined by counting the 

timing marks on the film between the incident shock and the 

first disturbance from upstream. This time increased from 

28 to 39 milliseconds as the incident shock strength increased. 

Table III summarizes the values for each run. 
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Usable Test Flow Duration 

The usable test time was considered as that time during 

which the oblique shock wave attached to the wedge was well 

established and there were no transient disturbances in the 

steady flow through the test section. The usable duration 

varied from zero for Run C-l to 18,4 milliseconds for Run C-6. 

Although flow was nearly established for Run C-l, it was 

not long enough for testing purposes (Fig 27d). 

Lost Test Time 

Du£ to Nozzle Starting Shock. This time interval is 

that interval from the arrival of the incident shock until 

the oblique shock is formed on the wedge. The time loss 

decreased from 7.6 milliseconds for Run C-2 to 0.9 millisec¬ 

onds for Run C-6. 

This decrease could be caused by the increased transmitted 

shock strength and flow velocity since both increase with in¬ 

creasing incident shock strength. 

Although not specifically proven in this study, it is 

believed that a possible primary cause is the lower pressure 

in the nozzle and plenum chamber. If this is true, the add¬ 

ition of a weak diaphragm in front of the nozzle would permit 

evacuation of the nozzle and plenum charriber to a lower pressure 

for all runs. This diaphragm would rupture when struck by the 

incident shock. The conditions in the middle section of the 
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of the shock tube, between the two diaphragms, could then be 

adjusted to produce the desired test section conditions. 

Due to Pressure Drop. This loss is the difference 

between the test time available, and the sum of the usable 

test time and the time lost due to the nozzle starting shock. 

It varied from 23,5 milliseconds for Run C-2 up to 25 milli¬ 

seconds for Run C-4 and then down to I8.7 milliseconds for 

Run C-6. 

No specific tests were made to determine this loss; 

however, it was observed in each of the runs that the usable 

test flow dissipated before a disturbance from upstream 

arrived to disrupt it. This observation indicates that the 

mass flow rate through the nozzle is too large, thus allowing 

the pressure ratio to drop below the critical value required 

for sonic velocity at the throat, before the disrupting dis¬ 

turbance arrives at the nozzle. This condition could be 

corrected by designing the nozzle with a smaller throat. 

Flow Separation 

There was no detectable flow separation at the nozzle 

throat during steady operation. 
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Table III 

Time Data* 

Run 
No. 

Available Test Time Nozzle Starting 
Shock Time Loss 

Pressure 
Drop Time 
Loss 

Usable 
Test 
Time 

Series Series Series Series 

C D E C C C 

1 

2 

3 

4 

5 

6 

28 

33 

34 

35 

36 

38 

28 

34 

35 

35 

36 

37 

28 

34 

35 

35 

36 

39 

# 

7.6 

5.8 

4.C 

2.6 

0.9 

# 

23.5 

24.3 

25.0 

22.8 

18.7 

# 

1.9 

3.9 

6.0 

10.6 

18.4 

* - Time in milliseconds 
# - Flow did not start 

6l 

i 



GAE/ME/62-3 

62 

; 

A
v
a
i
l
a
b
l
e
 
a
n
d
 
U
s
a
b
l
e
 
T
e
s
t
 
T
i
m
e
 
a
s
 
a
 
F
u
n
c
t
i
o
n
 
o
f
 
I
n
c
i
d
e
n
t
 
S
h
o
c
k
 
S
t
r
e
n
g
t
h
 



OAE/me/62-3 

Figure 27a 

Run C-l, Frames 1-10 
(4725 frames per second) 
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Figure 27b 

Run C-l, Frames 11-20 
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Figure 27e 

Run C-l, Frames 41-50 
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Figure 28a 

Run C-2, Frames 1-10 
(4850 frames per second) 
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Figure 28b 

Run C-2, Frames 11-20 
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Figure 28c 

Hun C-2, Frames 21-30 
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Figure 28d 

Run C-2, Frames 31-40 
Frames 4l-45 same as 40) 

GAE/ME/62-3 
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Figure 28e 

Run C-2, Frames 46-55 
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Figure 28f 

Run C-2, Frames 56-62 
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Figure 29a 

Run C-3, Frames 1-10 
(4815 frames per second) 
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Figure 29c 

Run C-3, Frames 21-30 
(Frames 31-^5 same as 30) 
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Figure 30c 

Run C-4, Frames 21-25 and 51-55 
(Frames 26-50 same as 25) 
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Figure 30d 

Run C-4, Frames 56-65 
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Figure 31a 

Run C-5, Frames 1-10 
(5000 frames per second) 
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Figure 31c 

Run C-5, Frames 76-85 
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Figure 31d 

Run C-5, Frames 86-93 
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Run C-6, Frames IO6-II5 
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1 

Figure 34 

Run D-2, Frames 1-10 v-c., rx-aniea x-xu 
5070 frames per second ) 
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Figure 35 

Run D-3, Frames 1-10 
(50OO frames per second) 



Figure 36 

Run D-4, Frames 1-10 
(4730 frames per second) 
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Figure 37 

Run D-5, Frames 1-3 
(4830 frames per second) 
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Run E-l, Frames 1-10 
(5000 frames per second) 
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Figure 38d 

Run E-l, Frames 46-55 
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Run E-2, Frames 1-10 
(4850 frames per second) 

Figure 40a 
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Figure 40c 

Run E-2, Frames 21-30 
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Figure 41b 

Run E-3, Frames II-I5 
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Figure 42a 

Run E-4, Frames 1-10 iiuii I’i-dllieB 1-XU 

i¿00Q_frames per second) 
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Figure ^2b 

Run E-4, Frames II-15 
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Figure 43 

Run E-5, Frames 1-10 
(^770 frames per second) 
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Conclusions snd Reconjnisndations 

Conclusions 

This study has proven the feasibility of using a 

convergent-divergent nozzle to improve the performance of 

the Mechanical Engineering Laboratory shock tube. 

The results of the tests indicate: 

1. The convergent-divergent nozzle increased the test 

Mach number from approximately 1.4 for 1.4 milliseconds to 

2.6 - 2.8 for up to 18.4 milliseconds. 

2. The test section Mach number is independent of 

incident shock strength and is a function of nozzle design 

only. 

3. The available test time increases with increasing 

incident shock strength. 

4. The usable test flow duration increases with 

increasing incident shock strength. 

5. The test time losses decrease with increasing 

incident shock strength. 

Recommendations 

It is recommended that a follow-on study be conducted 

utilizing a new test section with larger viewing windows. 

This test section should accommodate a variety of nozzles and 

a secondary diaphragm for the study of maximum attainable Mach 

numbers and secondary diaphragm effects. 
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Appendix A 

Modified Diaphragm Rupturing Device 

A device was needed that would rupture the diaphragm 

at a predetermined time in conjunction with camera operation. 

It was necessary to control the rupture of the diaphragm with 

the Wollensak nQoosen Control Unit. The above requirements 

were fulfilled by inserting a thin wire between the sheets of 

Mylar film in the diaphragm and then shorting a battery across 

the wire to* heat it rapidly. 

The device, as assembled and used, is shown in Figure 

44. A piece of 0.0125-inch diameter Nichrome wire, appro¬ 

ximately 3 inches long, was soldered to two pieces of 0.003- 

inch thick steel tape, leaving about 2-1/2 inches of wire 

between the pieces of tape. After soldering, the wire was 

bent as shown. This bend keeps the wire from breaking when 

the diaphragm expands as the high-pressure chamber is pressurized. 

The assembly was taped to a single sheet of Mylar which was 

then inserted between the other sheets that serve as the 

diaphragm. 

The diaphragm was inserted in the shock tube with the ends 

of the steel tape extending beyond the sides of the tube. A 

24-volt battery was connected through a switch to the exposed 

ends of the steel tape. When the switch was closed, the wire 

heated very rapidly, melted through the Mylar, and caused the 

diaphragm to rupture. 
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Tests indicated that the diaphragm ruptured consistently, 

within 50 milliseconds after the circuit was closed. With a 

constant applied voltage, the time to rupture is a function 

of the number of sheets of Mylar in the diaphragm, the pres¬ 

sure ratio across the diaphragm, and the location of the wire 

in relation to the sheets of Mylar; i.e., downstream side, 

middle, or upstream side. By controlling these variables, 

this device was used for this project with excellent results. 
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Appendix B 

Determination of Incident Shock Strength 

The strength of a shock wave is defined as the ratio of 

the pressure behind the shock to the pressure ahead of it; 

i.e., P21 . This ratio may be calculated if the absolute 

velocity of the shock and the temperature of the fluid into 

which the shock moves are known. 

(1) 

* 49 l /T (2 

ws 
is defined as Mg , the Mach number of the incident 

C1 

shock wave. Assuming k equals 1.4 , equation (l) reduces to 

£>ince the fluid into which the incident shock wave moves 

is ao rest, the velocity of the shock wave with respect to 

the shock tube is the absolute velocity. This velocity is 

determined as follows. 

Figure 45 shows the electronic configuration used to 

measure the shock velocity; Figures 46a and 46b are the 

Polaroid pictures of the oscilloscope traces for the Series 

E runs. 
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The trace Is started as the shock wave passes transducer 

1. Transducer 3» located 3*33 feet downstream, gives the 

trace an upward deflection as the shock wave passes. The 

time for the shock to travel between transducers 1 and 3 Is 

represented by the length, from start to deflection, of the 

trace on the oscilloscope picture. This trace length is 

measured in centimeters and multiplied by the horizontal 

oscilloscope trace setting to give the time. The shock velo¬ 

city is the distance traveled, in this case 3.33 feet, divided 

by the time. 

As the shock wave advances another 0.6? feet, it passes 

over transducer 4 which then deflects the trace downward. 

This third portion of the trace represents the time that it 

takes the incident shock wave to travel to the nozzle face 

and the reflected shock wave to travel back upstream to trans¬ 

ducer 4. As the reflected shock, traveling upstream, passes 

transducer 4, the trace is again deflected downward. 

The fourth portion of the trace represents the time that 

it takes the reflected shock wave to move upstream from trans¬ 

ducer 4 to transducer 3. The reflected shock must travel 

against the flow generated by the incident shock and it 

appears that for subsonic or near sonic flows, runs 1-5, 

the reflected shock travels at approximately the same relative 

velocity. When the flow is supersonic, run 6, the reflected 

shock apparently does not reach transducer 3 before it dissipates. 

118 



GAE/ME/62-3 

An error analysis performed on the calculated incident 

shock wave data indicated the following. 

Measurement error may cause a maximum deviation of 1.5$ 

in the value of trace length. The measurement error plus a 

possible 3# error in the oscilloscope trace setting led to a 

maximum possible error of 4.5$ in the value of time. There 

was no appreciable error in either the value of distance 

between transducers or the speed of sound, therefore the 

value of shock velocity and Mach number are accurate to within 

4.5# 
The value of , as calculated with equation (2), may 

have a maximum error of 9.0$ . 

'The maximum percent error in each case applies to the 

nominal values as given in this study. 
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E-l 
0.5 msec/cm 
0.2 v/cm 
4.00 cm 
2.00 msec 
1670 fps 
1.45 

E-2. 
0.5 msec/cm 
0.2 v/cm 
3.65 cm 
I.83 msec 
1820 fps 
1.59 

E-3 
0.5 msec/cm 
0.2 v/cm 
3.32 cm 
1.66 msec 
2010 fps 
1.74 

H - Horizontal trace setting 
V - Vertical deflection scale 

Figure 46a 

Oscilloscope Trace Pictures and Relative Data 
(Series E, Runs 1-3) 
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E-4 
0.5 msec/cm 
0.2 v/cm 
3.09 cm 
1.5¾ msec 
216O fps 
1.88 

E-5 
0.5 msec/cm 
0.2 v/cm 
2.72 cm 
I.36 msec 
2450 fps 
2.13 

E-6 
0,5 msec/cm 
0.1 v/cm 
1.87 cm 
O.936 msec 
3560 fps 
3.10 

H - Horizontal trace setting 
V - Vertical deflection scale 

Figure 46b 

"Oscilloscope Trace Pictures and Relative Data 
(Series'E, Runs 4-6) 
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Appendix C 

Determination of Nozzle Test Section Mach Number 

When a wedge is inserted into a supersonic stream, an 

oblique shock wave is formed at the leading edge of the wedge. 

This oblique shock is visible in Figures 27a through 32d. 

Assuming the stream fluid is a perfect gas with a constant 

specific heat and molecular weight, the shock wave semi-angle 

is related only to the flow Mach number and the wedge half- 

angj-e. With a known wedge half-angle, uû', a measured value of 

the shock wave semi-angle, and assuming k equals 1.4 , the 

value of the flow Mach number may be determined by reference 

to Table 56 of the "Gas Tables" (Keenan and Kaye). 

The wedge used in this study had a half-angle of 90 . 

The shock wave semi-angle was measured from an enlarged still 

projection of the movie film of the Series C test runs. A 

1-foot radius protractor was used to determine the angle 

between the center-line of the wedge and that portion of the 

shock wave between the wedge point and the intersection with 

the expansion wave off the top and bottom of the wedge. This 

angle was measured for both top and bottom halves of the shock 

wave and for several different pictures of each run. The mea¬ 

sured angle was determined to be 29° with a fluctuation of Io 

during each run. This indicates that the test section Mach 

number varied between 2.6 and 2.8 during each run. 
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Appendix D 

.Determination of Fluid Properties in Region 6 

General 

In order to determine the fluid properties in the test 

section, the properties in region 5 must be calculated. The 

following analysis assumes that the incident shock is com¬ 

pletely reflected and applies steady-state relationships to 

a "quasi-steady" situation. 

If the nozzle throat area is small compared to the area 

which contains region 3, the velocity in region 5 may be 

neglected and the static properties may be assumed to be equal 

to the stagnation properties. In this study, this assumption 

is not entirely valid because the throat area is 12.5# of the 

upstream area. 

With the stagnation value of properties in region 5 

known, test section properties may be calculated by assuming 

isentropic flow through the nozzle. 

Equations 

The equations used in this section were developed and 

presented by Glass (Ref 4), Air is assumed as the working 

fluid in both the chamber and the channel. The information 

calculated with these equations is presented in the form of 

ratios in Table IV and Figures 47, 48, and 49. 
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Constants 

(Ref 4:78, 

(Ref 4:94, 

(Ref 4:80, 

(Ref 4:55, 

y4 a 1.4 

= <4 I±i 6 

/, 3 /♦ * 
y-/ . i 
2r “ 7 

Cv7J 

cv 
/ 

eq 12) /4 

I 

eq 16) X» » 1 +-^,¾ 

21 5» 

r 1 + 6 

eq 25) T * Ai_ 

2‘ 

(7) 

(8) 
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(Ref 4:93, eq 6) fj, = ^ 

m ^ ^ Pu. 
l+lti (9) 

P*i " p*» ili (10) 

(Ref 4:93, eq 8) r « -L» < pit 
11 P.t 

B 1 * 6 P*t 

(11) 

Ul (12) 

(Ref 4:94, eq 9) TS2 « (*, » bi) 
I +«,*1 

B + ill) 
(13) 

a Ui Ui (14) 

Procedure 

Given the incident shock strength, P21 , or the diaphragm 

pressure ratio, P^ ; the pressure ratio P^ , the density 

ratio , and the temperature ratio T^1 may be found in 

Table IV or the appropriate figure. These ratios represent 

the ratio of the static value of the properties in region 5 

to the initial static value of the properties in the channel. 

They do not represent the ratio across the nozzle after flow 

is established, because the pressure in the nozzle test section 

is no longer equal to p^ . 

The property ratios across the reflected shock are given 

by P52 > I52 > and T52 • 
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The, following procedure is used for determining pg , the 

nozzle test section pressure. The density and temperature in 

the test section could be determined in the same manner. 

With the known value of P21 , determine from Table IV 

or Figure 47. Multiply this value of P^ by p-^ to get p^ . 

Assume that p^ is equal to pQ^ , the stagnation pressure in 

region 5. Now obtain the isentropic pressure ratio —— , at 

po6 
the value of the test section Mach number. Mg Then p6 is 

found by multiplying 

po6 
by p 

05 * 

Example; Run C-5 

Given; p. 5.00 in Hg a 

547° R 

P21« 4.68»4.7 

m 

Mg a 2.7 

From Table IV; 

P51 * 15.987 

Then; Po6 =* Po5 = P5= P51(p1) =(15.907)(5.00) 

= 79.935 in Hg a 
p6 

@ Mg = 2.7, — = 0.04295 

po6 
Therefore; 

P6 
Pg -- (pnJ =* (0.04295)(79.935) = 3.43 in Hg a 

' po6 ^ 
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Appendix E 

Quantitative Measurement 

with Endevco Model 2501-500 Pressure Transducers 

\ 

The Endevco transducer is an accurate, highly refined 

instrument, but its limitations must be recognized. Some 

difficulty was encountered early in this study because these 

limitations were not completely understood. It is hoped 

that this section will point out those limitations part¬ 

icularly applicable to the use of Endevco transducers in 

the Mechanical Engineering Laboratory shock tube. 

Two instruction manuals supplied by Endevco Corporation 

were used as references for this section. 

The older Model 2501-500 transducer is nominally rated 

at 30 peak-volts at a pressure step of 500 psi. The newer 

model is nominally rated at 50 peak-millivolts per peak psi 

pressure step. This sensitivity is variable by changing the 

external capacitance in the circuit with the transducer. 

The amplitude linearity deviation is given as plus or 

minus 2# of full scale output, measured from the best straight 

line through zero. The dynamic linearity is given as accurate 

to better than plus or minus 1# up to 100 volts output. 

The transducer generates a voltage proportional to a 

pressure step; i.e., (pg - p^). For applications in the 

shock tube, the shock strength is of interest; i.e., ?2l 
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Now consider a plot of P21 as the abscissa and (p2 - Pl) 

or pl(p2i ” as the ordinate, with the initial channel 

pressure, px , as a parameter (Fig 50). The function 

p1^2l “ is the actual input to the transducer or, assuming 

100# accuracy, its output. 

Using maximum chamber pressure, the channel pressure must 

be lowered in order to generate a stronger incident shock; 

i.e., higher value of P21 . Therefore, it is obvious from 

rigure 50, that a slight error in evaluating (p2 - p^ causes 

only a small error in the value of P21 if Pl ls 30 inches of 

mercury pressure. However, this same small error in (p2 - p ) 

causes a sizeable error in the value of P2l if ?1 i8 only 1 

inch of mercury. 

It should be apparent then, that the transducers are of 

very little value for determining directly the strength of 

strong shock waves because they are only encountered at low 

channel pressures. 

This limitation causes no problem when the transducers are 

used as shock wave Indicators; i.e., to start the oscilloscope 

trace and to Indicate shock wave passage at a certain point 

in the shock tube. 
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Transducer Output 

as a function of Incident Shock Strength 

'with Initial Channel Pressure as a Parameter 
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