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Preface 

lhe requirement for this study of shock wave interaction with 

slotted walls was the result of a previous investigation on a shock 

tube with perforated walls. The slotted walls were chosen to simplify 
% 

the flow phenomena in an attempt to better understand the shock 

interaction with the disturbance to flow. 

I would like to acknowledge my indebtedness to Doctor Andrew 

3iine, my faculty advisor, whose guidance and aid during this study 

were cheerfully and willingly given. 

Mr. John Parks, my laboratory assistant, gave me outstanding 

support in solving numerous laboratory test problems 

lhe numerous machining operations required for this study could 

not have been accomplished without the full cooperation of Mr. M. W. 

Wolfe, supervisor of the Institute of Technology School Shops. 

I am deeply indebted to Mr. Thomas Long, Tektronic Inc. Field 

Engineer, whose technical assistance in the electronic instrumentation 

of this stucfy was invaluable. 

I wish to acknowledge my special indebtedness to irçy wife for 

her patience and understanding throughout this undertaking and for 

typing the numerous tables found in this report . 
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Abstract 

Uns exne ri mental study investigated the effect on a shock wave 

as it passer a pair of transversely slotted test plates which were in 

the ton and bottom walls of a rectangular shock tube, flie shock 

strength, defined as the pressure ratio across the shock for this 

study, w ■ of nrimary interest. The shock wave response to the 

diefurbanee was verified by Schlieren photography. The slot width, the 

slot entrance radius, the effective slot depth, and the strength of the 

incident shock wave were varied to determine the effects of these 

parameters. The attenuation was found from pressure measuring 

transducer data which was recorded photographically. The time to 

establish the quasi-steady flow of air out througi the openings 

determined the extent of attenuation. When the slot width or slot 

entrance radius were large, the reflected shock waves generated at the 

disturbance were sufficiently strong to delay the mass flow out of the 

opening; thus, the attenuation was reduced. The attenuation increased 

as the effective slot depth was decreased. Schlieren photography 

verified the formation of the reflected shock waves and the formation 

of the rarefaction waves associated with the loss of mass behind the 

shock wave. 

X 
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A STUDY OF SHOCK WAVES MOVING 

OVER A TRANSVERSELY SLOTTED WALL 

I. Introduction 

Pu r lose 

The nuroose of this study is to determine by experiment what 

effect transverse slots in the walls of a shock tube have on the 

strength of tie incident shock -’ave. lhe strength of the shock wave 

for this study is the ratio of pressure behind the moving shock wave 

to the oressure ahead of the shock wave. The transverse slots were 

placed normal to the flow in test plates with surfaces which were 

flush with the upper and lower inside walls of the shock tube. 

Background Information 

Cameron (Ref 1) conducted an experimental study of shock waves 

moving over a perforated wall with and without flow through the holes 

prior to shock wave arrival. The requirement for that study was 

established when the results of experiments (Ref 5), conducted to 

determine the effect of a moving shock wave on flame fronts in 

combustion chambers that required an exhaust system, were considered 

inconclusive. The exhaust system of the combustion experiment 

necessitated perforations in the walls of the shock tube. Since 

the properties of the shock wave after passing over the perforations 

1 
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wore not knovm and had to be assumed, the combustion experiment 

results were questionable. 

•lince Cameron's study entailed a complex interaction of flow 

phenomena which precluded extensive quantitative results, the 

requirement for this study was established to further the understanding 

of the flow phenomena. 

Scone of Study 

Several configurations were used to determine the effect on the 

incident shock wave. The total open area was varied for different 

radii of the slot opening on the inside wall of the test plates. The 

effective depth of the slot was also varied. In addition, the effects 

of perforations were studied and compared to a slot with comparable 

open area. 

The following chapters contain a preliminary discussion of the 

phenomena, a description of the apparatus and test procedures, an 

evaluation of the test results, and a summary of results and 

recommendations. The appendix has sample calculations, photographic 

results, tables and graohs of the data, drawings, and an error 

analysis of data scatter. 

2 
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11. ÍYellminary Discussion 

Or.^-'Unonsional Analysis of Shock iltbe 

Onerous theoretical analysis (Ref 6î?-108}9:922-1027 and others) 

havr .’eveloned basic shock tube relations which have been 

experimentally verified for normal shock tubes (Ref 3:1h), ïhe basic 

considerations are summarized to establish the terms and relationships 

for this study. 

Trie model of the basic shock tube, flg.l, is a long, constant 

cross-sectional area tube which has a diaphragm that separates the high 

pressure region, ii, and the low pressure region, 1, of the tube. The 

temperatures of both regions, and T^, are assumed equal. When the 

diaphragm is nurtured, expansion waves propapate into region h with 

the later waves travelling at progressively lower speeds because the 

temperature is lowered as each wave progresses to the end of the tube. 

However, the comrression waves travelling in region 1 coalesce to form 

a shock front as the later waves move at progressively higher speeds, 

oince there is no entropy change across the expansions waves but there 

is an entropy change across a shock wave, a contact surface or 

temperature discontinuity separates the gas in the region between the 

expansion waves and the shock front. ïhe high and low terqperature 

regions, separated by the contact surface, are designated regions 2 

and 3 and. have the same pressure and velocity. Hie pressure and flow 

/elocity for regions 2 and 3 are P2 and Ug, and u^, respectively. 

ïhe shock front velocity relative to the shock tube is W . Since 
s 

the flow velocity, i^, in region 1 Is zero the shock speed is also 

3 
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relative to region 1, and the Mach number is equal to the shock 

velocity divided by the speed of sound in region 1, (^. 

Shock Wave Strength 

Hall (Ref 7:238) presents a theoretical analysis, assuming 

one-dimensional unsteady flow, and defines shock strength as the ratio 

of pressure, temperature, or density of the gas imnediately behind the 

moving shock wave to that ahead of it. Bie ratio of pressures, P21, is 

used for this study to measure the shock strength. 

The expression for the shock wave pressure ratio is 

(1) 

where k is the specific heat ratio, fbr air with k approximately equal 

to l.li, equation (1) reduces to 

(2) 

Attenuation Computation Method 

Biber and McFarland (Ref 8:20-22) outline a method for calculating 

the attenuation of a shock wave which has been adapted for this study. 

The difference between the shock strength before and after passing the 

disturbance is the shock strength loss, A Pg , 

h 
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The shock-pressure attenuation, z, is 

AP2 

(3) 

Z, the per cent attentuation, is found when equation (3) is multiplied 

by 100. Appendix B shows the per cent attentuation equation further 

altered to more readily use the experimentally obtained data, 

A positive value of Z indicates a decrease in the shock strength; 

negative value indicates an increase in shock wave strength, 

Attentuation of a Shock Wave in a TUbe 

An analysis (Ref 3tii-8) of the interrelation of the mass flows 

associated with shock movement is summarized here, 

Mien the diaphragm is burst, in the absence of viscosity, the 

entire mass of air in the region between the expansion wave and shock 

wave is placed in motion with velocity u2. mis initial mass rate of 

flow, m^, for a given shock tube cross-sectional area, A, is 

(fc) 

Since the mass flow in the region behind the shock may decrease because 

of boundary layer action or other disturbances, the mass flow, m, may 

aj.so be a function of the time and distance after passing the 

disturbance. 

Now, the shock wave also places into tno+.l nn n mns- —». *1 ..uj 
— “ - lllg, NUXUÍ1 

5 
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is determined by the following equation! 

'.'/hen m is greater than m, expansion waves are generated which 

will catch up with the shock front and reduce the shock strength. Both 

compression and expansion waves generated behind the shock wave will 

travel at the local speed of sound relative to the fluid in which they 

travel. Since the fluid velocity relative to the shock tube plus the 

local speed of sound behind a shock is greater than the shock wave 

velocity, all waves formed behind the shock front will overtake it. 
• • 

If ms is less than m, the generated comoression waves will strengthen 

the shock front when it is overtaken. If there is no disturbance to the 

flow in the region behind the shock wave, then ms equals m and neither 

expansion nor compression waves are generated behind the shock wave. 

Attentuation Effects of a Slotted Vali. Eckhaus (rtef 1:10) 

described the mechanism of oblique shock reflection on a wall with 

transverse slots. Ihe applicable portion of the analysis for a shock 

tube with a normal shock front is illustrated in Plgure 2. Since the 

pressure behind the shock wave is greater than the atmospheric pressure, 

an expansion flow originates at the beginning of the slot, point A. The 

flow at the slot will have a velocity component perpendicular to the 

wall from the action of the expansion fan. After passing the far side 

of the slot, point B, the flow must once again be tangential to the wall 

therefore, a compression wave originates at point B since the flow is 

turned toward the wave. 
6 
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!i/hen the flow out of the wall opening has been established, the 

loss of mass flow in the region behind the shock wave will cause m to 

be less than ms which will generate expansion waves» These expansion 

waves, F in Figure 22, weaken the shock when they overtake it, D to E 

in Figure 22. 

In a study of the pressure response of a transducer placed at the 

end of a gauge line, which was perpendicular to the flow direction in 

a shock tube, Crichton (Ref 2«23,2h,27) showed that a shock wave was 

generated in the gauge line. The induced shock wave travelled up into 

the line and was weaker than the primary incident wave. The 

generation of the shock wave in the gauge line was conçared to the 

bursting of a diaphragm at the mouth of the linej therefore, 

one-dimensional analysis of the wave interaction in the gauge line was 

used. If a shock wave were induced in the slotted wall the unsteady 

flow expansion waves, associated with the induced shock wave, would 

also weaken the incident wave. The induced shock wave would also 

reflect from the open boundary as an expansion wave. 

Shock Transit Over Slot. The shape of a shock wave during 

formation after diaphragm rupture was investigated by NACA (Ref 8*20). 

Initially, the shock wave was not one-dimensional nor normal to the 

flow, but it became normal to the flow as it progressed downstream. 

Cameron's analysis (Ref 1:11) on the effect of perforations on the 

orientation of a shock wave is applicable for this study. Since the 

7 



ga/ME/61-5 

thickness of a shock wave is many orders of magnitude less than the 

dimensions of the slot, it may be possible to relate the slot to two 

sharp-cornered discontinuities even though the slot is flush with the 

inside surface of the shock tube. Sun (Ref 11:12) predicted the 

strengthening of the disturbed portion of the incident wave by 

reflected shock waves from a right-angled edge. However, the face of 

the shock wave did not remain normal to the flow in order to satisfy 

the normal and tangential boundary conditions. Since the shock wave 

becomes normal to the flow after diaphragm burst, in a similar manner 

the shock wave should become normal to the flow direction farther 

downstream from the sharp-cornered discontinuity. 

Surmary of Possible Effects. The phenomena which can occur when 

a shock front passes over an open wall is indeed complex. The time 

sequence of events could produce a stronger or weaker incident shock 

wave with a change in orientation to the shock tube. As the shock wave 

crosses the opening, the portion of the wave in contact with the 

disturbance will initially be weakened and slowed up. After passing the 

opening the shock wave could be strengthened by the reflected shock and 

compression waves originating at the far edge. When the flow out the 

opening is established, the primary incident shock wave strength 

would be decreased by the expansion waves generated by the loss of 

mass flow rate behind the shock. 

8 
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III. Description of Apparatus 

The shock tube and associated equipment of the Institute of 

Ttechology’s Mechanical ühpineering Laboratory were used for the test 

runs, iigure 3 is a schematic drawing of the test equipment and Figure 

); shows a general view of the shock tube. The shock tube and test 

equipment are described in the following sections. 

Shock Tube 

The Institute of Technology's shock tube is twenty feet long and 

has an inside rectangular cross section, four inches wide by eight 

inches high. It consists of five four-foot long sections with the first 

section used as a high-pressure chamber. >Jylar film is used as the 

diaphragm material between sections 1 and 2 which are clamped together 

by two 2000 psi hydraulic actuating cylinders. Section 5, which has a 

pair of six-inch diameter viewing ports, was disengaged from section lj 

and moved downstream to allow an 18-inch long test section to be placed 

between them. The 18-inch long test section, Fig. 5, was designed for 

a study of shock waves moving over a perforated wall (Ref 1:15). 

Section li has three locations in which Ehdevco Model 2501-500 

pressure transducers may be mounted flush with the inside of the shock 

tube. These stations are located 100 in., 128 in. and 1^0 in. 

downstream from the diaphragm and are designated stations A, B, and G 

resneoti vel V fnr thi o q+.udy. 

Section 5 has two transducer receptacles that are 3 % in. and 
28 in. from the upstream end of section 5. These positions are 

9 
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derairnated stations D and E, respectively. 

Mr was used for both driver and driven gases for all runs. Ihe 

driver gas was dry, oil-free air from the laboratory's compressed air 

system, 'ihe low nressure section contained the driven air at room 

temperature and oressure since the test plates with slots or 

perforations precluded evacuation of this section. 

Test Section 

Ihe test section, Fig. 5, has inside dimensions which are equal 

to that of the shock tube's inside cross section. It was designed to 

mate flush with sections It and 5 to preclude disturbing the flow. Ihe 

vertical side plates were extended above the shock tube to mount two 

six-inch diameter, optically flat glass view-ports, whose centers 

coincided with the top inside wall of the test section. This design 

allowed the maximum field of view at the top wall for Schieren 

photograohy of the interaction of the shock wave with the disturbance. 

Two openings, which measured 6 in. by a in. in the outside and 

k in. by in. in the inside of the top and bottom walls, were used 

to hold the different pairs of test plates, Fig. 5 . Six threaded 

holes in the top and bottom were used to hold the test plates 

securely in position. The test section and test plates were fabricated 

from one-inch thick aluminum jig plate. 

Test Plates 

Twenty-eight different configurations of test plates were 

fabricated for this study. The holes and slots were machined into the 

10 
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it in. by ii in. face of different pairs of plates. Uiese plates were 

milled for a forced fit into the openings in the test section. Special 

care, was taken to insure that the inside surface of the test plate was 

flush with the inside of the test section to preclude any disturbance 

to the flow. Figures 6, 7 and 8 are representative pictures of the 

t-bv plates. Ihe following is a list of the total open area of each 

test plate used in the study. 

A. Blank plates 

B. 0.130 in. slot:, open area«0,li80 in.^ 

C. 0.500 in. diameter holes: open area-0.982 in.2 

D. 0.281 in. slot: open area = 1.036 in.2 

E. O.iiOO in. slot: open area = I.I169 in.2 

F. O.508 in. slot: open area= 1.81^ in.2 

0. 0.750 in. slot: open area® 2.70li in.2 

Ihe holes and slots were initially machined straight through the 

test plates which presented sharp openings to the flow. The slots were 

machined to within 1/8 in. of each edge of the plates so that the major 

portion of the shock wave would be affected. The plates with holes, 

shown in Fig. 6, used by Cameron (Ref 1:17) in his study of flow over 

perforations, were drilled so that the major portion of the shock wave 

would also be affected. The opening of the slots and holes, which were 

on the inside surface of the shock tube wall, were machined with 

^•4 P P «.A -3 J J « _ ^ j k. % 9 m « « — xauxx et« Axsoeu in iao±€ it All radii were cut to full depth. 

11 
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Table I, Entrance Radius Versus Slot i'Jidth of Test Plate 
- --, 

li 

h,-:a 

0 

1/1Ó 

1/8 

iA 
3/3 

Slot Width- Inch O.50O" Dia. Hole 

0.130 0.281 0.I4OO 0.508 0.750 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Note: (X) Indicates the test plate configuration 
was tested. 

The 0,130 in. wide slot test plates were countermined slightly 

to a depth of 0.h75 in. from the top; whereas, all other configurations 

were initially milled out uniformly for the full depth of the plates. 

The O.hOO in. wide slot with 3/8 in. radius of entrance plates 

were also countermined 1.500 in. wide to a depth of 0.250 in. and 

0.500 in. from the top surface for two additional configurations. Since 

the plate thickness was initially 0.980 in., the effective slot depth 

was 0.730 in. and 0.h80 in. for the above countermined test plates. 

Slot Extensions 

A pair of test plate slot extensions, fig. 9, were fabricated of 

0.035 in. thick brass sheet to fit on the O.UOO in. slot test plates of 

full thickness. The extensions were Ii inches long which gave an 

effective slot length of 5 inches for this configuration. The opening 

of the extension was flush with the slot opening in the test plate. 

12 
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Slot Cover Plates 

A pair of 1/8 inch thick cover plates, fig. 9, were used to fit 

over the O.iiOO in. slot test plates. The plates were also used for the 

countermined test plate runs. 

Manometers 

The high pressure readings in region h were obtained with a 15Ö 

inch mercury manometer and the low pressure readings ¿-»wnstream, 

region 1, were obtained from barometric pressure readings on a 35 in. 

glass tube mercurial barometer. 

Transducers 

The pressure step across the shock wave was measured with ïhdevco 

Corporation Model 2501-500 piezoelectric transducers. These transducers 

have a linear voltage response to the induced pressure step and are 

designed to operate in a temoerature range of (-)30 to (+)80 degrees 0. 

up to rated values of 30 volts at 500 psi. 

Electronic Instrumentation 

Two oscilloscopes, fig. 10, were used for this study: a Itektronic 

type 531 and fiickok type 1805. 

te Í31 Oscilloscoge. a Tektronic type 531 oscilloscope, with a 

Tektronic 53/51iD vertical deflection plug-in preamplifier and a 

Tektronic 123 trigger preamplifier, was used to obtain a voltage-time 

Plot from two transducers. The vertical deflection system, with a 

±3 
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calibrated range from 1 millivolt/cm to 50 volt/cm, permits two 

different transducer outputs to be recorded on the oscilloseope trace 

with a two percent accuracy* The oscilloscope's horiaontal sweep speed 

rate of 0.02 microseconds per oa. to 12 sec. per cm. has a three percent 

accuracy. Ihe type 123 trigger preamplifier increases 100 times the 

trigger input from a transducer to initiate the oscilloscope's sweep. 

TMs oscilloscope has been modified to include a single sweep circuit 

which prevents retriggering of the horizontal sweep after the initial 

passage of the shock wave over the triggering transducer. 

tyPe 1805 Oscilloscope. A Hickok l^rpe l805 oscilloscope with a 

Tektronic Type 53-B vertical deflection plug-in preamplifier was used 

to obtain a voltage time plot from one transducer and to trigger the 

light source for the Schlieren system. Uxis oscilloscope has a sweep 

delay circuit which allows a preselected time delay of the sweep after 

a trigger signal has been received. Delay times from 100 milliseconds 

to almost instant triggering are available from a calibrated variable 

selector. The horizontal sweep speed rate and accuracy are the g°we 

as those of the Tektronic Tÿpe 531 oecilloscope. Vftth the 53-B plug-in 

unit, the 1805 oscilloscope has a vertical deflection voltage range of 

0.05 to 20 volts/cm for DC coupled operation with a rise time of 

approximately 0.017 microseconds. 

Oscilloscope Cameras* TWe Polaroid Land cameras, Jig. 11, were 

used to record the oscilloscopes' display* The mountings for the 

cameras were Rdrchild Model P-296A and P-286 adapters for the Tÿpe 531 
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and 18oîj oscilloscopes, respectively. Type h2 (ASA 200) film was used 

with lens opening of F 1.9. 

Time Marie generator. A Tektronic Type I8I Time Mark Generator , 

Fig. 11, was used for calibration of the horizontal sweep of both 

oscilloscopes. The time mark generator has an output range of 0.1 

(sine wave) to 10,000 microseconds. 

Schlieren System 

Fig. 12 is a schematic drawing of the Schlieren optical system 

which was used for photographing the test section. The light source 

was a General Electric FT-230 spark lamp. The power supply for the 

spark lamp was assembled by technicians of the Mechanical Engineering 

Laboratory from a design presented in Ref 12. Prior calibration of the 

power supply indicated a useable spark duration of 5 microseconds with 

a one microsecond rise time. The time delay through the power supply 

to the spark lamp was ¿4 microseconds; therefore, the total time delay 

for the light source was 5 microseconds. 

The photographs were taken with a Polaroid adapter back for a 

Qraphlex camera mounted on a simple bellows, PLg. I3. No lens was used 

as the camera mount was positioned for proper focusing, and no shutter 

was required as the pictures were taken in a darkened room. Polaroid 

type Í42 (ASA 200) film was used primarily but type I4J4 (ASA I4OO) also 

gave satisfactory results. 

The parabolic mirrors in the Schlieren system were six inches in 

diameter and had a 30 inch focal length. 

15 
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IV. Bteperinantal Proeedurea 

Two basic configurations were employed for this study. The first 

configuration was used for transducer calibration, and the second vas 

used for the experimental runs. 

Transducer Calibration Configuration 

lhe electronic configuration used to calibrate the transducers is 

shown in Fig. Ik. The test section vas not placed between sections k 

and 5 of the basic shock tube when calibrating transducers 15, 18 and 

16 which were at stations B, C and D, respectively. When the shock 

wave passed station A, transducer 17 generated a voltage which was 

amplified by the Type 123 preamplifier and triggered the sweep of 

the Type 531 oscilloscope. The initial straight portion of the trace, 

Fig. 16, is representative of . Figure 18 is a sketch of the 

oscilloscope's presentation with the pressure steps at stations B and 

C noted. The horisontal distance from initiation of the trace, left 

edge of the oscilloscope picture in lig. 16, to the transducer 

position as indicated by the pressure pulses of the downstream 

stations B and C represents the time to reach these stations. 

The Type 1805 oscilloscope presentation was used to display the 

pressure step at station D. When the Type 531 oscilloscope was 
/ 

triggered from station A's transducer, a 25 volt square.wave gate 

signal vith a rise time of 0.01 microsecond was initiated by the 

Tÿpe 531 to trigger the delaying sweep of the 1805. No delay of 

the sweep was used for this configuration, when the shook wave 

16 
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passed Station D, transducer 16's response voltage was displayed 

on the Type 1805 delaying srieep. For a given run, it was therefore 

possible to obtain the shock-wave pressure steps at station B, C and D. 

Experimental Runs Configuration 

ELg. 15 is a schematic drawing of the electronic configuration 

use - for the experimental runs. Transducer 17 at station B triggered 

the sweep on the Type 531 oscilloscope. As the shock wave passed 

transducers 15 and 16, stations C and D, the voltage resoonse of these 

transducers was displayed by the Type 531's sweep, as shown in the sketch 

of figure 18. fig. 17 i3 a photograph of the oscilloscope's trace during 

an experimental run. Ihe delaying sweep of the Type 1805 oscilloscope 

was used to display the pressure step at station E, transducer 18 

location. 

3he main-sweep 150 volt sawtooth pulse, with a one microsecond 

nse time, of the l8o5 scope was used to trigger the Schlieren system's 

light source. Ihe triggering signal was delayed a predetermined time to 

photograph the test section phenomena during shock wave passage. 

In this way, though the delaying sweep of the l805 scope was also 

delayed by the predetermined time set to catch the shock wave in the 

test section, the values for the shock wave's pressure steps at station 

C, D and E could be recorded and Schlieren photography taken of the 

shock wave as it passed the disturbance to flow. 

17 
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V. Eyaluation of Data 

lhe oscilloscope photographs were used for voltage versus time 

representations of the transducers1 output. The photographs, fig. 16 

and 17, are read from left to right. The time for the shock to travel 

between stations is found by measuring the horizontal distance between 

the transducer response representations on the photograph. Ihe response 

of the triggering transducer is the initiation of the sweep; whereas, 

the downstream transducers voltage output causes a vertical deflection 

of the oscilloscone trace. After transducer calibration the pressure 

steps, P2“Pp °f the shock wave are found by measuring the vertical 

deflection of the sweep. 

An error analysis to show the maximum probable fluctuation in 

data due to measurement inaccuracy is developed in Apoendix C. 

Transducer Calibration Results 

Ihe electronic configuration used to calibrate the transducers is 

shown in Figure U. Ihe average velocity of the shock wave between 

stations A and C was used with the speed of sound, based on the 

temperature in region 1, to determine the Mach number of the shock. 

The pressure ratio across the shock wave was then obtained from 

equation (2). With this pressure ratio and the pressure in region 1, 

the pressure step, Pg-p^ was then found. Ihe voltage deflections of 

the transducers versus the ^ tt a*. * ~ ~ “ - wcxe uien pioLLea 

and compared with the transducer calibration curves, Fig. 19,20,21, 

obtained by Cameron (Re.fl:69-71) for the same transducers. The scatter 

18 
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of points from the curve is in good agreement with the scatter of 

points in the reference source. The curves were therefore used for the 

experimental runs. 

Sample calculations for determining the plotted points is 

included in Appendix A. 

Experimental Results 

General « The electronic configuration used for the experimental 

runs is shown in Figure 15« from the voltage measurement on the 

oscilloscope photographs for each run the pressure steps at stations C, 

0, and E were obtained from the transducer calibration curves, Hie 

attenuation between stations C and D, ZD, and the attenuation between 

stations C and S, Zg, were determined from equation (It) as modified 

in the sample calculations in Appendix B. Since all the table values 

of attenuation for this study were positive which indicates a decrease 

m shock strength, the (+) sign has been omitted in the tables. 

Attenuation Check of Jest Section. To determine the attenuation 

inherent in the test configuration, twenty-four (21;) individual runs 

were made with blank test plates in the test section. The results of 

these runs are found in Table III and IV which indicate average values 

of attenuation between stations C and D of 1,3¾ and between stations 

C and E of 7,2%, The value of attenuation between stations C and D is 

within the accuracy of the electronic instrumentation* therpfnr* +v>-¡e ; ^ -wj 

attenuation is assumed to be zero for subsequent comparison of test- 

plate configuration results. 

19 



ga/MS/61-5 

Attenuation Por O.ljSO in.2 Open Area Per Plate. Thirty-six runs 

were made with a 0,130 in. wide slot ndlled through a pair of test 

plates. Three different radii of the entrance to the slot opening were 

used for this open area. The attenuation data for these runs are shown 

in Table V. Runs 63 through 7Ü were made periodically during the course 

of this study to check the proper functioning of the instrumentation. 

The results of these runs correlated with the previous runs for this 

configuration. 

Attenuation Por I.O36 in.2 Open Area Per Plate. Forty-nine runs 

were made with a 0.281 in. wide slot that had various entrance radii. 

The strength of the incident shock wave was varied and the attenuation 

for stations D and E was obtained for this open area when the entrance 

to the slot was sharp-edged (zero radius) and had a I/8 in. radius. 

Table VI contains the results of these runs. 

Attenuation Por l,h69 in.2 Open Area Per Plate. The effective 

slot length was varied with slot extensions, Pig. 9, and by 

countemdlling the test plates to different depths for the O.hOO in. 

wide slot, PLg. 8, Eighty-nine runs were made in which the effective 

depth of slot was varied from O.itSo inch to 5 inches while the slot 

entrance radius was varied from zero to 3/8 in.. The results of these 

runs are shown in Tables VII, VIII, II and X. The attenuation vs. slot 

depth found in Table X is a summary of the data found in Tables VII, 

TfTTT 
V ±±±y 

o/0 .: — « « «■ -. -r 
j/yj ±11« ACIUJ.UO sjx. 

XU ~ «4.-X- 
uaiu ojLuu OJit/j diiVsCe 

Attenuation For Q.UOO in. Wide Slot 'With Cover Plate Over Slot, 

Twenty-nine runs were made with the cover plates over the slotted test 
20 
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plates, lhe effective depth of the test plates was varied by 

ce-'inte milling the test plates 1,500 inches wide to different depths, 

flv radius of the entrance for all runs was 3/8 indi, lhe values for 

the attenuation are found in Table XI. 

Attenuation For 1.81½ in.2 Open Area Per Elate. The 0.508 in. 

wide slot was tested with all the radii of entrance available for this 

study. The attenuation at station D for the thirty-eight runs is shown 

in Table III. 
2 

Attenuation For 2*70k in. Open Area Per Elate. Thirty-six runs 

were made with a 0.750 in. wide slot with the entrance radius varied 

from zero to 3/8 inch. The results for the attenuation at station D 

are shown in Table XXII. 

2 
Attenuation For 0.982 in. Cpen Area Per Plate. TWenty-one runs 

were made with five -0.500 in. diameter holes drilled through the test 

plates. The flow entrance radius was varied and the results for the 

attenuation are given in Thble XIV. 

Schlieren Photography. Schlieren photographs of the test-section 

flow phenomena were taken for all of the open areas. The shock wave is 

progressing from right to left in the representative pictures in 

Figures 22, 23, 2h, 25, and 26. The double image to the left of the 

shook in Figures 22, 2h, 25 and 26, and the thick appearance of the 

shock front in all the pictures was caused by the misalignment of the 

ligit througi the test section. The effect of non-parallel light 

througi the test section is analysed and illustrated in Ref 10: 12, 18. 

21 
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VI. Discussion of Results 

Effect of on 

figures 28 and 29 show the relation between the attenuation and 

pressure ratio across the shock w®ve for the 0.281 in. wide slot test 

plates with zero and 1/8 in. entrance radius. On insnection of the 

figures for the limited pressure ratio range from l.li7ü> to 2.Ü12, 

there is no indication that the attenuation at stations C and D vailed 

as a function of the pressure ratio. Hie range of pressure ratios 

studied was extremely limited; therefore, no conclusions can be made 

for stronger shock waves. 

Effect of lime and Distance on Attenuation 

From Tables V, VII, VIII, and XIV and Fir. 28 and 29, the 

difference in the average attenuations for stations D and E is much 

greater than the 7,2% obtained from the blank test plates during the 

attenuation check of the test section for station E. Since the values 

are for numerous test plate configurations, including five-0.900 in. 

diameter holes, it seems apparent that the attenuation is a function 

of the time and distance from the disturbance. The expansion waves, 

generated by the quasi-steady flow out of the wall openings behind 

the shock wave, will take a finite time, therefore distance, to 

overtake the shock. 

Effect of Entrance Radius For Constant Open Area 

0.130 Inch Slot. Table V values for station D average 
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attenuation show an approximately linear increase in attenuation as 

the entrance radius was increased to 1/8 inch. This trend indicated 

that a shorter time lag was required to establish the quasi-steady 

flow out of the larger radius opening} therefore, the generation of the 

rarefaction waves associated with the mass loss was expedited. Since 

only two radii were studied in addition to the straight through slot, 

no estimate can be made for larger radii of the slot entrance. 

O.508 Inch and 0.750 Inch Slots. Figure 30 for these two slot 

openings shows a similar shape for the station D attenuation versus 

entrance radius curves. The attenuation initially decreases as the 

radius increases. After reaching minimum values of attenuation, the 

farther increase in entrance radius was associated with an increased 

averare value of attenuation at station D. The initial decrease in 

attenuation indicates that the reflected shock waves were delaying 

the establishment of the quasi-steady flow out of the openings. Since 

the I/16 inch radius, small in size compared to the slot width, 

probably has little effect on the establishment of the flow out of the 

slot opening, the decrease in attenuation indicates that the reflected 

shock waves' strength is a function of time to cross the opening by 

the incident shock wave. Fbr larger radii of entrance when the 

establishment of flow out would be easier, the effect of stronger 

reflected waves is diminished. 

r> T— -V. r**< _ x 
JJUJU OJ.U U# 

TV . ., _ ’^/S _u ---- XI. - - - -».X-f.-. T-X..--— -M. . 
rxpuic jKj SiloMtt ouc _ljiiicdi itîXéioxua uc owecii outs 

average value of station D attenuation and the entrance radius when the 
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cntr noe radius is l/li in. or less. This would indicate that the 

ou' ml ilow was established faster for the larger radii of entrance 

as in the case of the 0.130 in. wide slot. Ihe attenuation at station 

D decreased for the 3/8 in. entrance radius of the slot opening. Ihe 

decrease in attenuation indicates that the reflected shock waves, 

-enprated at the downstream edge of the slot opening, were delaying 

the establishment of the quasi-steady flow out of the openings; 

therefore, the generation of the rarefaction waves associated with the 

mar? loss was delayed. 

0*^00 Inch Slot. Figure 31 indicates a nearly constant value of 

15.3¾ for the attenuation at station D when the entrance radius is l/ô 

inch or less. The attenuation decreased with a further increase in the 

entrance radius. For the condition of constant attenuation, stronger 

reflected cylindrical shock waves, generated at the downstream edge of 

the slot opening, apparently cancelled the effect of easier 

establishment of the flow out of the opening as the entrance radius 

increased. Ihe decrease in attenuation at station D to the value of 1,1% 

for the lA in. radius of the slot opening indicates that the cylindrical 

reflected waves were delaying the establishment of the quasi-steady flow 

out of the opening; hence, the generation of the expansion waves 

associated with the mass loss behind the incident shock wave was delayed. 

Effect of Slot Depth on Attenuation 

Taole X demonstrates the rapid increase in attenuation as the 

effective slot depth was decreased below 0.980 in. fnr the OAOO in. 
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s] oi tri th ?. 3/íí in. entrance radius. The cylindrical reflected shock 

generated at t:ie dotmstream edge of the slot opening, reflect 

ÍV tt’- open boundary as expansion waves. The decrease in slot depth 

dec reares the time it takes to reflect the expansion waves; therefore, 

the establishment of the flow out of the opening is expedited. 

it 7ire 11 is a comparison of the attenuation at station D for 

the 0. Oh in. VM tf slot with various radii when the slot depth is 

1.9b0 in. and 5 in.. The two curves have the same shape, and the 

difference in attenuation values for the O.boO in. depth plates are 

not more than 2.3$ greater than those for the 5 in. depth plates. This 

very small chan -e in attenuation tends to eliminate frictional effects 

as an imnortant factor in establishing the flow out of the openings for 

the range of oaramrters investi'ated. 

Effect of Open Area on Attenuation 

Figure 3^ comnares the average attenuation at station D for 

different entrance radii niâtes. Though there is not a common maximum 

attenuation point, the curves reflect the discussion of the previous 

results. An increase in the radius of the slot onening for the smaller 

values of onen area will increase the attenuation; whereas, the 

attenuation decreases for larger open areas in the range of 

confj gurations illustrated. It is well to remember that the attenuation 

of the 3/8 in. radius entrance for the 2.708 square inch open area 

plates, 0,7^0 in. wide slot, would approach the value for the zero 

radius entrance plates as shown in Figure 30. 

25 



GA/l^l-S ' 

The points on the curvos for the O.I18O square inch open area are 

probably hiçh since the slot was counternilled slightly to a depth of 

0.1*75 in. from the top which has a strong effect on the attenuation at 

station D. Therefore, the attenuation is probably a linear function of 

the open area for the illustrated configurations until the effect of 

the time to cross the slot width becomes dominant. 

Effect o£ .Hot With Cover Plate 

The 0.1*00 in. wi''e slot with a 3/8 in. radius was chosen to 

determine the effect of a cover plate over the to^ of the opening which 

restricted the expansion of the gas behind the shock wave. For the 

three effective dentils of slot test plates investigated, Table ÏÏ, the 

attenuation at station D was approximately 5;?. The value for the 0,980 

in. derth slot is close to the attenuation value of 7*7% for the open 

slot of same depth; whereas, the 13.6¾ attenuation at station D for the 

O.liöO in. deoth slot open to the atmosphere is much greater. This 

correlation demonstrates the strong dependence of the station D 

attenuation on the tine to establish the flow out. 

The 10,1¾ attenuation at station E for the 0.1*80 in. depth slot 

test niâtes tends to illustrate the equalization of pressure across 

the shock front because the value is not much greater than the 7.2¾ 

attenuation for station E with blank test plates in the test section. 

Effect of Hole Geometry 

The test plates with five-0.500 diameter holes, open area equals 

O.Qpf square inch, were investigated for possible correlation with the 
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0,281 in, wide slot whose open area per plate was 1,036 square inch. 

The attenuation for the drilled hole plates with zero and I/8 in. 

entrance radius, Table XIV, was greater than those for the slotted 

plates, Table VI. The perforated plates had three holes upstream of the 

test plates midpoint on which the slots were centered; therefore, the 

initial flow out of these holes could more than offset the increased 

open area of the slotted plates. 

Ihe drilled-hole plates with i/Ji in. entrance radius showed a 

decrease in attenuation while the 0.281 in. slot attenuation increased 

linearly to this point. Ihe strong dependence of the cylindrical 

reflected shock strength on the time for the incident shock wave to 

travel across the opening probably accounts for this lower attenuation. 

The effective length of the disturbance, slot width plus two tires 

entrance radius, was 1 in. for the 0.500 in. diameter hole with l/i* in. 

entrance radius; whereas, the effective length for the 0.281 in. slot 

with l/ii in. entrance radius was approximately 3/4 in.. When the 

effective length of the disturbance for the 0.281 in. wide slot was 

increased to 1 in. with the 3/8 in. entrance radius, the attenuation 

for station D also decreased for this configuration. 

Schlieren Correlation 

General. Figure 22 shows representative Schlieren pictures of the 

shock wave passing over various slot openings. The shock wave is 

moving from right to left in all the Schlieren pictures of this 

investigation. The horizontal black strip in each picture represents 
27 
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th test plate in the test section. As the shock wave passes the 

v.'jtrearc edge of the disturbance it is normal to the inside surface of 

the test plate. The remaining pictures of figure 22 have similarity in 

the flew pattem, lhe expansion flow, A in Figures 2 and 22, which appears 

darker than the undisturbed flow, at the start of the disturbance is 

evident in each picture. Bie cylindrical reflected shock waves, B in 

Figure 22, are shown as a bright intensity curved line. In each case, 

the portion of the shock between the reflected cylindrical wave and 

the test plate, C to D in Figure 22, is straight but is not nonnal to 

the test plate. Ihe lagging of this portion behind the incident shock 

wave indicates a localized weakening of the shock wave. 

The part of the wave between the cylindrical reflected shock wave 

and the undisturbed flow, D to E in Figure 22, is curved as the 

rarefaction waves, F in Figure 22, are in the process of reducing the 

shock strength. Ihe remaining unaffected part of the shock remains 

normal to the test plate. 

Since the transducers are mounted level with the inside surface of 

the test plates, the pressure rise at the downstream station D, located 

only 13 inches downstream of the disturbance, is probably a localised 

effect. Ihe pressure rise at station E, ij. inches downstream of the 

disturbance, is representative of the complete shock wave which is 

normal to the incident flow direction when reaching this station as 

shown in Figure 27. Ihe photograph, taken 8 inches upstream of station 

E, shows the incident shock wave parallel to a string which is 

AT* 4*V»a 4-/sr> **«■» ••«Ti» .a 
4T - A--- vw MWVWAU MCLXJ.O UX 0 
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0*^00 Inch Slot With Cover Fíate, Figure 23 depicts the flow 

phenomena when the expansion of-the flow behind the shock wave is 

extremely limited. The picture on the right is similar to those in 

Figure 22. The left picture, which was taken after the shock had 

passed station D, shows the dissipation of the expansion fan at the 

upstream edge of the disturbance while the reflected compression waves 

are still forming, 

ow fot Open Area. Figures 2h, 25 and 26 show the formation of 

the reflected cylindrical shock waves on the downstream edge of the 

opening for the O.UOO in. slot and five-0,500 in. diameter holes for 

equal strength incident shock waves. The localized expansion flow on 

the upstream edge of the disturbance and the rarefaction waves 

generated by the flow out of the openings are representative of the 

phenomena for these configurations. 

The center picture in Figur« 25 for the drillecUhole test plates 

shows the formation of an expansion flow at the upstream edge of the 

two rows of drilled holes. 

The left picture, Fig. 26, for the countermined 0,1*00 in. wide 

slot indicates the stability of the expansion flow at the upstream 

edge for a well established flow out the slot opening. The complex 

phenomena on the outside of the test plates is also depicted in the 

left Schlieren photograph. 

29 
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VII. Summary of Results and .Recommendations 

Summary of Results 

for this experimental study the following results were determined. 

1) Ihe attenuation of the shock wave in passing over the 

transversely slotted wall was not a function of the shock wave 

strength for the invostirated range of pressure ratios across the shock 

front. 

2) The attenuation and the shock strength of the incident 

shock wave is a function of the distance travelled, therefore the time 

elapsed, from the disturbance. 

3) The strength of the incident shock wave downstream of 

a disturbance is a function of the ease with which the quasi-steady 

flow out through the ooeninps is established. Ihe following effects 

determine the ease in establishing the outward flow« 

a) The strength of the cylindrical reflected shock 

waves, generated at the downstream boundary of the disturbance, is 

dependent on the time to traverse the slots or perforated holes by the 

incident shock wave. Ihe reflected waves are formed immediately after 

shock wave passage. 

b) A decrease in depth of the wall opening, normal 

to the flow direction of the incident shock front, diminishes the 

effect of the reflected shock waves on the ease in which the mass 

flow out is established. 

It) The loss oí mass behind the incident shock waves 
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generates rarefaction waves which weaken the shock wave for all 

configurations investigated. 

5) The attenuation of the incident shock wave for a fixed 

open area is a function of the flow-disturbance entrance radius anrf 

the distance across the opening parallel to the incident flow. This 

function is non-linear for slot widths greater than approximately 

O.28I inch. 

6) The attenuation is a non-linear function of the open 

area per plate for a fixed radius of the disturbance opening. 

7) The orientation of the incident shock wave is altered 

by the disturbance to the flow in the region behind the incident shock 

wave. The disturbed part of the shock wave which progresses into the 

shock tube travels slower than the undisturbed portion because the 

rarefaction waves weaken the incident shock wave. The undisturbed 

portion of the shock wave remains normal to the flow while the disturbed 

portion lags behind at a trailing angle since it is travelling slower. 

Recommendations 

To increase the knowledge of this complex flow interaction, it is 

recoimnended that: 

1) An interferometer study with time dependent mass flow 

measurements be made of the effects in a slotted wall. 

2) A study of oerforated walls be made with various 

effective depth of hole openings. 
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Traiu-riucer Calibration 

Run 

1. 1.230 1.60 
2. 1.248 1.65 
3. 1.210 1.54 
4. 1.325 1.89 
5. 1.335 1.91 
6. 1.342 1.94 
7. 1.270 1.77 
8. 1.200 1.52 
9. 1.194 1.50 
10. 1.415 2.17 
11. 1.342 1.94 
12. 1.318 1.86 
13. 1.260 1.69 
14. 1.220 1.57 

P1 P2“P1 _Volta 
Transducer 

15_ 16 18 psia. 
14.30 
14.30 
14.30 
14.45 
14.45 
14.45 
14.45 
14.55 
14.45 
14.50 
14.50 
14.50 
14.50 
14.50 

psi. 
8.60 
9.30 
7.70 

12.85 
13.15 
13.55 
11.15 
7.55 
7.15 

17.00 
13.55 
12.50 
9.95 
8.30 

0.400 
0.410 
0.320 

0.560 
0.440 
0.334 
0.320 
0.700 
0.548 
0.526 
0.424 
0.340 

0.40Ô 
0.410 
0.316 
0.560 
0.540 

0.720 
0.544 
0.500 
0.402 
0.350 

0.340 

0.500 
0.480 
0.540 
0.400 
0.280 
0.260 

0.440 
0.355 
0.293 

Table 111 

Attenuation Check Bctvcen Stations C and Ü 

Run Pj (VP1>< p. 2C 21C 

paia. psi. 
15. 14.40 12.60 
16. 14.40 12.20 
17. 14.40 13.28 
18. 14.40 13.65 
19. 14.40 10.60 
20. 14.40 10.15 
21. 14.40 10.15 
22. 14.30 12.70 
23. 14.30 11.43 
24. 14.30 10.50 
25. 14.30 8.45 
26. 14.20 10.35 
27. 14.20 14.60 

paia, 
27.00 1.877 
26.60 1.850 
27.68 1.925 
28.05 1.950 
25.00 1.738 
24.55 1.706 
24.55 1.706 
27.00 1.890 
25.73 1.802 
24.80 1.737 
22.75 1.592 
24.55 1.730 
28.80 2.028 

pai. 
0.22 
0.07 
0.23 
0.20 
0.20 
0.15 
0.13 
0.10 
0.10 
0.25 
0.05 
0.09 
0.1? 
Average 

-1 
1.7 
0.6 
1.7 
1.5 
1.9 
1.5 
1.3 
0.8 
0.9 
2.4 
0.6 
0.9 
1.2 
1.3 

% 



ÇA/Woi-5 

Table IV 

Attenuation Chock Between Stations C and £ 

^P2C~P2E^ 
Hun 2C 21C 

psia. psi, psia. 
"OTT 

1.872 

1.883 

1.800 

1.U55 

1.760 

1.752 

1.746 

1.650 

1.850 

1.797 

psi. Trnr T9- ..8. 

29. 
30. 

31. 

32. 

33. 

34. 
35. 

36. 

37. 

38 , 

14.33 

14.33 

14.33 

14.33 

14.33 

14.33 

14.93 

14.33 

14.33 

14.33 

14.33 

13.95 

12.50 

12.68 

11.48 

9.40 

10.90 

10.80 

10.69 

9.32 

12.20 

11.42 

28.28 

26.83 

27.01 

25.81 

23.73 

25.23 

25.13 

25.02 

23.65 

20.53 

25.75 

0.77 

0.96 

0.80 

0.65 

0.88 

0.65 

0.82 

0.64 

1.03 

0.90 

Average 

6.2 

7.6 

6.9 

5.9 

8.0 

0.0 

7.7 

6.8 

8.4 

7.8 

7.2 
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ÜàAUÍ/b 1-5 
Table V 

attenuation From 0.130 Inch Slot 
2 

0.480 in. Open Area Fer Plate 

Run 

39. 
40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 

lUdiue 

inch 
zero 

II 

II 

II 

II 

II 

II 

II 

II 

II 

pl 
psia. 
14.30 

14 33 

b2-Pi)c 
P8Í, 

14.23 
10.92 
11.75 
11.75 
10.80 
11.90 
11.95 
8.45 
9.90 

14.30 

49. l/l6 
50. " 
51. " 
52. " 
53. '' 
54. " 
55. " 

14.10 11.88 
" 11.40 
» 10.90 
» 11.67 
" 11.88 
" 14.02 
" 11.65 

56. 1/6 
57. •' 
58. " 
59. " 
GO. 
61. 
62. !' 
63. 
64. 
65. " 
60. " 
07. " 
68. 
69. 
70. " 
71. 
72. 
73. 
74. 

14.10 14.11 
" 13.68 
•• 14.14 
» 13.37 
" 13.68 
" 14.01 
'• 13.68 

14.33 13.97 
" 13.97 
" 14.30 
'• 14.63 
'• 14.11 
" 14.37 

14.40 13.97 
" 13.92 

14.30 14.86 
" 14.59 

14.27 14.11 
" 14.15 

P2<TP2D 
pai, 

0.58 
0.67 
0.71 
0.75 
0.52 
0.73 
0.78 
0.39 
0.49 
0.79 

0.86 
0.70 
0.83 
0.79 
0.76 
1.22 
0.79 

1.53 
1.58 
1.56 
1.57 
1.28 
1.56 
1.43 
1.52 
1.87 
1.27 
1.60 
1.53 
1.70 
1.35 
1.38 
1.44 
1.56 
1.53 
1.57 

P2C"P2i: h ZE 

—esL_i_1L. 
2.95 4.1 20.7 

6.1 
6.0 
6.4 
4.8 

2.76 6.1 23.2 
2.81 6.5 23.5 
2.00 4.6 23.7 
2.60 5.0 26.3 
3.28 5.5 22.9 
Averages 5.5 23.6 

7.2 
6.1 
7.6 
6.8 
6.4 

— 8.7 — 
6.8 

Averages 7.1 

10.8 
11.5 
11.0 
11.7 
9.4 

11.1 
10.5 
10.0 
13.4 
8.9 

10.9 
10.8 
11.8 
9.7 
9.9 
9.7 

10.7 
10.8 
11.2 

Averages 10.7 



ÜaAiE/61 -5 

Table VI 

Attenuation From 0.2H] l„c|, ^iot 
O 

1.0.3o in7 i)pPU ^rea per pjftte 

94. 
05. 
90. 
97. 
03. 
99. 
199. 
101. 
10“. 
103. 

1/8 14.10 13.82 
13.88 
17.91 
19.55 
19.90 
10.28 
12.74 

.3.73 
3.96 
7.37 

Average• 9.1 

1.980 
1.970 
2.270 
2.395 
2.412 
2.155 
1.905 
1.020 
1.637 
1 .525 

1.84 
1.68 
1.88 
2.35 
2.67 
1.01 
1.42 
0.83 
1.20 
0.85 

3.48 
3.56 
6.10 
5.90 
o.üo 
4.08 
3.68 
2.43 
2.16 
¿.07 

13.3 
|0 i A*- • 
10.5 
12.0 
13.4 
9.9 

11.3 
9.5 

13.4 
11.G 

Continued: 
Averape:11.7 

25.2 
26. a 
34.0 
30.2 
31.4 
28.8 
29.9 
27.8 
24.1 
28.1 
28.6 

37 



GA/Wül-Ö 
Table VI Continued 

toñ Radius CPg-Pj) 

inch psia, psi 
104. 
105. 
106. 
107, 
108. 
109. 

110. 
111. 
112. 
113. 
114. 
115. 
116. 

117. 
118. 
119. 
120. 
121. 
122. 
123. 

C P2iC P2C“P2D P2C“P2L ZD ^ 

V* 
II 

II 

It 

II 

II 

3/8 

It 

II 

II 

II 

II 

14,32 
H 
h 
•i 
« 

h 

14.30 
h 

H 

M 
II 

II 

II 

3/8 14.30 

II 

H 

It 

II 

If 

M 

II 

I« 

II 

It 

II 

13.88 
13.88 
14.00 
13.74 
13.42 
11.52 

14.15 
13.78 
13.78 
13.78 
13.74 
13.88 
13.92 

14.02 
13.65 
13.50 
13.68 
13.60 
13.60 
13.55 

JE5ÍJ psi, i_1 
2.28 - 16.4 
2.51 - 18.0 - 
2.35 - 16.8 - 
2.28 - 16.6 - 
2.09 - 15.6 - 
2.06 - 17.9 - 

Average i 16.9 

1.90 - 13.4 - 
2.23 - 16.2 - 
1.71 - 12.4 - 
2.32 - 16.8 - 
1.74 - 12.7 - 
1.88 - 13.5 - 
2.32 - 16.7 - 

14.5 - Averaget 

3.40 
3.33 
3.33 
3.79 
3.20 
3.58 
3.66 

Averaget 

24.2 
24.4 
24.7 
27.7 
23.5 
26.3 
27.0 
25.4 
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Table VII 



GA/toE/61-5 
Table VII Continued 

Run Radius 

inch 
151. T7T” 
152. » 
153. '• 
154. '• 
155. '• 
156. '• 
157. '• 

158. 3/8 
159. " 
160. 
161. •• 
162. » 
163. » 
164. '• 

P¡ <î”pl^C P2C"P2D P2C"P2i; D ZE 
paia, 

14.39 
HI 

H 

H 

n 

H 

»I 

psi. 
14.63 
14.02 
14.02 
14.39 
14.07 
14.15 
14.15 

pai. 
1.60 
1.35 
1.53 
1.20 
1.17 
1.57 
0.96 

14.32 
H 

II 

M 

If 

II 

II 

13.74 
13.45 
13.55 
13.68 
13.60 
13.60 
13.68 

1.16 
0.87 
1.06 
1.01 
1.11 
1.15 
1.01 

P8i. % % 

10.9 - 
9.6 - 

10.9 - 
8.3 - 
8.3 - 

11.1 - 
6.8 - 

Averaget 9.4 

8.4 - 
6.5 - 
7.8 - 
7.4 - 
8.2 - 

8.5 - 
7.4 - 

Average* 7.7 
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GA/tas/61-5 
Table VIII 

Attenaation Froa #.400 lach Slot With 4 Inch Slot Sxtenaion 

(1.469 in? Open Area Per Plate) 

'1 (v»i^ p¡?pü ^ ç 
inch 

166. aero 
166. " 
167. " 
168. » 
169. " 
170. " 

peia, pai. 
14.30 14.15 

H 14.15 
" 13.55 
" 13.90 
N 14.39 
N 13.96 

2.06 
1.75 
1.71 
1.79 
1.81 
1.80 

171. 1/16 
172. " 
173. « 
174. " 
175. » 
176. « 

14.10 14.15 
” 13.92 
M 13.21 
" 14.30 
N 14.15 
N 13.55 

1.96 
1.85 
1.56 
1.90 
2.05 
1.86 

177. 1/8 
178. " 
179. ■ 
180. ” 
181. N 
182. " 

14.38 14.67 2.09 
” 14.39 1.81 
- 14.78 1.76 
" 14.63 1.83 
" 14.63 2.09 
» 14.50 2.17 

183. 1/4 
184. " 
185. " 
186. ” 
187. " 
188. N 
189. » 
190. " 

14.41 13.78 1.24 
N 13.68 1.10 
" 13.17 1.07 
" 13.74 0.88 
N 13.55 1.25 
N 13.88 0.88 
" 13.68 1.36 
N 14.25 1.36 

191. 3/8 
192. M 
193. " 
194. ” 
195. N 
196. " 
197. « 

14.32 14.22 0.98 
N 14.54 1.21 
" 13.74 1.16 
M 13.45 0.91 
N 13.65 1.03 
" 13.45 0.78 
N 13.60 1.02 

pai. % j 
ï. 93 UTÕ 27T8 
3.13 12.4 22.1 
2.80 12.6 20.7 
3.41 12.9 24.5 
3.11 12.6 21.6 
2.94 12.9 21.1 
Atorafet 13.0 23.0 

3.66 13.8 25.9 
3.57 13.3 25.6 
3.50 11.8 26.5 
4.34 13.3 30.3 
4.19 14.5 29.6 
3.72 13.7 27.5 
Averages 13.4 27.6 

4.05 14.2 27.6 
3.90 12.6 27.1 
3.76 11.8 25.4 
3.61 12.5 24.6 
4.14 14.3 28.3 
4.54 15.0 31.3 
Averages 13.4 27.6 

- 9.0 
8.1 
8.1 

« 6.4 
- 9.2 
- 6.3 
- 9.9 

9.5 
Averages 8.3 

6.9 
8.3 

- 8.4 
6.8 
7.6 
6.8 
7.5 

Averages 7.3 

U 



GA/iŒ/61-5 
Table IX 

Attenuation From 0.400 Inch Slot-g Inch Radius 

and Counternilled 1.500 Inches fide 

(1.469 in? Open Area) 

Ron Slot Depth 

inch 
198. 0.730 
199. « 
200. •• 

201. " 
202. « 
203. « 
204. M 

'PrPiV 
psia. paj, 

14.30 13.68 
" 13.74 
" 13.42 
" 13.60 
" 13.82 
" 14.22 
" 12.02 

205. 
206. 
207. 
208. 
209. 
210. 
211. 
212. 

0.480 
M 
ft 

H 
It 

It 

•I 

M 

14.43 
H 

•I 

II 

•I 

II 

n 

h 

13.78 
14.11 
14.07 
14.07 
13.82 
13.78 
13.78 
13.97 

'P2C”P2D^ 
P»i. 

1.48 
1.49 
1.32 
1.63 
1.52 
1.73 
1.40 

Averaget 

D 
% 

10.8 
10.8 
9.8 

12.0 
11.0 
12.2 
11.6 
11.2 

1.78 
1.81 
1.97 
1.97 
1.72 
1.81 
1.98 
2.05 

12.9 
12.8 
14.0 
14.0 
12.5 
13.1 
14.4 
14.7 

Average! 13.6 

Table X 

Attenuation vs. Effective Slot Depth 

For 0.400 Inch Slot - 3/8 Inch Radius 

(1.469 in? Open Area) 

Effective Slot Depth z~- 

_inch _ 
5 7.3 

0.980 7#7 

0.730 11.2 

0.480 13.6 



Ga/mü/öJ-ö 
Table XI 

Attenuation From 0.400 Inch Slot - 3/8 Inch Radius 

With Cover i’late Over Slot 

Hun Slot Depth 

_inch 
213. 0.480 
214. " 
215. » 
216. •' 
217. " 
218. » 
219. •' 

P1 
psia. 

14.43 
d 

h 

H 

psi . 
13.78 
13.68 
13.55 
13.60 
13.68 
13.78 
13.88 

220. 0.480 
221. " 
222. " 
223. '• 
224. '• 
225. " 
226. " 
227. " 

14.38 13.78 
" 13.45 
" 14.44 
" 13.92 
" 13.00 
" 13.92 
" 13.68 
" 13.74 

228. 0.730 
229. " 
230. " 
231. »• 
232. " 
233. » 
234. " 

14.30 13.88 
" 13.78 
" 13.88 
•' 13.78 
" 13.74 
" 13.65 
" 13.68 

235. 0.980 
236. » 
237. " 
238. " 
239. 
240. M 
241. " 

14.32 13.21 
" 13.68 
" 13.82 
" 13.92 
" 14.02 
'• 14.07 
" 13.82 

P2C"P2D P2C"P2C ZD ZL 
P»i._psi. jo % 

0.75 - 5.4 
0.44 - 3.2 
0.85 - 6.3 
0.57 - 4.2 
0.86 - 6.3 
0.92 - 6.7 
0.74 - 5.3 

Average: 5.3 

0.04 
0.41 
0.74 
0.75 
0.74 
0.85 
0.78 

0.45 
0.78 
0.63 
0.96 
0.42 
0.70 
0.63 

1.20 - 8.7 
1.48 - 11.0 
1.77 - 12.2 
1.62 - 11.6 
0.98 - 7.2 
1.02 - 7.3 
1.58 - 11.5 
1.54 - 11.2 

Average? 10.1 

4.6 
3.0 
5.3 
5.4 
5.4 
6.2 
5.7 

Average: 5.1 

3.4 
• — 

4.0 
6.0 

3.0 
5.0 
4.6 

Averages 4.7 



ga/me/ôi-õ 
Table SI 

Átteaaaiioa Fron 0.608 lach Slot 

1.844 in. Open Area 

Radios Run (p2-pA P2C"P2D 

242. 
243. 
244. 
245. 
246. 
247. 
248. 
249. 

250. 
251. 
252. 
253. 
254. 
255. 
256. 

257. 
258. 
259. 
260. 
261. 
262. 
263. 
264. 

iach 
sero 

II 

•f 
II 

II 

II 

•I 

II 

1/16 
II 

II 

II 

II 

II 

n 

1/8 
II 

n 

ti 

h 

H 

h 
H 

ps ia. 
14.31 

W 

M 

N 

fl 

II 

N 

II 

14*33 
n 

ti 

w 
H 

II 

n 

14*37 
n 

ti 

H 

it 

ti 

H 

II 

psi, 
14.96 
14.02 
15.09 
14.86 
14.37 
14.37 
14.50 
13.97 

14.86 
14.78 
14.78 
14.63 
14.67 
14.59 
13.78 

14.63 
14.63 
14.73 
15.20 
14.02 
14.30 
13.97 
14.15 

P«1-_Í 
2.99 20.0 
2.50 17.8 
2.99 19.8 
2.94 19.8 
2.49 17.3 
2.72 18.9 
2.70 18.6 
2.69 19.2 

Areragei 18.9 

1.59 10.6 
1.36 9.2 
1.36 9.2 
1.67 11.4 
1.64 11.2 
1.32 9.1 
1.45 10.6 

Areragei 11.9 

1.13 7.7 
1.21 8.3 
1.13 7.7 
1.56 10.3 
0.99 7.1 
1.30 9.1 
1.52 10.9 
1.45 10.2 

Areragei 8.9 
Continuedi 
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Table III Continued 

Kun 

265. 
266. 
26T. 
268. 
269. 
270. 
271. 
272. 

273. 
274. 
275. 
276. 
277. 
278. 
279. 

Radius 

inch 
~TfT~ 

M 

II 

II 

II 

II 

II 

It 

^2^1^ 
paia. psi, 

14.30 13.78 
" 13.66 
" 13.55 
" 13.65 
" 13.65 
" 12.97 
" 13.68 
" 13.97 

3/8 

II 

14.28 14.54 
" 14.25 
M 13.88 
" 14.44 
" 14.37 
" 14.50 
" 14.63 

P2C”P2D 
psi, 

D 

1.24 
0.62 
0.69 
1.20 
0.76 
0.67 
1.06 
1.30 

9.0 
4.5 
5.1 
8.8 
5.5 
5.2 
7.8 
9.3 

Average j 6.9 

1.58 10.9 
1.49 10.5 
1.30 9.4 
1.68 11.6 
1.79 12.5 
1.60 11.0 
1.87 12.8 

Average: 11.2 

45 



GàAie/61-5 Table XIII 

Attenuation From 0.750 Inch Slot 

2.704 int Open Area 

Hun Hadius Pj (Pq-P^c P2C”P2D 

inch 
280. zero 
281. " 
282. " 
283. " 
284. " 
285. " 
286. " 

287. 1/16 
288. " 
289. " 
290. " 
291. " 
292. " 
293. " 

psia._psi, 
14.32 14.39 

" 14.73 
" 14.15 
" 14.54 
" 14.44 
" 14.54 
» 14.39 

14.38 14.63 
" 14.59 
" 14.30 
" 14.50 
'• 14.39 
'• 14.44 
» 14.67 

294. 1/8 
295. " 
296. " 
297. 
298. 
299. " 
300. " 
301. " 

14.32 14.54 
" 14.73 
» 13.45 
» 13.92 
" 13.88 
» 14.59 
» 13.65 
» 13.82 

302. 
303. 
304. 
305. 
306. 
307. 
308. 

1/4 14.22 
Il II 

Il II 

Il H 
Il H 
Il H 
fl H 

13.45 
13.92 
13.74 
13.92 
13.65 
13.65 
13.92 

Continued: 

psi. 
1.53 
1.46 
1.57 
1.96 
1.64 
1.74 
1.53 

Average: 

jo 
10.3 
9.9 

11.1 
13.5 
11.4 
12.0 
10.6 
11.3 

1.03 
1.09 
0.84 
1.23 
1.36 
1.02 
1.12 

Average: 

7.0 
7.5 
5.9 
8.5 
9.4 
7.1 
7.7 
7.6 

1.04 7.2 
1.00 6.8 
0.75 5,6 
0.89 6.4 
0.80 5.8 
1.13 7.8 
0.98 7.2 
1.02 7.4 

Average: 6.8 

1.35 
1.02 
1.29 
1.25 
1.32 
0.98 
1.12 

Average : 

10.0 
7.3 
9.4 
9.0 
9.7 
7.? 
8.0 
8.8 

46 
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Table XIII Continued 

Hun Radius 
Pi (P2-pl>C P2ü“P2D 

inch 
309. 3/8“ 
310. " 
311. 
312. " 
313. 
314. " 
315. 

ps ia. 
14.28 

psi, 
14.07 
14.02 
14.39 
14.37 
14.25 
14.15 
14.50 

psi. ^ 
1.31 9.3 
1.82 13.0 
1.72 11.9 
1.57 10.9 
1.22 8.6 
1.48 10.5 
1.83 12.6 

Average: 11.0 
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Tabic XIV 

Attenuation From 5-().500 Inch Diameter Holes 
2 

0.982 in. Open Area 

llun Uadïus ^ P^-P^ p -p / Z 

^2C ^2E D E 

inch psia. psi, 
316. 
317. 
318. 
319. 
320. 
321. 
322. 

zero 
h 
h 
h 

h 

h 

•i 

14.33 14.25 
12.10 
12.02 
10.96 
8.82 

11.48 
11.05 

323. 
324. 
325 
326. 
327. 
32«. 

1/8 14.17 
M 

II 

II 

II 

II 

14.96 
14.54 
14.02 
13.37 
14.39 
14.86 

329. 
330. 
331. 
332. 
333. 
334. 
335. 
336. 

1/4 

II 

II 

II 

It 

II 

II 

14.32 
II 

13.92 
14.67 
14.67 
14.25 
14.78 
14.54 
14.39 
14.15 

psi . 
1.29 
1.10 
1.07 
0.98 
0.80 
1.23 
1.27 

2.10 
1.87 
1.69 
1.57 
2.14 
2.24 

0.89 
1.07 
1.21 
1.11 
1.41 
1.40 
1.02 
1.35 

psi._% % 
2.82 9.1 19.8 
2.80 9.1 23.1 
2.76 8.9 23.0 
2.56 8.9 23.4 
2.92 9.1 23.1 
3.28 10.7 28.6 
2.99 11.5 27.1 

Average» 9.6 25.4 

14.1 
12.9 
12.1 
11.8 
14.9 
15.1 

Average» 13.5 

6.4 
7.3 
8.3 
Z.8 
9.5 
9.6 
7.6 
9.5 

Average» 8.3 
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finiré 2. l-fcrallel flow Across an Opening 
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Firure 4. Goaoral View of Shock Tube
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Figure 5. General Vie» of Test section
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Figure 6. Test Plat* With 5-0.500 In. Dianeter Holes

Figure 7. Test Plate With 0.750 In. Slot- 3/8 In. Radius
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Figure 8. Teat Plates With 0.400Inch Slot



Fipire 9. 0.400 In.Slo^ Test il .tes .Jith Slot Extensions 
and Cover Elates
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Figure 10. Type 531 and 1805 Oscilloscopes

Figure 11. Oscilloscope Caaeras Uounted and 
Tine Uark Generator
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Figure 13. Schlleren Systen Caaeru, Bellovs, Knife Edge 
and Mirror
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Figure 16. eacilloscope Picture Itariag Tranedaeer Calibration

Figaro 17. Oecilloscope Picture During Experimental Rune
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P2- P, , Psi. 

Figure 20. Transducer #16 Calibration Curve 
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Skosk at Start af Slat 0.130 la. Slat> l/8 la. Sadioa

0.608 la. Slat- l/8 In. Badiua 0.750 In. Slat- l/8 la. 
Radina

Figora 22. Schliaran Picturaa af a Shack Vara Paaaiag Orar 
VariooB Slot Opaaiaga

Continued»
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Figure 23. Schlieren Picture of Sheek Ware Faaaiag a 
0.400 Ueh Slet- 3/8 lack eadiaa With 
Plate Orer Slet Opeaiag
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Figure 27. Schlieren Fhotograph of a Shock Ware in a 
Tost Section Located 7 7/8 Inches Upstreas 
of Station £ 
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Figure 28. Attenuation at stations D and E Due to 0 281 Inch 
_Slot With Zero Radius of Entrance 
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□ : 0.281 In. Slot 
G « 0.508 In. Slot 
A* 0.750 In. Slot 

Radius, Inch 

Fi¡ruro 30. Attenuation at Station 1) vs. Entrance Radius 
For Different Slot Openings 
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Appendix A 

Kun #6 

tor Traite Uíibr^ ^ 

Loir pressure region initial readings; 

Tj » 5.39.5° R 

Pj * 14.45 psia. 

Type 531 oscilloscope settings; 

Horizontal; 500 microseconds/cm. « 0.0005 sec./cm. 

Vertical; 0.20 rolts/cn. 

Data from oscilloscope photograph; 

Horizontal stance fro. initiation of «.ee„ .t station a t 

the second pre.anre pulse at station C, 

4.35 c. X 0.0005 sec./c«. = 2.175 aiiilsec. 

Vertical deflection y atation B (Transducer #15), 

2.80 ca. X 0.20 eolts/c. . 0.560 volt. 

Vertical deflection ., atation 0 (Transducer #ls). 

2.70 cu. X 0.20 eolte/cm. . 0.540 rolts 

Shock tube diatance bet.een stations X and C » dOin - 3 3, ft 
No», ». - distance 3.33 ft. -3.33(1. 

time 2.175 oillisec. * 1530 ft./sec. 
bpetd of sound in region 1; 

For air; Cj . 49,1(1^) 

Cl ■ ^-1(839.5)1 . mo ft./sec. 
Mach uumber of shock wave *= Ms* 

Ws 1530 Ms 
vj 1140 

Being equation(2) to find nroesure step, 
n .»Ürl 7(1.3421^1 

21 6 B ^ » 1.94 

P2 ' P21 1 P1 “ 1*94 A 14.45 . 28.00 psia. 

P2 “ ?1 - 28.00 - 14.45 . 13.55 psia. 

Voltage for this nreasure fA^ <—j. 
^ A * .Sduee,B and #18 is 0.560 

and 0.540 volts respectively. 

- 1.342 
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Appemiiji B 

a-culMjons Kor /„ „f t.wnm.utal 

Itur. #30 

Low prosnurP région initia] readings* 

ïj * &41.5° H 

Lj =14,30 psia. 

"““'V5''" T ,"m0a,;"l'e «nd Figur,„ 19 .„d a0t 

'py”pi'c ' ^-2,3 »,8i* 

ÎP2”Pj)p “ 13,65 psi. 

Pressure difference in region 3 for stations C and i)¡ 

P3C”P2]J " ^P2"P1^C ' ^P2"Pl^j s - 13.65 = 0.5rt 

attenuation at station D (Z )i 

From equation (,j), 

Z = X 100 

1 
'1 

Ap2 

Therefore, ¿ a——x 100 
ÏŸ^ 

l*2C-|,üi) 

ivf^ 
X 10(1 
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Appendix B 

-iUile For 2B of £IwrineoU| ^ 

llun À«'}») 

Low présure region initial readings.- 

Tj « 541.5° K 

»14.30 psia, 

t'“Í“g 531 «'‘Ho.co,« photograph and Figur»* 19 and 20, 
Í)(j * 14.23 psi. 

^P2”Pl\) “ 13 *65 P8i- 

Pressure difference in region 2 for stations C and 1), 

P2C“P21> * ^P2“P1^C ’ ^P2"Pl^ij * 14*í!3 - J3.Ü5 a 0.58 

atténuation at station D (2^)I 

From equation (3), 

Po 

Z = J1 
X 100 

- 1 

Therefore, ¿ m 
AP,, 

^V^X10°- TfSrr- 

z0 100 - ♦■••I* 
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Appendix C 

Analy1« of Data Run Scatter 

Average from Table VH for 0.400 inch «lot with l/l6 inch 

radius and no slot extension equals 15.4)(. The individual values 

for Zjj vary from 13.7 to IS.?#. 

Though the individual pressure steps, (p^-pj), for each station 

were measured well within the 2$ vertical deflection accuracy (0.00 

cm. for the 3 centimeter deflection of the average Poin equal to 

1.95), a conservative estimate of tne measurement errors is 0.02 cm. 

for station C and 0.04 cm. for station D. Run 142 data with Z0 « 

15.6)(, close to the average of 15.4)(, will be used to illustrate 

the maximum probable fluctuation in data. 

Determine (P2~'Pj) stations C and Dt 

(Pg-pJr* hi8h ▼»Ine = 13.82 psi. 
low value - 13.65 psi. 

(Po“Pi)n* hi8h ▼*!«« » 11.80 psi. 
low value » 11.40 psi. 

Therefore! (P2C-P2D)|JlftXi " 13.82 - 11.40 - 2.42 psi, 

(PRC-^min. * 13-65 “ U*80 * ^85 P*1- 

K"> \ «x.-iraf1100 ■17 

Z 
D min 

1.85 
“I3.b5 ■I 100 13.5)( 

These values for maximum and minimum attenuation at station D 

include all values for runs 137 through 144. The values determined 

are considered very conservative since there are many other factors 

which could cause scatter of the individual runs for a given config¬ 

uration. 
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