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~L~itL ~~.driven section is added to the 2.4m driver section to accommodate full 
scale

test dimensions. The normal straight shock tube operating cycle is then
extended by testing at a location where the reflected expansion waves from
the breech overtake and weaken the shock. The resulting pressure loading
is a decaying pulse (i.e., blast-wave, type) with determinable duration

.

~~A requirement on the loading duration may conversely 
be used to specify

the appropriate tube lengths involved. The methods are described which
account for the differences in operation between a straight and an area-
changed shock tube, which apparently have not been done before for the sub-
sonic conditions encountered here. ‘~~‘ , , - .
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Rec en t  lv , t I m e  \ I m v  I m a s  shown i t i t e r es t  i n  ni i i i i m i  ~ i n g  “c o l l a t e r a l
damage ’’ to c l v i i i  a i m  ;I r e ;I s  and to Cr i end Iy  t roops. ‘I li I s i nt erE-’~t has
c rea t ed  a ime ed for  t’ac i I i t  I es to  p er imi i t ‘ ‘ f u l l  sc a l e ’’ test i mi g under
s i n iu l at ed  low— l ev e  I b l a s t  l o a d i n g s  caused by exp l o s i v e  charges . (~ t u  I I
s c a l e ” wall s would be of realistic si:es wherein regular construction
m a t e r  iii Is  and method s are  u seab Ic. ) ‘l’he need for  such fac A l i t  i es
a p p a r e n t l y  has not been net sat  i s fac tori  l y. Facilitie s exist , e.g.
the  DASAC ON c o n i c a l  t u b e  at I ) ahl  gren , V i r g inia , perm i tting uim l 1 scale
t e s t  i n g ;  yet op era t  iol i a  11 y they may have s h o r t c o m i n g s :  expense of
o p e r a t i o n  in t e rms  of !lidl )j ) O W C ~ and/ or  energy r cqu i  renients or , in-
adequate simulation of the  waveform c h a r a c t e r i s t i c s  of c o n v e n t i o n a l
e xp l o s i v e  b l a s t  w a v e s ,  i n  response to an Army request  i n v o l v i n g
such f u l l  scale t e s t  i ng ,  we have studied a possible modification of
the  2 . 4 m  ( 8 ’ )  tube po r t i on  of the  existing BRI~ Dual  Shoc k Tube
Fac i l i ty 1 ’2 , Fi gure 1 from Refere nce 1 , to g i v e  the des i red  tes t i ng
p imrameters  — acceptance of w a l l s  to S.7m (12’ ) he i ght , sub jec ted  to
peaked pressure pu l se s  UI) to 70 kPa (10  p s i )  of ~ SOm s p o s i t i v e
dura t ion .

Testi n g beyo n d the  open en d was  not con si dered because of the
j et - l i ke  cha rac t e r i s t i c s  of the  f low e m i t t e d . C lose  in , pressures
are unev en across a p l a n a r surface  imme r sed n ormal to the flow , a
resul t  predicted from a s imple  model , and found in e a r l y ex pe r ime n ts
by Bertrand 2. Far the r  away, when t he shock is  more p l ana r , t he  d e s i r e d
pressure levels  are not assured under the  tube ’s op e r a t i n g  l i m i ts .

Th e modi f ica t ion con sid er ed i s b a s i c a l l y a n a d j u s t m e n t on the
d r iver/ dr iven tub e lengths  and test s t a t i o n  loca t ion to g ive  the
desired pressure wave form , and is  a somewhat n atu ra l  ex ten s ion of
the c lassical  shock t ub e opera t ion  cycle , but  w i t h  an area change.
The peaked pressure waveform is obtained by t e s t i n g  at s ta t ions  w i t h i n
a dis tance in te rv al def ined  by the in te r sect ion of the leading and
trailing waves of the b reech- re f l ec ted  expans ion  fan w i t h  the pr imary
sho ck. The in teract ion of the expansion waves w i t h  the shock weakens
i t , thereb y giving the desired decaying  l ressure p u l s e .  The f low i n
an equ i v a l en t st rai ght shock t ube is used to f o l l o w  the wave pro-
cesses. Specif y in g the desired posi t ive durat ion of the peaked wave
then determines the appropriate tub e lengths , for the strai gh t tube ,
the n , b y imposing a s imple  physica l  requirement , t hese tube len gt h s
can be carried over to determine the desired area-changed tube l eng ths .

1. B. P. Bertrand, “BRL Dual Shock Tube Facility, ” BRL MR 2001,
U. S. Army Ballistic Research Laboratory, Aberdeen Proving
Ground, MD, August 1969. AD 693264.

2. B. P. Bertrand, “Proposed Improvement of BRL Dual Shock Tube
Facility, ” BRL Technical Note No. 1733, 0. S. Army Ballistic
Research Laborator~1, Aberdeen Proving Ground, MD, April 1970.
AD 871736.
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The driving pressures for the area-changed shock tube are computed
following the methods of Aipher and White,3 who also treated area-
changed shock tubes but whose interests were in stronger shocks, with
tile driver tube looking into a smaller area driven tube. The principal
features of our calculations apparently have not previously been done
explicitly for the subsonic flows occurring here and up to the wave
interaction regions involved. Results are presented of calculations
for the driver pressures for the 2.4m tube for several test condi-
tions , involving two different (larger) areas of driven tube.

II. DETERMINATION OF DRIVER PRESSURE

The flow situation for the area-changed tube is depicted in
Figure 2, along with its wave diagram or x-t plot. Following Aipher
and Whites we may write the expression for the diaphragm pressure
ratio 

~4c’~1’ 
after the diaphragm is broken and flow processes are

established, as (ideal , one-dimensional flow throughout)

~4c - ~4c ~3a ~3 p2 (1)
~l ~3a~~3 ~2 ~l

The pressure ratios in the expression are interpreted to be

~4 ‘~3a 
- the pressure (ratio) required to expand unsteadily

C the gas in region 4 from r~~t to a Mach number M3a ;

p3 /p3 - the pressure required to expand steadily the gasa frorn M t o M * ;3a 3
- the pressure across the contact surface separating

driver- from driven-gas, with p3 p2 ;

- the pressure required to compress the test gas in
region 1 through the shock of strength M

1 
or M5.

Assuming the processes are isentropic and accounting for the steady or
unsteady nature, we may write Equation (1) as

3. H. A. Alp her and D. R. White, “Flow in Shock Tubes with Area
Change at the Diap hragm Section, ” J .  Fluid Mech ~, 457-70
(1958) .

*For subsonic flow 14 < 1 , a steady expansion is more effic i ent i,n
the converBion of theiina l to kinetic energy than an unsteady expansion.

4. E ’. L. Reeler, Shao-Chi Un, and Arthur Kantrowita, “The Production
of High Tenrperatu re Gases in Shock Tube9,”J.  Appi. Phy a. ~~~, 1390-99
(1952) . 10
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1A~~1

l 4~ 14 1 2+ (14
_ i )  M 3 p

= (1+ —i-—— M3 ) [ 2~ 
— ( 2 )

p
1 

- 2+ (14
_i) 

~
13a

In regular shock tube testing, the gases in reg ions 1 and 4 are
usually specified , as is the desired test overpressure ; thus a driver
pressure can be determined . In the area-changed tube the  unkn own s

are 
~4c as well  as N3 and M3a * Equations to connect these are the

expression for isentrop ic nozzle flow in terms of the nozzle areas :

1 14
+1

2 2 1 4 —1
A H 2+(y —1) N

~ 3 r 3a
2

1 3a 2+(’~4
_ l) M3

and an expression connecting H3 
with the driven gas :

u 3 u3/a 1 u
2
/a

1
H = ( 4 )

• • 
3 a3 a3/a 1 

(a3/a.~a
) (a~~/a4” (a4[a1)

where a similar decomposition into steady-unsteady processes as in

Equation (1) is made , and results in:

(u 2 / a 1 ) (a 11a 4 )
H

3 
= 

________________________________ —

2+ (1
4

_ l)  H 
2 4 2

[ (5)
2+(14-l) 

M
3 

2+(14
-l) H3

We now combine Equation (5) with Equation (2) and rewrite (2) as

2 14
14~ 

1

~4c (u
2
/a 1) (a1/a4)— = ~ M ~2~

’
~ 1 

(6)
p1

Equations (5), (6) and (3) may then be used to determine the required

driver press ure 
~4c’ 

knowing the des ired testing press ure p 2/p 1 and

the nozzle area ratio A4/A1
. Solution techniques - e.g. the Newton-

Raphson method or iteration - may be used on this system of equations.

11
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We have used a graphical procedure offering some simplicity and
uti l i t y  to the worker at the site. This is now illustrated . From
Fquation (3) we have

14~ 1

14
+1 

1/2f A~ M3 \  2~ (14-1) M3~
- I

2+ (14 -1) M~

which , on subs t i tu t ing  into Equation (5), gives

N — 

(u2/al) (al/a4 ) 
V 

(7)
3 -

“ A  M ~ Y 4+l
( 4  3a~~ 2

‘~~~~~

.. 

~
_)  2+ (14

_ l)  M3a

Or rearranging

14~l

14~~1 2

(A 4/A 1) 14 +1 2+ (14-1) M32 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  H = 

a (8)(u 2/a1) (a 1/a4) 3 Y 4~ l

14~1
H
3a

The right hand side of Equation (8) determines a curve Z 3a plotted
vs Mach number; similarly, the left hand side determines a curve Z

3
(a straight line on a log-log plot). Thus for given p2/p 1 

-

or (u2/a1) (a1/a4
) - and A4/A 1, the points Z3 = Z

3a determine the
Mach numbers H

3 and M3 upstream and downstream, respectively, of
the nozzle , and in particular M3 

of  Equation (6) and, thereby , the
required dr iver pressure 

~4c
’

Some samp le  val ues have been calcula ted f o r  their spec if i c
interest and to illustrate the procedure. An attractive feature is
that different area ratios and test pressures are reflected only in
a change in (straight line) intercept (for the same gases) of the 

3
curve. The area ratios considered were for 2.4m (8’) diameter
driver tube and Case (a)-3.7m (12’) and Case (b) - 4.6m (15’)

12 
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d i a m e t e r  di’ i V eii t ub e s , w i  th test overpressure p = 73 kI~a ( 10.6 p si
1;ases h ad

1 
= Ii 

= 7/ 5 ;  
~
‘-~ 

=

Case  ( c)  is similar to (a) hut P~g 
= 34.5 kPa ( 5 .0  psi). ‘Ihe values

fo r the various q u a n t i t i e s  en ter ing  in to  the c o n s t r u c t i o n  of the  graph
are tabulated i n  1 31) 1 C IA .

l ’AB LE IA — PARAM ETERS FOR TEST FL OWS

Case (A 4 /A 1
) u 2/a 1 M 1 2 (A /A 1 ) U’6 (u 2/a 1) p / p

a () .4-1- 1 0. 4 0 22  1 . 27 -1 . 346 1 . 72

h 0 .28 -1  0 . 1 02 2  1 . 2 7  -1 .033 1.72

c 0.444 0 .2 19 1.14 7 .982 1 .34

The graphs for these cases are plotted in Fi gure 3 as func t ions of
Mach number .

For the three cases the Mach numbers determin~~l~aj-e t~ b~ la ted in
Table  lB  as wel l  as the driver pressures (absolute) as determined -.

from Equation (6) .

TABLE LB - CALCULATED NOZZLE MACH NUMBERS AN ) ) D R I V E R  PRESSURES

p4-
Case (kPa) L (ps i )  

~~ 
M3~ ‘

~

a 800 116 0 .6 0.50

b 1564 2 27 0.68 0.55

c 252 37 0 .40  0 .25

From these sample cases , it is seen that  a 2 .4m diameter driver
section coupled to a 3.7m diameter driven section to give test over-
pressures up to 70 kPa (10 psi) is well within the 1100 kPa operating
limits of the present TBD 2.4m shock tube. A 4.6m driven section
at this overpressure could not be accommodated , however . For
reference we have considered a range of test over-pressures P~g 

and

their required driver pi~ ssures 
~4c 

for the 2.4m: 3.7m (8’ : 12 ’)

13 
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area—changed tube . Results are plotted as F i gu re 4~ * Ma x imum 
~2g 

i s

seen to be ‘
~~ 93 kI’a ( 1 3 .5 ps i )  for the 1100 kPa driver operating

limit .

In addition , some cases have also been treated involving
tile l. 7ni (5 1/2’) diameter tube of the BRL I)ual Shock Tube Facility,
to illustrate the ob ta i n a b l e  test pressures , along with associated
driver pressures. Wave durations were not worked out. The l.7m tube
has l rovision for heating ot t h e driver gas to eliminate the contact
surface discontinuit y , i.e. for ta i lo r ing  of the interface.

For small disturbances , i d e n t i t y  of the acoustic impedance pa
across the interface assures that waves are transmitted without change ,
For tile S~~fl1C gas on either side of the interface, the requirement
reduces to identity of the sound speeds. Hence, also, in the tailored-
interface mode

u2/a2 
= u

3/a3 
= H

3 .

With the desired test condition (hence H3
) known , one may enter

the plot  of Figure 3 to select a particular pair (there is a range)

~l . M ,~ for which Z 3 
= Z3 ,  as required by Equation (8) in the solution

for 
~4c~ 

Through this point (M3,Z3) is passed a strai
ght i ine

paralleling previously computed straight-line Z3 
curves for other

conditions; and this gives the intercept value, from which the driver
sound speed ratio a4/a1 

is determinable . Consequently, the driver

gas temperature or the heating may be determined. Then the driver
pressure including the heating is again determined from Equation (6).
Three sample cases are given in the following Table II , for the 1.7m
tube coupled to a 3.7m diameter driven tube , with T1 

= 300 K.

~Because of the re lative Z-y large exponent occurring in Equation (6) ,
small rounding errors in the early stages of calcu lations can y ield
Var iations from our f i na l results. The accuracy conforms to the
approximate nature of the inquiry, and does not appea r to be the
limiting featu re in the tube modification.

14
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111 . DETERMI NA’l ION OF I’OS III Vii PIJLSIi l) IJRA i ION

A. Wave Advance in the St ra i gh t Shock lube

We turn now to quest ions on the positive duration of the desi red
peaked wave. As mentioned in the Introduction , we rely on the inter-
action between the incident shock S and the reflected rarefaction wave
R from the breech to weaken the shock pressure , thus giving the peaked
pressure wave form. the wave diagram of Figure 5, for a straight shock
tube , illustrates a possibl e set of events and the pressures at various
stations x. For sufficiently strong rarefaction waves thìe shock reduces
to one of the characteristics of the rarefaction wave exiting fron the
interaction region; for weak rarefaction waves overtaking the shock , a
weakened shock with lowered shock pressures emerges 5. In both instances
we may take the peaked wave ’s positive duration as the interaction time
of the shock with the reflected expansion fan from the driver breech.
The problem , therefore, is to determine t h i s  t im e from th e operation
cycle of our area-changed shock tube.

As a point of departure , we make use of calculations involving a
st ra igh t  shock tube chosen to give the same downstream conditions as
the area-changed tube. The interaction problem and the relevant time s
w i l l  be solved for the straight tube . Then asking for a s imple ph ysical
requirement  enables a t ransfo rming of the  computed numbers to the

V actua l tube.

Most of the features of the wave interaction problem in the
straight shock tube are wel l  known . The interactions de l inea te  in the
(x ,t) - plane a number of regions of shock tube flow. These have been
label ed in the Figure 5 according to standard practice. We focus on
the interactions involving the reflected leading and trailing waves
of the expansion fan connecting straight shock tube regions 4 and 3.
Where and when these overtake the incident -shock wave tell a) where a
test  wall  should be placed to experience a peaked pressure pulse and
b) wha t positive duration is to be expected . Conversely, if  the
positive duration is specified , the problem formulation allows driver
and driven lengths to be determined.

Thus, considering the propagation of the fo rward- fac ing ,  r e f l ec t ed
rarefaction waves R, we note that they will first interact at the
contact surface K. This interaction may lead to weak reflected
rar ef a ction or compressi on waves , but always to a transmitted rare-
faction wave. The transmitted rarefaction wave thus continues onward ,
overtakes and interacts wi th the primary shock. This interaction gives
rise to four possibilities depending on relative strengths of the

5. I .  I .  Glass and J .  G. Hall , Handhook ~~ Supersonic Aerod~nwnics~
Section ~~ , Shock Tubeg, NA VORD Report 1488 (Vol. 6) 1959.
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i n t e r a c t  in g waves : s t r o n g  r are fac t ion  wave r e l a t i v e  to shock g ive s I)
ret  lected r arefact  ion or .) compression waves and a t r a n s m i t t e d
r a refac t  ion wave; or weak rarefaction wave relative to shock g i v e s  3) re-
f l ec t ed  r ar e fac t ion  or - I )  compression waves and a t r a n s m i t t e d
(weakened)  shock . T h e  d i  f fe rent  initial c o n d i t i o n s  required to
achieve these cases could  be a means of a c h i e v i n g  d i f f e r e n t  pressure
pulses w i t h  changed wave slopes , if desirable . Jor this study i t
turns out that the l a s t — n a m e d  interactions did not have to be considered
in  such detail.

i~. Det erm in at ion of Wave Sj~~eds

The progress of the R ~ wave * from the breech a f te r  refl ec t ion
req u i res knowledge of i t s  wave speed C through the various uniform
regio n s . The wave speed is obtained from the Riemann invar iant s
governing the simple f low . Ac ross the backward facing R wave
connecting reg ions 3 and 4:

~1 -,
— L u + — a  t (M +_ ~4 3 14-1 3 3 3 Y~~~l

u4 = 0

51
4 

14 -1
1

3 —

u3 = _-.J. (a4
_ a

3)

214
1 -l

Wave Speeds: C_ 3 = u3-a3, C_ 4 = -a 4

Across the forward-facing R÷ wave connecting 3 with 5:

*The notation is R = rare faction , S = shock, and arrows indicate
direction; and C 4  = wave speed of bac1a~,ard-f a cing wave in region 4.

l~
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) -) 7

u — a r = U — . :_~_~ a = a (M — —)5 y~ -l  -, 3 Y~ — I 3 3 3 Y~ — 1
14 

I
= 1 — — —.—— M 3

u5 = 0

214
Y 4~ 1p5 

— 

a
5

p3 a3~

Wave speeds: C~ 3 = U
3 

+ a~; C÷5 = + a
5

~ weak R~ KR ~
Farther along, the interaction R~ K~~

. ? or
( weak
compress. wave , S÷KR~

If we assume the result R~ KR~, our calculations lead to a
contradiction in the pressures across the wave as well as in the slopes
of leading and trailing wave. In this regard, the criteria and out-
come for this interaction, as stated by Courant and Friedricks,6
page 180 , give an incorrect result here , whereas those by Glass and h l a l l ,~
page 95-6, and Landau and Lifsh itz 7 (for acoustic waves) page 255-6,
predict the results we indeed find.

The interaction resul ts, then, in reflected compression waves
coalescing to a shock and a transmitted rarefaction wave. For the
weak waves expected here, the compression waves have the same properties
as weak shocks.5 Hence we assume the shock wave equations are
applicable and also that entropy changes across the “forming shock”

V may be neglected , i.e., the process is also assumed to be isentropic.

With these assumptions , regions S and 6 are connected by

6. R. Courant and IC . D. Fri edrichs, Supersonic Flow and Shock Wave,~~
Interscience Publishers, Inc., ZlTeW York (1948).

7. L. D. Landau and E. 14. Lifshitz, Fluid Mechanics,~ PergcDnon PressLtd., London, 1959.

18 

-- .~~— — -~~~~~~~~—— -~~ - - - ~~~~~~~~~~~ — ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ — V ~~~~~~~~~~~~~~~~ -



-~~~~ -~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

u -u 5 
- a

~ 
(~~ 

- l)
~~~ ~~~~~~~~~~~ + (14

-1)

214
and p a —

~~~~~_ (_.
~~~ 

Y~~
i

P 5 ~5

using the isentropic assumption.

On the other side of the contact surface, across the transmitted
forward-facing R~ connecting regions 2 and 7, one has

2 2u 2 - ----1-- a2 = u 7 - ---—--1- a7

and
2y
~

Ii
_ l

p 7 a7
k 

— =  (—)
F 

p2 a2

where the known conditions for region 2 are obtained from the shock
strength p2/p1 or H , i.e., from tables of straight shock tube

properties.

The first equation is recast into more useful form:

Il
_i

21
1

2 p7u 7 = u2 + 

~~~ 
a
2 [C—) -1]

and making use of equalities across the contact surface

U
6 

= u7, p6 = p 7 ; p3 = p 2

19
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resul ts  in

2Y~

2 p7 ps
U 2 + a

2 [(~~ ~ 
—) — 1] =

- . 

p7 / 2/14
- u r - (— - ‘

~V +1) (p /p 5) + (14 -1)

yielding a single equation for p7/p5 in terms of previously determined
quantities . Solution then permits the calculation of particle and
sound speeds u6, a6 and u7, a7 applicable for these regions.

The transmitted leading and trailing waves of the expansion then
propagate onward with velocities (u

2
+a
2) and (u7

+a
7), 

respectively,

to interact with the shock giving the locations within which one may
expect a peaked wave, and also determining its duration. Specific
cases of test conditions must now be entered to obtain actual numbers.
The problem formulation is usually done in non-dimensional coordinates

X = ~ , T = ~~
-
~

- where L and a are convenient reference length and sound

speed, respectively. The non-dimensional time interval between inter-
section of leading and trailing waves of the expansion with the shock
thus yields the reference length , if we set the real time interval
equal to the pulse duration . The numbers as yet apply to a straight
shock tube, chosen to give the desired equivalent downstream conditions.

In converting over to the area-changed shock tube, we recognize
that the driver lengths should not in general be equal, since different
pressure ratios are involved across the diaphragm . Thus , velocities
and wave speeds must be different; and, the wave speed in the area-
changed tube must slow down in the steady, subsonic expansion to match
the downstream conditions set for the equivalent straight shock tube.

The wave diagram in Figure 6 shows a possible wave-speed
comparison (as seen from numbers to be given later) and i l lustrates
how a simple conversion of tube l engths may be made: we demand
that the real times be equal , for both straight and area-changed
shock tubes , for the leading wave of expansion to be reflected from
breech and to travel back to the diap hragm station . The flows to
the leading waves are then identical beyond, neglecting the time
required in traversing the short transition piece (which implies an
assump tion on the l eng th of  this p iece).

20
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This  Par t icular  calculat ion m a y  be done a n a l y t i c a ll y  for the
intersection point of leading with t ra i l ing  wave of the ref lected
expansion 8 and wave progress then continued at constant speed to
the diaphragm station X = 0 at r .

From the nondimens ional times

a4
.~t

=
L~

4

the real times for the arrival at X = 0 are equated

LA &r\ L At

i = ‘I
a
4 /str a4 c

to arrive at driver length conversion .

C. Sample Calculated Wave Speeds and Results

The actual test conditions are used in the calculations
outlined . As a specific example , we choose the test condition

~2g = ‘~ kPa (10. 6 psi) .  For this case the previously obtained flow

parameters are g iven to an equivalen t strai ght shock tube :

M
1 = l . 27

= 1.72

u 2 = 0,4022a
1 

U
3

H
3 

= u3/a3 0.5 (M
3a 

= 0.6 for A
4/A

1 
= 0. 444)

a3 = 0.8044a1

With these conditions , the driver sound speed is

a4 
= O.88484a1

8. R. K. Lobb, “On the Length of a Shock Tube,” UTIA Report ~~~,

Institute of Aerop hysice, University of Toronto, 1950.
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Then the wave speeds for the reflected expansion are

C 3 u~ + a = (0 .40 2 2 + 0.8044)u = 1. 2Obba
+ ~ 3 1 1

C 5 ii + a = 0.72396 a
+ 5 5 1

C 2  u
2 

+ = (0 .4 0 2 2  + 1.083)a
1 

= 1.4852a
1

C 7  U
7 

+ a7 = (-0.0610 + 0.99ll)a
1 

= 0.9301 a1

(C4 u~ - a4 = - 0.88484 a1)

(C3 u.. - a3 
= - 0.4022a

1)

With these results , one is in position to follow the rarefaction
wave from diaphragm break to its interaction with the primary shock .

A characteristics calculation with desk calculator yields the
extent of the breech reflection , for leading (i) and trailing (t)
waves:

T
i 

= 1.1301
a1 t

X = - 1.0, (T r— here)
T = 2.15147 4

The intersection point X
3 of reflected leading wave with

trailing wave is found to be

X
3 

= - 0.6094; t
3 

= 1.5151.

Continuing , the reflected leading and trailing waves moving wi th
velocities C+3 and C÷5, respectively, overtake the contact surface
K moving with velocity u2. We have bypassed a detailed (but more
accurate) characteristics calculation, and have followed both waves ’
arrival only up to the leading wave’s intersection with K, at XK

:

= 3.0302

X
K 

= 1.21876,

= 5.21607

This procedure , as seen by inspection of the wave diagram , Figure 5 ,

22 
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~s i iomi ld  g i v e  a lower  i’st i iuate on the  actual  tra i I i  mi g W ave ’ s j i lter—
sect ion po i n t  w i t  ii K and hence  an upper e s t i m a t e  to he made on the
tube lengths.

Beyond time con tac t sur f ace K, the transmitted leading and
trailing waves of the rarefaction move to intersection With the shock ,
w i t h  velocities C 2  and C 7 ,respectivcly. Time procedure for this

in teraction is again to follow the rarefaction waves only up to the
l ead ing  wave ’s intersection X5 

with shock. h ere also a detailed

characteristics calculation is bypassed in the interest  of s i m p l i c i t y .
Similarly, a lower estimate on actual intersection position and time
is expected for the trailing wave. The results then are

= 15,2495s, £

= 19.367,
S 

= 24.728
5 , t

The (nondimensional) interaction time

AT = T
5~~ 

- 1
3,i 

a
1

At

thus fixes the desired peaked wave ’s duration (which may be
transmitted with some positive pressure, depending on conditions ,
nevertheless). Choosing the wave duration At = 50 ms then determines
the required (straight tube) driver length:

- 

a
1 
50 (l0~~)

~ 4 str AT

= l.77m (5.80 ft.)(a = 335 n/s or
~~str 1

1100 ft/s)

The test wall is placed at X , where the leading wave of the rare-

faction intersects the primary shock and determines the driven tube
length L

i
:

L1 = X
~ 

L~ = 19.367 (].77m)

L
1 

= 34.3m (112.3 ft)

as we have remarked earlier, L1 as determined is probably an upper
estimate.
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These numbers are as yet based on the straight shock tube with
downstream conditions identical to the desired conditions. To
maintain this identi ty through wave speeds and interaction points in
the wave diagram, we asked that the real times be equal after
diaphragm break - for straight and for area-changed tube - for the
leading waves of the expansions to trave1 back to the diaphragm
station. Thus, using the numbers appropri ate for the straight tube
and for the area-changed tube for the case considered in the
beginning of this section and following the procedure outlined
earl ier, we arrive at

At A t

A t = L —~- = L  str
4ca 4 str a4c 4 str

and w i t h  numbers inserted

At — L 1.756 
= L 1.7747

— 
4c a1 4 str 0.88484 a1

or L = 1.142 L
4c 4 str

Fo r L l .77m (5 , 80 f t ) ,4 str

L = 2.O2mn (6.62 ft~4c

Then, having forced this partial simultaneity on driver wave motions ,
we are assured that the downstream behavior in the two shock tubes
will be reasonably matched . Hence the driven tube length is as
computed- 34.3m (112 ft).

IV. CONCLUSIONS

Using an extension of the normal straight shock tube operating
cycl e, we have determined appropriate tube lengths and driver
pressures for requisite operat ion/modification of an existing BRL
2.4m (8’) shock tube to permit full scale testing. Wal ls  and
structures of 3.7m (12’) height are acceptable for simulated blast
load ings of~70 kPa (10 psi) having pulse durations of 50 ms. Other
loadings and the appropriate tube lengths are derivable without
difficulty using the procedures developed .

The results are based on ideali zed shock tube operation, with
approximations introduced to obviate the need for an extensive
computer program. In an actual design to the full sized tube, one 

- -  -~~~~~~~~-~~~~~~~~~~~~~~~~ - I
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should expect departures from such ideal operat i on due to boundary
layer growth and imperfect diaphragm effects such as n o n — i n s t a n t a n e o u s
opening and loss of energy to the opening process.

i)ue to the r e l a t ive ly  short length of driver required , a much
smaller Prototype tube with required area change ratio could be
constructed from BRL existing shock tubes, and the wave characteristics
determined empirically and compared with calculations , to see what
modifications should be incorporated into the full sized facility.
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2.4rn DIAMETER EXHAU ST
UNHEATED liOO kPa MAX SHOCK TUBE

~* 82.3 m 
—- ~

‘2 1.3~~~
70

~ 
1mi

~1

33.5m DIAPHRAGMS.( 111 V.ENGIN E
I 1. 7m DIA METER —... \ ~~~ 

INTAKE SHOCK
~ 5331( ,1IOOkPa MAX\ ~ ~ JL~~ 

TUBE

Ii— — 106.7m 79.2m— j

MATERIAL : STEEL (ASTM A516 , GRADE 70)
WALL THICKNESS : 2.4m - 1.59c m

1 .7m — 1 .11 cm

Figure 1. BRL Dual Shock Tube Facility

S

Fi gure 2. Wave Diagram of Idealized Shock Tube wi th Area
Change at Diaphragm
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Figure 3. Graphical Solution to Equation (8): Curves Z3aand Z3 as a Function of Mach Number

A4 /A~ = 0.444

0 -  O~~. i~~t i i  l i i i  i L i

0’ 6 8 10 12 l4(psi)ló
, I • I • I

0 40 60 80 (kPa)100
p?9

Figure 4. Driver Pressure - Testing Pressure for 2.4m: 3.7m (8’ :12’)
Area Changed Shock Tube
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Figure 5. Wave Interactions and Pressures at Stations x:
Strai ght Shock Tube
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Figure 6. Wave Diagram Illustrating Dri ver Tube Lengths
Relationship
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7500 Backlick Rd , Bldg 2073 CRDAB 1-J-S
Springfield , VA 22150 Huntsville , AL 35807

1 Commander 1 Program Manager
Combined Arms Combat US Army BMD Program Office

Developments Activity ATTN : John Shea
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OH 45433 Livermore , CA 94550

Director 4 Director
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2 The 8DM Corporation 1 The Franklin Inst i tute
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(~ Sandia Laboratories ATTN : Sidney Green

ATTN : Doc Contro l for 3141 Technical Library
Sandia Rpt Collection A. h-I. Jones
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P. 0. Box 969
Livermore , CA 9-2550

40

V -- 

V



1 ) 1 S I l t  I BIll I ON I. I SI

No . o I No. of

~~pies Urgani :at ion Copies Organi zation

7 l R W  Systems Group 2 Batt elle Memorial Institute
ATTN : Paul  I. I ehe m an A l”I N ‘lechni cal Library
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P .O. Bo x X P . O .  Box 10127
Oak Ridge , IN 37830 Denver , CO 802 10
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