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SUMMARY

It has been suggested in a previous paper"L that cooling of
the hot gas in the region between the reflected shock and the end
plate in a shock tube may result from the bifurcation of the
transmitted shock. The reflected shock is the reflection of the
primary shock at the end plate and the transmitted shock refers to
the shock transmitted as a result of the interaction between the
contact surface and this reflected shock. Previous work by

Mark6 and others7 has shown that where argon is the test gas no
bifurcation should occur as a result of the interaction between
the reflected shock with the boundary layer for primary shock Mach
numbers in excess of 3. In this paper it is shown that theory
predicts bifurcation of the transmitted shock for primary shock
Mach numbers in excess of 3 and some supporting experimental
evidence using helium as driver and argon as test gas is presented.
The relevance of this investigation to the problem of the cooling
of the hot gas produced near the end plate by the reflected shock
is discussed and some further experimental work suggested.

Replaces N,P.L, Aero Note 1032 - A,R,C.27 221,
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NOMENCLATURE

Velocity of Sound

Shock tube driven length

Mach number = g

Primary shock Mach number

pressure

Pi

Py

Temperature

Distance of reflected shock and contact surface interaction
from end plate

Yi+1 C
—-=-- where Yy = -B - specific heat ratio

Tl Cy

Y1—1

SUBSCR IPTS

refer to regions in fig.1
transmitted shock parameter

boundary layer parameters (see fig.2)
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1. Introduction

Simple shock tube theory is well known. In this section an
account of a deviation from this simple theory is described.

In fig.1 an idealized wave diagram of simple shock tube flow
has been drawn. From this diagram, it is seen that constant
conditions will prevail at the end of the tube, subject to the
arrival of disturbances arising from; (a) the interaction between
the contact surface and reflected shock; (b) arrival of the
contact surface, or (c) the arrival of the head, or tail, of the
expansion from the high-pressure section. In practice, however, it
is found that rapid cooling of the gas at the end plate, behind the
reflected shock wave, occurs far sooner than can be accounted for
by the arrival of expansion waves from the high-pressure section,
or by the arrival of the contact surface. Reflections from the
interaction between the contact surface and reflected shock cannot
be held responsible for the cooling since it occurs even when these
reflected disturbances are compression waves. Clearly we must
look for some alternative mechanism.

At present, there are two possible explanafigns. One of these
concerns the instability of the contact surface<s- after interaction
with the reflected-shock wave, and the other considers the effect of
bifurcation* of the shock which has passed through the contact
surface (i.e. the transmitted shock see fig.1).

The interface instability mechanism is one whereby, after
interaction with the reflected shock, the breaking up and spreading
of the contact surface into the hot gas results in mixing and
cooling. This mechanism has been suggested by Bird et al and is
adopted by Lapworth as an explanation of the early cooling of the
hot gas observed in experiments designed to investigate the duration
of the hot flow, and performed over a range of primary shock Mach
numbers with helium as driver gas and nitrogen as driven gas.

In the bifurcation mechanism, the flow of gas through the two
oblique shocks which form the foot of the bifurcated shock (see
fig.2) emerges with a higher velocity relative to the normal shock
than the flow which has passed through the normal shock. In the
case of the shock travelling into the expanded driver gas (i.e. the
transmitted shock) the flow which has passed through the normal
part of the shock moves with contact surface velocity, but the flow
which has passed through the bifurcated foot is moving faster and
will therefore reach the end wall sooner than the contact surface.
Experimental evidence in support of this mechanism is described in
reference L.

Unfortunately, both theoretical models predict that cooling
will occur as a result of the particular mechanism in question, for
primary shock Mach numbers greater than approx 3.6 when helium is
used as driver gas and nitrogen as test gas. Using these gases it
is impossible to observe the one mechanism without the influence of
the other. It is suggested in reference L that if argon is
employed as the test gas and either helium or hydrogen is used as
driver gas, interface-instability cooling should occur in both
cases at significantly lower values of the primary shock Mach
number than bifurcation cooling.
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With regard to bifurcation cooling, with nitrogen' as the test
gas, for example it is necessary to take into consideration the
fact that the shock which approaches the contact surface is already
bifurcated (this will be so for diatomic gases). This suggests
that the means for producing a region of faster flow of cold gas to
the end plate is already present before the shock meets the contac
surface. When argon is employed, however, there is ample evidence s 7
to show that the shock which approaches the contact surface is not
bifurcated for primary shock Mach numbers greater than 2.8; hence
bifurcation of the transmitted shock should then be accomplished
solely by its interaction with the boundary layer. This is clearly
of great significance as no bifurcation effects will be present with
argon until the transmitted shock bifurcates, thus allowing the
effects of any interface instability which occur to be readily
Observed.

A series of experiments designed to investigate the bifurcation
of the transmitted shock when argon is used as test gas and helium
as the driver gas is described below.

2. Theory

A detailed discussion of the theory is to be found in ref.l.
A Dbrief description with the relevant equations is given below.
The model is based on the approach used by Hess5 and Mark6, in
which the shock wave is considered to interact with a boundary
layer of unspecified thickness, moving at the wall velocity, and
having no thermal or velocity gradients normal to the wall. Shock-
fixed coordinates are employed, and the boundary layer is considered
to be brought to stagnation conditions under the foot of the shock.
If the stagnation pressure of the boundary layer gas is -greater than
the pressure behind the normal shock, the gas is able to enter the
region behind the normal shock and no bifurcation occurs.
Alternatively, if the stagnation pressure is less than the pressure
behind the normal shock the boundary layer gas is forced to gather
under the foot of the shock resulting in a bifurcated shock pattern
(see f£ig.2). It can then be shown” that the flow which emerges
through the rear limb AB of the bifurcated foot has a greater
velocity relative’ to the normal shock than the flow which has
passed through the normal shock. In the transmitted shock case the
result is a flow of cold driver gas to the end plate, causing
cooling of the hot gas.

As both theory and experiment6’7 have shown that no bifurcation
occurs for the shock which approaches the contact surface for
M, > 2.8 when argon is used as test gas, only the equations
relevant to the transmitted shock will be given (see ref.lL for the

complete theory).

T M, = Ubl/a1 is the boundary layer Mach number then for
Mbl < 1 the boundary layer stagnation pressure may be obtained

using the equation: Vi
Y, -1
P Y-l 2
st.bl _ ML
————— B [1 + Mbl}
Ds 2
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and for Mb1_> 1 using the equation

_'Ia.T
Y -
Pst.pl [_('r:éi'll szj 1
";'" - T ;"’IEZ_
3 2Ys__ w2 - (X1= Y41
{Kwﬂ Y1 (w ¥
where for the under-tailored case,
P7atog 2Ag 3
M. = Agy |-——m—mmmmom— T 4 oo 1-(Pgs ) Pt
bl T 65
8373 (agP7a+1) (vq4-1)
and for the over-tailored case,
Pyatog As304 (Pes—1)
My = Agq |ZmomommTTmTmrT s mo——eeems 1
8373 (0gP7a+1) (04 Pgs+1)?

u

Values of a5, Ayg; Pays Pszy T21s Tsqs Uz Mypys 3/a; versus M,

given in fig.3 a-i. In fig.4 values of D and P-,5; versus
st.01/ps

M, are presented. Bifurcation of the transmitted shock may be

D
expected for _§§;Dl < 0.8, which is seen to occur for My > 4.3
7

in the present case where helium is used as the driver gas and
argon as the test gas.

The experiments described below were designed to ascertain
whether or not bifurcation of the transmitted shock occurs when
argon is the test gas.

3. Experimental Apparatus

A detailed account of the NP& 6 x 3% inch shock tube has been
given by Holder, Stuart and North®.

L. Experimental Results

In fig.5 Schlieren photographs of the reflected shock in argon

for a variety of pr%mary shock Mach numbers are shown. As has been
previously observed »{ the shock remains plane with no bifurcation.

Using the equation

L 1"U21 1"U21
R
2 U M

3

where x is the distance of the reflected shock and contact
surface interaction from the end plate, it is found that the
interaction will only appear within the window area for M, 2 6
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(a value of x equal to half the ideal shock tube theory value

was taken in this calculation). Hence the photograph reproduced

in fig.6 is that of a transmitted shock for My = 6 . Note that

a large degree of bifurcation occurs. Only one side can be seen as
a certain amount of fogging of the plate has hidden the bifurcation
on the other side.

In fig.7 a series of photographs taken at My = 6 shows that
initially after passing through the contact surface the shock moves
very slowly (in fact it appears to move towards the end wall
initially but this is probably due to a variation from run to run).
This event was predicted in reference 4. The equation for trans-
mitted shock velocity is (in the over-tailored case)

UT = 8.3 ————————————— F T mmmTmeo—m e
O3Ya (agP75+1)2 (a1P65+1>

Clearly UT = 0 when

T
53Y3(“3P73+1)2 <a1P65+1)

On performing the computation it is found that the required primary
shock Mach number for this to occur is My = 6 when helium is the
driver gas and argon the driven gas. This is in agreement with
experiment, and provides a useful confirmation of the value of the
rather crude flow used in the theory. Owing to experimental
difficulties no tests were carried out for MS > 6.08.

He Discussion

From the experiments described above it is found that
bifurcation of the transmitted shock does occur in the higher Mach
number cases where helium is the driver gas and argon is the driven
gas.

Further confirmation of the usefulness of the undeniably crude
theoretical model was obtained when it was observed that the
transmitted shock remains more-or-less stationary initially after
reflected-shock and contact surface interaction, as predicted at
My = 6 Dby this model.

Finally the present results suggested that argon should be
used as test gas with either helium or hydrogen as driver gas in
an investigation of the gas temperature close to the end wall of
a shock tube. Under these conditions it is possible that the effects
of interface instability on hot flow duration at the end plate may
be observed without the influence of bifurcation effects. IFor
helium as driver gas and argon as driven gas, instability cooling
effects should appear (ideally) for My > 3.8 whereas bifurcation
cooling effects should occur for M, > L.3. Since the interaction
between the reflected shock and the contact surface appears within
the window section only for the Mg = 6 case no photographs of
transmitted shocks below this Mach number are at present available.
Hence the lowest primary shock Mach number for the appearance of
transmitted shock bifurcation has not been experimentally
determined.



Acknowledgement

The computations were performed by Miss B. Redston.



-9 -

References
No, Author(s) Title, etc,
1 I. I, Glass Shock tubes: Part I - Theory and performance

of simple shock tubes.
U.T.I.A. Review 12, May, 1958,

2 G. H. Markstein Flow disturbances induced near a slightly
wavy contact surface, or flame front,
traversed by a shock wave,

J, Aeronautical Sciences, Vol,24, pp.238-9.
March, 1957.

3 K. C, Lapworth and Temperature and pressure studies in the
J. E. G, Townsend reservoir of a reflected-shock hypersonic
tunnel,

A.R.C. 26 110, December, 196k,

L L, Davies The interaction of the reflected shock with
the boundary layer in a shock tube and its
influence on the duration of hot flow in
the reflected shock tunnel,

Parts I and II,
Part I - A,R.C. C.P.880, July, 1965,
Part II- A.R.C. C.P.881, September, 1965,

5 R, V., Hess Interaction of moving shocks and hot layers,
NACA TN-4002, May, 1957.

6 H, Mark The interaction of a reflected shock wave
with a boundary layer in a shock tube.
NACA TM-1418, March, 1958.

7 R, A, Strehlow Limitations of the reflected~shock technique
and A, Cohen for studying fast chemical reactions and
its application to the observation of
relaxation in nitrogen and oxygen.
J. Chem, Phys., 30, 257, 1959.

8 D. W. Holder, The interaction of the reflected shock with
C. M. Stuart and the contact surface and boundary layer in a
R, J. North shock tube,

A.R.C, 22 891, 19th September, 1961.

D 7166/1/125875 K4 9/66 1L



THIS DOCUMENT PROVIDED BY THE ABBOTT AEROSPACE

TECHNICAL LIBRARY

ABBOTTAEROSPACE.COM



o
-0
<
S}
Transmitted ,
shock ~— / Time
Reflected
-~ shock
y End
' late
0 Distance along P

tube

Diaphragm
station

Wave diagram —simple shock tube flow




Normal
/ shock
Flow Flow
.___T_+ - -
direction direction

Shocks forming
bifurcated foot

Edge of
boundary layer

O
Boundary
layer
SSS S S S S S S S S S S S

Tube wall

Bifurcated shock




50

21

45

40

35

30

25

20

5

10

FIG.3(a)

le

vs M

tor Helium as driver gas and Argon as driven gas




5-5

5-4

5-3

5-2

5-1

4-8

4.7

4.6

4-5

4-4

4.3

FIG 3.(b)

1 1 1 l l

Ps2

2 3 4M' 5 6

vs M, tor Helium as driver gas and Argon as driven gas

»h



0-56

0-54

0-52

0:50

0-48

0-46

0-44

0-42

0-40

0-38

FIG.3(c)

L

o)

| I 1 I 1

I 2 3 4 MI 5 6
vs M, tfor Helium as driver gas and Argon as driven gas

93

I




4-4

42

4-0

3-8

2!

3-6

3.4

3.2

3-0

2-8

2:6

2-4

2-2

FIG. 3(d)

2-0

1 | 1 1

u

2]

2 3 4 M 5 6

vs Ml tor Helium as driver gas and Argon as driven gas

T



FIG.3(e)

-4}

0-6

| 1 | L !

2 3 4 M, 5 6

Vs M‘ for Helium as driver gas aond Argon as driven gas




28

26

24

22

51

20

14

FIG.3(f)

| | ] I 1

TSI

2 3 4Ml 5 6

vs M| tor Helium as driver gas and Argon as driven

gas

Ly}



FIG 3(g)

1700

1600

m /sec
1500

1400

13001

1200

oo r

1000+

900

800 ] ] l 1 l

! 2 3 4 M 5 6

a; Vs M, tor Helium as driver gas and Argon as driven gas




10

2l

FIG. 3(h)

T2l vs M,

for Helium as driver gas and Argon as driven gas




2-4

2-2

0-8

0-6

0-4

0-2

FIG 3gi!

I I !

b

Vs

M

3 4 M 5 4

tor Helium as driver gas and Argonas driven gas




FIG.4.

90
80
7.0 -

or
Pst.bl Ipy
6-0 |-

0 | 1 | |

2 3 4 5 6

_573 and Pst.bles Vs M! for helium as driver gas and

dargon as__ driven__ gas




FIG. 5

Shock motion (a) p;=26'4mm/Hg End wall
B Ms”"':" 3’9]
'«Side wall
<« Side wall
Shock motion (b) p, = 9mm/Hg End wall
I Mg = 497 :
~—Side wall
«—Side wall
Shock motion (c) p, = 5mm/Hg End wall
— Ms = 554
=-Side wall

«-Side walt

Reflected shock pictures using helium as driver gas and argon as driven gas




Calculated position of interaction of
reflected shock with the contact
surface

End wall

Shock motion
e

'« Side wall

«— Side wall

Schlieren photograph showing that the shock transmitted through
the contact surface is bifurcated; helium is the driver gas and

argon the driven gas, and Mg =600, P = 2mm [ Hg.
The upper end of the shock is hidden in this photograph.




FIG.7

Shock motion End ‘\,qul

M

Delay 200 usec
p, = 2mm/Hg
Ms 6'08

e

Shock motion End w;:!l
' 2

Delay 300 g sec

Shock motion End wi'GH
3

Delay 330 p sec

Shock motion End v;aﬂ

e

4
Delay 345 p sec

Shock motion End \]v*au
- 5

Delay 360 u sec

Schlieren photographs showing the reflected shock (I) and the transmitted
shock (2)to{5). Note that from (2)to (3) there is almost no velocity of the

transmitted shock relative to the tube. (Helium driver, argon driven)




A.R.C, C.P, No,879
September, 1965
Davies, L., and Bridgman, K.

ON THE INTERACTION OF THE TRANSMITTED SHOCK WITH THE
BOUNDARY LAYER IN A SHOCK TUBE USING ARGON AS TEST GAS

A shock~tube investigation of the interaction of
the transmitted shock with the toundary layer has been
made using argon as test gas and helium as driver gas.
The transmitted shock arises from the interaction of the
contact surface with the shock reflected from the end
plate. It is shown that bifurcation can occur under
certain conditions and the relevance of this to the
cooling of the hot gas near the end plate is discussed.

AR,C. C.P, No,879
September, 1965
Davies, L., and Bridgman, K.

ON THE INTERACTION OF THE TRANSMITTED SHCCK WITH THE
BOUNDARY LAYER IN A SHOCK TUBE USING ARGON AS TEST GAS

A shock=tube investigation of the interaction of
the transmitted shock with the boundary layer has been
made using argon as test gas ard helium as driver gase.
The transmitted shock arises from the interaction of the
contact surface with the shock reflected from the end
plates, It is shown that bifurcation can occur under
certain conditions and the relevance of this to the
cooling of the hot gas near the end plate is discussed.

A.R.C. C,P, No,879
September, 1965
Davies, L., and Bridgman, K.

ON THE INTERACTION OF THE TRANSMITTED SHOCK WITH THE
BOUNDARY LAYER IN A SHOCK TUBE USING ARGON AS TESTGAS

A shock-tube investigation of the interaction of
the transmitted shock with the boundary layer has been
made using argon as test gas and helium as driver gas.
The transmitted shock arises from the interaction of the
contact surface with the shock reflected from the end
plate. It is shown that tifurcation can occur under
certain conditions and the relevance of this to the

cooling of the hot gas near the end plate is discussed,

SQUV) LOVAELSHY HTIVHOVIEA



THIS DOCUMENT PROVIDED BY THE ABBOTT AEROSPACE

TECHNICAL LIBRARY

ABBOTTAEROSPACE.COM



THIS DOCUMENT PROVIDED BY THE ABBOTT AEROSPACE

TECHNICAL LIBRARY

ABBOTTAEROSPACE.COM



C.P. No. 879

© Crown copyright 1966
Printed and published by
HerR MAJESTY’S STATIONERY OFFICE

s

To be purchased from
49 High Holborn, London w.c.1
423 Oxford Street, London w.1
134 Castle Street, Edinburgh 2
109 St. Mary Street, Cardiff
Brazennose Street, Manchester 2
50 Fairfax Street, Bristol 1
35 Smallbrook, Ringway, Birmingham 5
80 Chichester Street, Belfast 1
or through any bookseller

Printed in England

C.P. No. 879

S.0. Code No.23-9016-79



