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Nomenclaturs
a sound speed
Ai,‘] ai/aj
L length of shock tube low pressure section
M Mach number (MJ| = Primary shock Mach number)
P pressure
Pyy Pi/Py
t time
U shock velocity
u flow velocity
Uij ui/aJ
X distance
o density
y specific heat ratio = Cp/cv (in ususl terminology)
Yy + 1
%
yi -1
Y,i -1
Py
Byi
2
S
Yi (Yi - 1)
Subscrapts
1 Initial conditions in test gas
2 Flow behind primary shock
3 Expanded high pressure draver gas region
L TInitial conditions in driver gas
5 Flow behind reflected shock
7 Flow behind transmitted shock
St.bl. Stagnation conditions in boundary layer flow
Note

Parameters which are marked thus ..... Mg refer to the case
where the transmitted shock is interacting with the boundary layer,

Parameters which are starred thus ..... U? refer to the flow which
emerges through the rear limbs (4B see Fig.1) of the bifurcated foot. y
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Introduction

Using the theory outlined in Part fI) calculations of the pressure rise
through the transmitted shock of the contact surface and reflected shock
interaction 1n a shock tube, and the ftotal nressure in the boundary-layer gas
are presented. The test gases are argon, nitrogen and carbon dioxide, and the
driver gases are helium and nydrogen.

Experimental evidence in the form of Schlieren photographs 1s presented
for nitrogen and argen,

It appears that if hydrogen is used as driver gas and argon as test
gas then there 1s the possibilaty of cbserving the cooling of the het reserveir
gas near the end plate by means of interface instability without the influence
of shock bifurcation cooling.

The ory

In Part T of this paper 1t was shown that using the rather crude
concept of a boundary layer consisting of a laysr of gas of unspecafied thickness
having wall temperature and velocity, a reasonably good description of the
interaction of the reflected and transmitted shock waves with the boundary layer
could be obtained, This medel was first developed for shock-tube application by
Mark2, The disadvantages of this model are that the boundary-layer thermal and
velocity gradients are not taken into account, neither is there any consideration
of the manner in which the stagnant boundary-layer gas adjusts to the higher
pressure downstream of the shock or of the interaction of the two streams
emerging through the normal and cbligue shock systems (see Fig.1). ©Even so it is
considered that the useful description of the phencmena obtained using this
simplified approach jJustifies 1ts application to this problem,

On the basis of this model, and using shock-fixed co-ordinates,it is
considered that when the stagnation pressure of the boundary-layer gas is less
than the pressure behind the narmal shock the resulting accumulation of this gas
(unable to enter the region behind the shock), gives rise to the familiar
pifurcated shock formation at the intersection of the shock with the tube wall,
A consequence of this is that the gas which emerges through the two oblique
shocks (see Fig.1) has a higher velocity relative to the narmel shock than the
flow which emerges through the narmal shock, Applying this to the reflected
shock in leboratory co-ordinates {as opposed to shock-fixed co-ordinates) the flow
which emerges through the normal shock 1s staticnary whereas the flow whiach
emerges through the cblique shocks moves towards the end wall. When the
transmitted shock 1s bifurcated, cold gas flow through the oblique shocks
provides & means for the early arrival of cold gas at the end plate.

In order to calculate the angles in the obligue shock system which

constitutes the bifurcated foot, and to calculate the emergent gas velocity the
following farmulae may be used, (see Part I, for their derivation,)

The/
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The boundary layer stagnation pressure is gaiven by

o0 2
. [ Mbl:|
st,bl =
g M w1l * )] ybl y
(Ypy * 1) Yp1 *

(See Fig.1). Yp1 all cases will be the specific heat ratio
of the test gas (see Part I).

Where

27 (y, = 1) - (y, = 3)
M’bl = essese Tor the reflected shock
(Y:L + 1) M

(Pra + as) 285
a“”[bsy:(aﬁ: L1E (:5- o\ T Pg%)]

avss Tar the under-tailored transmitted
Shockn

Pps + 03 853 O, (Pss -1
Mpp = Bea 1 T

S:¥a{@aPras + 1)% (o, Pgs + 1)

fl

S|

ees for the over-tailored transmitted shock

then the angles C0A and COB may be obtained from

P
t.bl
(g + 1) =22= 4+ (y - 1)
M2sin?(C0A) =
2y
tan (COA -~ COB) (y; = 1) M sin®CoA + 2
and =
tan COA vy +1) M3 sin® COA
2y, M° - (Y:. -1) %
where Mi = «sey fTOr ths reflected shock
Loy, =1) M2 + 2
—Yys = 1 z
and Mi = (asP-m + 1):' «se far the transmitted shock,
L. 2Ya
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Mx which is the flow Mach number within the triangle OAB is obtained from

e
®st,bl
(y; = 1) ==
M2 sin®(COA - COB) = =
Pyt.p1

2y 4 T

+ (yi + 1)

DAB, DAC and the emergent flow Mach number may be obtained using (pj/p " bl)
values in similar equations, 8

Values of these parameters for the transmitted shock are calculated
and discussed for argon, nitrogen and carbon dioxide in the following sections.
Experimental resulits are compared with theory for nitregen,

The time of arrival of cold gas at the end plate (which determines the
duration of hot flow) 1s given by

LUg ug 1 1
D6 )
(U + Ng) Us / \Op (U7 £ T,)

This formula ignores the effect of secondary waves which are reflected
between the contact surface and the end plate, These will have a small effect
around the tailoring Mach number but will have increasing effect for large
departures from this Mach rumber,

1 Nitrogen

The case where helium is the driver gas has been discussed at length
in Part I of this paper, Here further calculations, where hydrogen is the driver
gas, will be considered together with some experimental evidence in support of
the model.

Usaing the theory developed in Part I the graphs drawn in Fig,2 have
been cbtained, Here (p'st bl/ba) (where p‘Bt bl is the boundary~layer

stagnation pressure in the transmitted shock case) and P,3 have been plotted as
functions of the Mach number of the primary shock wave, (p'st bl/b@) is seen

pl
to equal Pyz at M, = 5.7 and value (——EELE¥> % Pyy = 0#8 1is reached at
3

¥, =6, and thus it is for M, 2> 6 that bifurcation of the transmitted shock
wave becomes significant., Tt must be remembered, however, that the reflected
primary~shock-wave is already bifurceted when 1t reaches the contact surface,

and even if conditions behind the contact surface (i.s., within the expanded
driver-gas region) will not support bifurcation of the transmitted shock, it will
still require some time interval for the bifurcation effects to disperse. Hence
a flow of cold gas to the end plate may be obtained by virtue of the fact that the
shock was bifurcated when 1t encountered the contact surface.

In Pig,3 values of COA' versus M, for the transmitted shock are
presented and compared with experimental data cbiained by Holder, Stuart and
North!. The slmple theory is seen to predict with reasonable accuracy the actual

variation/
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vlation of COA' with M, considering the crudeness of the assumptions on
alch it 1s based.

With regard to the cooling of the gas at the end plate a comparison
of neutral stability Mach number predictions and bifurcated shock predictions

14T,
Ta

has been made., In Fig.d a plot of ( ) vs M, determines, on using

Markestein's theory, the neutral stability Mach number (see Part I)., This

14T,
occurs when ( 7 ) = 1 and this is so for M, % 6.2, Any effects due
2

to contact surface instability may therefore be expected for M, > 6.2 as
compared to M, > 6+0 using the bifurcation model,

In Fig.5 details of high pressure and high temperature variation with
My for Hy : N are presented, These were cbtaired in the N.P.L. 3 i1n, shock
tunnel by Lapworth®, Unfortunately only two experimentel temperature durations
are given in Lapworth's paper and these are shown in Fig,5,

In F1g.6 (a, b, and ¢) some photographs from the paper by Holder,
Stuart and North! are reproduced, In Pig.2 it was seen that for M, < 5.8
the conditions behind the contact surface, effecting the transmitted shock,

P
will not support bifurcation, i.e., Pra < _E%:El “ For M, > 5.8 the
3

conditions will support bifurcation and for M, = 8, for example, strong
interaction effects may be expected, In Fag.6{(a) M, =4, and it is clear
that the bifurcation of the transmitted shock appears to decrease with btime.

In Fig,6(b) M, =6 and the transmitted shock interaction is supported and

even increases slightly, But in Fig,6(c) at M = 8, where violent interaction
between the transmitted shock and the boundary laysr may be expecited on the basis
of the predictions of Fig,3, extremely strong bifurcation of the transmitted
shock is cbtarned.

Summing up therefore, in the case of hydrogen (as when helium was the
driver gas) with nitrogen as channel gas, it appears that the simple theory
developed 1n Part I gives a good description of the bifurcation of the
transmitted shock and also the reservoir cooling effects.

2. Argon

For primary shock Mach numbers greater than 2.8 Mark has demonstrated
that the reflected shock in argon does not bafurcate. However, 1t will be shown
thet the transmitted shock does not become bifurcated until M = L3 for s
helium driver and M, = 7«5 for a hydrogen driver. For increasing Mach numbers
in these two cases, the bifurcation of the transmitted shock becomes inereasingly
strong.

In Fig.7 values of Psz and (P;t bl/pa) are plotted as functions of

primery shock Mach number for helium s driver gas, As in the nitrogen cass,
for M, < 4.06 +the conditions behind the contact surface will not support
bifurcation, and since the reflected sheck 1s not bifurcated the reflected and

transmlttei/
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transmitted shocks behave - in this respect - as suggested by ideal theory.
However, for M, > 4.3, p;t bl/P7 < 0«8 and according to Mark when this

iz the case bafurcation will occur, Therefare far M, > 4e3 the transmitted
shock should be bifurcated and a flow of cold gas near the walls of the tube
directed towards the end plate by means of the mechanism outlined in Part I
should occur., Hence cooling due to this effect should be evident for M, > L3,

In F1g.8(a) the neutral stability Mach number (MNS) is determined as

for nitrogen. In this case this Mach number is 3.85 and hence cooling due to
interface instability should occur for M, > 3.85,

Here then is a possible means of separating the two effects, for if
cooling occurs below M, = 4.3 then the interface instability mechanism must
be considered as a cause of cooling, but if cooling does not occur until
M > &.3 then this would tend to weaken the case for interface instability.
This point 1s discuased further for a hydrogen driver gas,

Prs  and (p‘St bl/bs) are vlotted in Fig.9 as & function of primary

shock Mach number where the driver gas is hydrogen, Far M, < 7 the region
behind the contact surface will not support bifurcation, but for M > 745 the
transmitted shock will be bifurcated, according to the simple theory., The neutral
stabilrty Mach number is obtained for hydrogen draver in Fig,10 and found to be

M, = 5.8, Thus for hydrogen as driver gas and argon as driven gas there 1s a
large difference between the neutral stebility Mach number (1.,e., My, = MNS = 5-8),

above which cooling of the reservoir gas is expected to ocour as & result of
interface instability, and the primary shock Mach number (M, = 7.5) above which
bafurcation of the transmitted shock, and the cooling which is suggested to
accompany this phenomenon, ares to be expected, It is suggested that hydrogen
driving into argon is the best case in which to attempt to differentiate between
the neutral stability and bifurcation mechanisms for cooling at the end plate in
a shock tube,

Experimental evidence

Some Schlieren photographs taken in the N,P.L., 6 in. x 3% in, shock
tube using argon as the test gas and helium as draver ges are presented in
F1gs.8(b) and 8(c). These pilctures give the full field of view.) In Fig.B8(b)
1t 18 seen that the reflected shock wave remains plain with no bifurcation
throughout the Mach number range, Mark? had predicted that for M, > 2.8
this should be so and Strehlow and Cchen? cbserved this for reflected shocks in
argon using streak photography.

In Fig.8(c) the transmitted shock at M, = 6 1is seen to be
bifurcated, This 18 what would be expected on the basis of the above theory for
M, > ka3, Unfortunately it was impossible to observe the transmitted shock at
the laower Mach numbers as the reflected shock interacted with the contact surface
upstream of the window section,

From the experimental evidence it is clear that bifurcation of the
transmitted shock wave cccurs at the higher Mach numbers for helium as draver
gas and argon as test gas, A detmiled account of these experiments is to be
found in Ref.h,

3./



3. Carbon Digxide

Calculations for carbon dioxide were carried ocut in order to
1nvestigate the case of a triatomic gas.

In Fag.,11 a plot of Pys and (p'st bl/%h) as functions of praimary

shock Mach number indicates that below M, = 78 conditions will not support
bifurcation of the transmitted shock. The reflected shock, however, bifurcates
most strongly and hence it is to be expected that a gradual dispersion of the
bifurcation wall occur after the shock passes through the contact surface.

Above My = 7.8 bifurcation of the transmitted shock will be supported as

Pea then becomes increasingly larger than (p'st bl/bs). The neutral stability

Mach number is seen from Fi1g,12 to occur at M, = 8, Owing to the very strong
interaction between the reflected shock and the boundary layer, however, ccoling
due to the bifurcation mechanism may occur below the Mach number st which
bifurcation of the transmitted shock is supported.

4. Discussion on the Results of the Calculations and the Experiment
to Differentiate between the Effects of Transmitted-shock
Bifurcation and Instability of the Contact Surface on Cooling
at the End FPlate

The caloulations for argon, nitrogen, and carbon dioxide indicate
definite regions in the flow in shock tubes, The regions are fairstly, those
for which bifurcation of the transmitted shock 1s not supparted, 1.e,, where
the stagnation pressure is not less than the pressure behind the transmitted
shock, and secondly the region for which bifurcation of the transmitted shock
is supported, where the stagnation pressure of the boundary layer fluid is less
than the pressure behind the transmitted shock,

Experimental evidence in support of the predictions of the simple
model is available for hydrogen as driver gas and nitrogen as driven gas from
& paper by Holder, Stuart and North and for argon as test gas with helium as
driver gas from reference 4. As a result of the favourable comparison between
experiment and theory in both Part I and II it is suggested that this
simple theory provides & good description of the bafurcation effect for the
transmitted shock in shock tubes., Also the trend of hot flow duration with
increasing Mach number prediected by this theory is in fair agreement with
experiment,

As a further investazgation 1t is suggested that if hydrogen 1s used
as driver gas and argon as driven gas an chbservation of the effects of
interface i1nstability on reservoir cooling without the effects of transmitted
shock bifurcation should be possible, since the neutral stability Mach number
corresponds to M, = 5.8 whereas bifurcation of the transmitted shock should
not ocour for M, < 7.5. Table 1 summarises the conditions under which
bifurcation of the transmitted shock becomes significant for various driver—
driven gas combinations,
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Table T
Draver Driven *
Gas Gas M'B
Argon 7+5
Hydrogen Nitrogen 6
Carbon Dioxade 7.8
Argon L3
Helium
Nitrogen 35
#*
MB = Primary shock Mach number above which

bifurcaticn of the transmitted shock mey
be expected,

Table showing variocus pramary shock Mach
numbers for which transmitted shock bhifurcaticn
may be expected using various driver and draven
gases,
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