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Nomenclature 
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y/a. J 
length of shock tube low pressure section 

Mach number (M, = Primary shock Mach number) 
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Pi/PJ 

time 
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flow velocity 

q* 3 

distance 

density 

specific heat ratio = CIJC, (1 n usual terminology) 

Yi + I 

Yi - 1 

Y* - 1 

5, 

2 

Yi (vi-l) 

Subscrxpts 

1 Initial conditions in test gas 

2 Flow behind prmary shock 

3 Expanded high pressure driver gas region 

4 Imtial conditions In driver gas 

5 Flow behind reflected shook 

7 Flow behmd transmitted shock 

St.bl. Stagnatxon conditions in boundary layer flow 

Note 

Parameters which are marked thus l . . . . I$% refer to the case 
where the transmitted shook is interacting with the boundary layer. 

Parameters whmh are starred thus . . . . . UT refer to the flm whloh 
emerges through the rear limbs (AE! see Flg.1) of the bifurcated foot. 

I./ 
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Introauctlon 

Using the theory outlined in Part (I) calculations of the pressure rise 
through the transmGzted shook of the contact surface ati reflected shock 
uG-,eractlon ID a shock tube, and the total pressure in the boundary-layer gas 
are presented. The test gases are argon, nitrogen and carbon dioxide, and the 
drover gases are hellurn and nydrogen. 

Experimental evidence in the form of Schlxzen photographs 1s presented 
for nltrogen and argon. 

It appears that if hydrogen is used as driver gas and argon as test 
gas then there 1s the possiblllty of observing the cooling of the hot reservoir 
gas near the end plate by means of interface InstabIlity mthout the lnf'luence 
of shock bifurcation cooling. 

In Part I of this paper It was shown that using the rather crude 
concept 12 a boundary layer consisting of a layer of gas of unspecified thickness 
having wall temperature and veloo~.ty, a reasonably good descrlptlon of the 
interactlon of the reflected and transmitted shock waves with the boundary layer 
could be obtamed. This m&?l was first developed for shock-tube application by 
hlark2. 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 &ich 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 oblique shock systems (see Fig.1). Even so it is 
considered that the useful description of the phenomena obtarned using thu 
sunplifled approach Justifies Its applxation to thu problem. 

On the basis a? this model, and using shock-fixed co-ordinates,it is 
considered that v&hen the stagnation pressure of the boundary-layer gas is less 
than the pressure behlnd the nmmal shook the resulting accumulation of thu gas 
(unable to enter the regson behind the shock), gives rue to the familiar 
bifurcated shock formatIon at the intersection of the shock with the tube wall. 
A consequence of this is that the gas whhlch emerges through the two oblique 
shocks (see Fig.1) has a higher velocity relative to the normal shock than the 
flow whloh emerges through the normal shook. Applying thu to the reflected 
shock in laboratory co-or&nates (a3 opposed to shock-fixed co-ordinates) the flow 
which emerges through the normal shock 1s stationary whereas the flow which 
emerges through the oblique shocks moves towards the end wall. When the 
transmitted shock 1s bifurcated., cold gas flow through the oblique shocks 
provides a means for the early arrival of cold gas at the end plate. 

In order to calculate the angles in the oblique shock system which 
constitutes the bifurcated foot, and to calculate the emergent gas vela:xty the 
following formulae maybe used. (See Part I, for their derivation.) 

The/ 
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The boundary layer stagnation pressure is glvenby 

P st.bl 

'i 

= 

(See Fig.1). ybl m all cases ~111 be the specific heat ratio 

of the test gas (see Part I). 

Where 

w (Yf - 1) - (Yf - 3) 
%I1 = . . . . . . for the reflected shook 

(Vi + 1) aa, 

. . . . fm the under-tadored transmitted 
shock. 

. . . far the overtadored transmitted shock 

then the angles COA and COB may be obtained from 

and 

where 

and 

o$+ I) ps,p + (Y -1) 

M'sins(COA) = 

*i 

tan (COA - COB) (Yi - 1) Mz sinaCOA + 2 

=! tan COA (y, + 1) Id; sina COI 

2y,@ - (Y, - I) $ 
Mi = 

3 
. . . . for the reflected shook 

( Yi - 1) I@ + 2 

Mi = [ya2is' (USGS + I)? . . . for the transmitted shock. 
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% 
which is the flow Mach number within the triangle OAB is obtained from 

"st.bl 
(vi-l) p 

i 
+ (Vi + 1) 

M; sins(COA - COB) I 
P st.bl 

*i - pi 

DAB, DAC and the emergent flow Mach number may be obtained using (pj/Pstsbl) 
values in similar equations. 

Values of these parameters for the transmitted shock are calculated 
and discussed for argon, nitrogen and carbon dioxmie in the following seotlons. 
Experimental results are compared with theory for nitrogen. 

The tme of arrival of cold gas at the end plate (which determines the 
duration of hot flew) is given by 

t = 
(us :, (1 -ix;+ (u&J - 

This formula ignores the effect of seoonw waves which are reflected 
between the contact surface and the end plate. These ml1 have a small effect 
around the tailoring Mach number but will have increasing effect for large 
departures from this Mach number. 

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 scme experimental evidence in support of 
the model. 

Using the theory developed in Part I the graphs drawn in Fig.2 have 
been obtained. Here (p' st.bl/ps) (where p'stabl is the boundary-layer 

stagnation pressure in the transmitted shook case) and P?s have been plotted as 
functions of the Mach number of the primary shock wave. (p' st.bl/h) is seen 

to equal Pvs at % = 5.7 and value ("sag"') G Pvs = 018 is reached at 

K 366, and thus it is for ad, B 6 that bifurcation of the transmitted shock 
wave becomes significant. It must be remembered, hmever, that the reflected 
primary-shock-wave is already bifurcated when it reaohes the contact surface, 
and even if conditions behind the contact surface (i.e., within the expanded 
driver-gas region) will not support bifurcation of the transmitted shook, it will 
still require sme 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 
shook was bifurcated when it encountered the contact surface. 

In Fig.3 values of COA' versus % for the tranmltted shock are 
presented and compared with experimentsl data obtained by Holder, Stuart and 
North?. The simple theory is seen to prediot with reasonable aoouraoy the actual 

variation/ 
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:'iatlon of COA' with & considering the crudeness of the assumptions on 
v\~lich it is based. 

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

( ) 

14% 
has been made. In Fig.4 a plot of - XT, K determAnes, on using 

T-d 

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

( ! 

14Ts 
ocours when - = 1 and this is so for 4 f 6.2. Any effects due 

T2 

to contact surface instability may therefore be expected for na, 3 6.2 as 
compared to & >/ 6.0 using the bifurcation model. 

In Fig.5 details of high pressure and high temperature variation with 
& for H, : Na are presented. These were obtalrx?d In the N.P.L. 3 m. shook 
tunnel by Lapworth5. Unfortunately only two experimental temperature durations 
are given in Lapworth's paper and. these are shown in Fig.5. 

In Flg.6 (a, b, and c) scme photographs from the paper by Holder, 
Stuart and North1 are reprducea. In Kg.2 it was seen that for W, i 5.8 
the conditions behind the contact surface, effecting the transmitted shook, 

will not suppart bifurcation, i.e., 'st.bl 
pn < For 5 > 5.8 the 

Pa * 

conditions will support bifurcation and for & = 8, for example, strong 
interactionxects may be expected. In Flg.6(a) % = 4, and it is clear 
that the blfircatlon of the transmitted shock appears to decrease with time. 
In Pig.6(b) & = 6 and the transmitted shock uteraction is supported and 
even increases slightly. But in Fig,6(o) at M = 8, where violent lnteractron 
between the transmitted shock and the boundary layer may be expected on the basis 
of the predictions of F1g.3, extremely strong blfuroatlon of the transmlttd 
shock is obtaned.. 

Summzng up therefore, in the case of Q@rogen (as when helium was the 
driver gas) with nitrogen as channel gas, it appears that the simple theory 
developed in Part I gives a good descrlptlon of the bifurcation d' the 
transmitted shock and also the reservov cooling effects. 

2. a 

For primary shook Mach numbers greater than 2.8 Mark has demonstrated 
that the refleoted shock in argon does not bifurcate. However, It will be shown 
that the transmItted shock does not become bifurcated untd 4 = 4.3 for a 
hellurn driver ana hQ = 7.5 for a hydrogen drlvei-. For Increasing Mach numbers 
In these two cases, the blfurcatlon of the transmitted shock becomes lncreaslngly 
strong. 

In Fig.7 values of P,s and (p' st.bdp3) are plotted as functions of 

prxmary shock Mach number for hellurn as driver gas. As in the nitrogen case, 
for M, < 4.06 the coditlons behxd the contact surface will not support 
brfurcatlon, and since the reflected shock 1s not bifurcated the reflected and 

transmitted/ 
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transmtted shocks behave - in this respect - as suggested by ideal theory. 
Iicwever, for & > 4.3, pitsbl /PV < 0.8 and accordmg to Mark when this 

is the case bifurcation will occur. Therefore for & > 4.3 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 outlired in Part I 
should occur. Hence cooling due to this effect should be evzdent, for & > 4.3. 

In Wg.8(a) the neutral stability Mach number (MNS) is determxxed 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 & = 4.3 then the interface Instability meohanism must 
be consxdered as a cause of cooling, but if cooling does not occur until 
& > 4.3 then this would tend to weaken the case for interface instability. 
This point is discussed further for a hydrogen driver gas. 

p73 and (p' st.bl"') are plotted in Fig.9 as a function of primary 

shook Mach number where the driver gas is hydrogen. Far & < 7 the region 
behind the contact surface ~111 not support bifurcation, but for M > 7.5 the 
transmitted shook will be bifurcated, nccordxng to the simple theory. The neutral 
:,t&blllty Mach number is obtained for hydrogen driver in Fig.10 and found to be 
M, = 5.8. Thus for hydrogen as driver gas and argon as driven gas there is a 
large difference between the neutral stability Mach number (I.e., & = MRS = 5*8), 

above which cooling of the reservoir gas is expected to occur as a result of 
interface instability, and the primary shock Mach number (& = 7.5) above which 
bifurcation of the transmitted shock, and the cooling which is suggested to 
accompany this phenomenon, are 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 oooling at the end plate in 
a shook tube. 

Fxpermental evidence 

Some Schlieren photographs taken in the N.P.L. 6 in. x $ m. shock 
tube using argon as the test gas and helium as driver gas are presented in 
Flgs.8(b) and 8(c). These pictures give the full field of view.) In Fig.a(b) 
it 1s seen that the reflected shock wave remains plain with no bifurcation 
throughout the Mach number range. Mark2 had predicted that for k& > 2.8 
tills should be so and Six&low and Cohen3 observed this for reflected shocks in 
argon using streak photography. 

In Fig.8(o) the transmitted shock at & = 6 is seen to be 
bifurcated. This 1s what would be expected on the basis of the above theory for 
nq > 4.3. Unfortunately it was Mpossible to observe the transmitted shook at 
the lower Mach numbers as the reflected shock interaated with the contact surface 

upstream of the window section. 

From the experimental evidence it is clear that blfurcstion of the 
transmitted shock wave occurs at the higher Mach numbers for helium as driver 
gas and argon as test gas. A detailed account of these experiments is to be 
found in Ref.4. 

3./ 
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J. Carbon Dxox~~e 

Calculations for carbon dioxide were carrxd out in order to 
lnvestlgate the case of a triatomic gas. 

In Fq.11 a plot of P7s and (p' st.b+ as functions of primary 

shook Mach number indicates that below K = 7.8 conditions ~111 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 
blfurcatlon ~~11 occur after the shook passes through the contact surface. 
Above M+ = 7.8 blfurcatlon of the transmitted shock will be supported as 
P?S then becomes increasingly larger than (p' st.bl'P3)' The neutral stabibllty 

Mach number is seen from Flg.12 to oocur at $ = 8. Owing to the very strong 
interaction between the reflected shock and the boundary layer, hwever, oool~n~ 
due to the bifurcation mechanism may occur below the Mach number at whxh 
bifurcation of the transmitted shock is supported. 

4. Dxcusslon on the Results of the Calculations and the Experiment 
to DIfferentlate between the Effects of Transmitted-shock 
Blfurcatlon and InstabIlity of the Contact Surface on Coolxng 
at the End Plate 

The calculations for argon, nitrogen, and carbon dioxide indicate 
defxnte regions IX the flow in shock tubes. The regions are firstly, those 
for whxh blfurcatlon of the tranamltted shock 1s not supparted, l.e., where 
the stagnatIon pressure is not less than the pressure behind the transmitted 
shock, and secondly the region for whch bifurcation of the transmitted shock 
is supported, where the stagnation pressure of the boundary layer fluId& less 
than the pressure behind the transmItted shock. 

Experimental evidence in support of the predlctlons of the simple 
model is available for hydrogen as driver gas and nitrogen as driven gas from 
a paper by Holder, Stuart and North and for argon as test gas ath helium as 
dITver gas from referenoe 4. As a result of the favourable comparlsonbetween 
experiment and theory in both Part I and II it is suggested that this 
slmple theory provides a good description of the blfurcatlon effect for the 
transmitted shock in shook tubes. Also the trend of hot flcnv duration with 
IncreasIng Mach number predicted by this theory is in fair agreement with 
experxrient. 

As a further investigation It is suggested that if hydrogen 1s used 
as driver gas and argon as driven gas an obsenratlon of the effects of 
Interface lnstablllty on reservox cooling without the effects of transmitted 
shook bifurcation should be possible, since the neutral stablllty Mach number 
corresponds to 4 = 5.8 whereas bifurcation of the transmitted shook should 
not ocour for K < 7.5. Table I summaries the conditions under which 
bifurcation of the transmitted shook becomes slgniflcant for various driver 
driven gas combinations. 

Most af the calaulatlons were carrled out by Miss B. Redston. 
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Table I 

DrlVen 
Gas 

Argon 

Nitrogen 

Carbon Dloxlde 

Argon 

Nitrogen 

7.5 

6 

7-a 

4-3 

J-5 

* 
MB 

= Primary shock Mach number above whzch 
blfurcatlon of the transmitted shcck may 
be expected. 

Table showing various prunary shock Mach 
numbers for which transmitted shock bifurcation 
may be expected usxng various driver and driven 
gases. 
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