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SUMMARY

An extension is made of the simple model proposed by Mark for the
interaction of the reflected shock with the boundary layer in a shock tube,
It leads to the prediction of a flow of gas along the walls of the tube,
originating at the bifurcated foot and directed towards the end wall, When
this analysis is applied to the transmitted shock, the prediction is that cold
driver gas will quickly arrive at the end of the tube, cooling the gas in the
reservoir of the shock tunnel, This occurs for Mg > 3*5 for helium
driving nitrogen. It is a faster movement of cold gas towards the end plate
than that caused by the general movement of the contact surface.

Experimental evidence in support of the theoretical model is given
in the form of schlieren photographs, pressure measurements and heat transfer
measurements.

The bifurcated foot mechanism.is compared with the instability of
the contact surface mechanism for cooling the reservoir gas. Both mechanisms
predict cooling to occur for My > 3°5. An experiment is suggested
whereby the two mechanisms may be separated.

Test section.hot flow duration measurements in conjunction with
the theoretical model suggest that where helium is driver and nitrogen is test
gas for Mg < 3*5 the hot flow and high pressure durations will be similar.
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A cross sectional area
a sound speed
845 ai/ 2

h enthalpy
L length
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M primary shock Mach number



12

A J

Subscripts
13235394y oo
b

st.bd

Abbreviat ion

u HesNg

molecular weight
mass flow through nozzle
pressure

P;/P;

time

temperature
Ti/Tj

velocity
velocity

U.i/a.j

distance
distance

density

specifiic heat ratio = ¢ p/ov

J'_'z_-
yi (yi-1 )

refer to regions shown in Fig. 1
boundary~layer conditions

stagnation conditions in boundery-lsyer fluid

refers to helium as high pressure driver gas and
nitrogen as low pressure channel gas,
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1 Introduction

The simple shock tube, which is a long, constant cross-sectional area
duct divided internally into two compartments by means of a diaphragm (see Fig, 1),
can be used to provide a reservoir of high enthalpy gas suitable for the
production of hypersonic flow. The shock wave, which is produced when the
diaphragm between the high pressure and low pressure compartment is burst,
reflects from the end of the low pressure compartment producing a region of
very hot, high pressure gas adjacent to the end wall. (Throughout this paper
"reflected shock" will refer to this primary shock reflection at the end wall,)
When a small hole in this end wall comnects the shock tube to an expansion nozzle
the gas on expansion produces hypersonic flow, the character of which depends on
the initial conditions in the reservoir, In order to use this flow for
hypersonic research the conditions prevailing in the reservoir must be known.
It is also most important that the duration of these conditions be known,

In Fig, 1 the idealised wave diagram for a simple shock tube is shown.
When the reflected shock interacts with the contact surface the shock passing
through the contact surface gives rise to either an expansion wave or a shock
wave as the reflected disturbance, which travels from the point of interaction
towards the end wall (Figs. 2a, 2b)., Under certain conditions the shock wave
will pass through the contact surface without giving rise to additional
disturbances (Fig. 2c) other than a Mach wave, This is known as "tailoring"
and when this is used as the condition for the production of the high enthalpy
reservoir gas, it is known as the "tailored interface" technique. The condition
shown in Fig., 2a is known as "under tailored" as this occurs at a primary shock
Mach number lower than the "tailoring" Mach number, and the condition shown in
Fige 2b is known as "over tailored" as this condition obtains at a primary shock
Mach number above the tailoring Mach number, In the under tailored condition,
the situation at the end plate remains steady until the arrival of the expansion
wave reflected from the contact surface, whereas in the over tailored case the
limiting factor is the shock reflected from the contact surface, At the
tailoring Mach number only a Mach wave is reflected from the contact surface,
and thus the flow parameters should remain unaltered until the arrival of the
head, or the tail, of the expansion wave produced when the diaphragm burst.
(At My = 6°02 for hydrogen as driver and nitrogen as driven gas for example, )
(see Fig. 1).

The tailored interface technique is used widely in shock-tunnel research,
due to its promise of longer testing times as a result of the extended duration of
constant conditions at the end plate, Over the last few years, however, it has
been discovered that, whereas the duration of high pressure at the end plate
behaves more or less as predicted by this simple theory, the duration of high
temperature does not. Lapworth1 has shown for example, that for hydrogen as
high pressure gas and nitrogen as low pressure gas, the duration of high
temperature at the end plate at tailoring is much less than the duration of high
pressure, Similar effects are reported by Lapworth and Townsend? when helium is
used as the high pressure gas, This phenomenon is not explained by means of the
simple shock tube theory, When the stability of the contact surface after
interaction with the reflected shock is examined, Bird et all have shown that
this phenomenon limits the range of enthalpies for ghock tunnel operation,
Lapworth and Townsend have shown, using Markstein's? small perturbation approach,
that the instability of the shocked contact surface (i,e,, after passing through
the reflected shock) could cause cooling of the hot gas at roughly the same Mach
number as that at which the duration of high temperature begins to become less
than the duration of high pressure. The result of instability of the contact
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surface would be a breaking up of the surface promoting mixing with the hot
reservoir gas, causing cooling at the end plate for Ma > 3°56 in (He:Na)
(see Nomenclature). Copper5 has examined the effect, on the hot gas produced
by the reflected shock, of the combustion at the interface when hydrogen and air
are used as high and low pressure gases respectively. He explains the dip in
pressure immediately after reflection of the primary shock, which is characteristic
of these conditions, in terms of interface combustion, Fenetration of the hot
reservoir gas by these burned interface gases is considered by Copper5 to be a
limiting factor on shock tunnel usage when hydrogen and air are employed. If
we restrict our attention to helium and nitrogen, then interface combustion may
be eliminated as a limitation on testing time.

Holdex'6 has observed a penetration of the hot reflected region gas by
a flow of gas from the shocked contact surface along the walls of the tube,
meeting the end plate and finally surrounding a core of hot gas, This is a
means by which cold gas could reach the end plate far sooner than any general
movement of the contact surface as described by the simple wave diagram,

The aim of this paper is to examine this last mentioned phenomenon,
suggest a mechanism by which it occurs,and consider its relevance to the cooling
of the reservoir gas. An attempt will be made to determine the relative
importance of this phenomenon,and contact-surface instability with regard to the
duration of hot flow in the shock tunnel,

The examination of a series of pictures of the reflected shock wave
before and after passing through the contact surface (Fig. 3) shows the growth of
a region of disturbance in the corners of the end plate, These suggest that
this flow of gas occurs from the instant of reflecticn, that it grows in extent
and contimies after the shock has passed through the contact surface. This flow
appears to be closely linked with the bifurcation of the reflected shock wave and
it will be shown that a simple model based on a Mark-Hess/»8 approach will
predict this wall flow and when the cold gas from behind the contact surface
arrives at the end plate.

24 Simple Bifurcation Model for Reflected Shock Waves

The simple bifurcation model developed in this section is based upon
that of Merk(, The essential point is that the boundary layer in the path of
the reflected shock is taken to be a layer of gas of unspecified thickness 't!
at wall temperature and having wall velocity with pressure equal to the
free-stream value, All parameters are uniform throughout the boundary layer
(see Fig, 42)e¢ In the analysis it is assumed that the shock wave is stationary
and the wall is moving, It is then assumed that the bifurcation of the shock
is brought about by the boundary layer being brought to rest at the foot of the
shock under the forward limb  OA. It has been shown by Mark that the
stagnation pressure of the boundary layer within the range My = 18 - 16
for air for example is less than the pressure behind the normal shock, and hence
the boundary-layer fluid is barred from entering the region behind the normal
shock, The boundary-layer fluid therefore gathers at the foot of the shock and
the size of the bifurcated foot grows with time, That part of the main flow,
outside the boundary layer, which is turned on passing through the forward
limb (0A) of the bifurcated foot is further compressed and turned parallel to
the mainstream by the rear limb AB, This flow, having passed through two
oblique shocks, is moving faster relative to the shock than the flow which has
passed through the normal shock, (This point will be demonstrated mathematically
below,) If we now consider this analysis applied to the reflected shock in

laboratory/



-6 -

laboratory co-ordinates, then the flow which has passed through the rormal

shock is brought to rest, whereas the flow which has passed through the two
oblique shocks moves along near the tube wall towards the end wall, This
phenomenon was not discussed by Mark in his analysis, Mark calculated the
angles COA and COB (see Fig, 4a), In the present analysis Mark's model

is extended to calculate the remaining angles in the bifurcated foot and to
estimate the initial velocity of the flow towards the end wall which starts

at AB. The model will then be applied to the shock transmitted through the
contact surface where it will be shown that the flow towards the end wall caused
by the bifurcation of the transmitted shock will be of cold driver gas and hence
this mechanism provides a means for cold gas to arrive at the end of the shock
tube in times which may in some cases be far shorter than the arrival time of the
contact surface as a whole, These times will also be estimated,

Returning to the bifurcation model, the sketch in Fig, L4a is rather
unrealistic, This sketch will be used to define the various regions in the
flow but omits some importent features., In Fig. 4b a more realistic diagram is
presented along with some suggested velocity profiles through the flow.
(These velocity profiles are different from those postulated by the theory used
in this paper,) Where the rear limb AB meets the stagnation bubble there
must be an expansion: this is necessary because as Mark points out the pressure
at B is very near the stagnation pressure of the accumulated gas, so that when
the shock AB meets the free boundary of this accumulated gas an expansion is
reflected from the surface, Since the flow behind the rear limb AB is subsonic,
this expansion cannot entirely be a Prandtl-Meyer expansion, but must be preceded
on its upstream side by some rapid subsonic expansion, Leading downstream from
the intersection at A of the three shocks there is a vortex sheet between the
two flows which emerge through the shock systems, The region immediately behind
the rear limb of the bifurcated foot is most difficult to analyse and in the
analysis below the pressure behind the rear limb is assumed to be the pressure
behind the normal shock, Matching both pressure and flow angles leads to
unrealistic results and the justification for choosing pressure is mainly empirical.

In calculating the time of arrival of the flow at the end wall due to
this bifurcation model the velocity of the emergent flow (from the rear limb of
the bifurcated foot) has been used. This is again controversial but may be
justified by the fact that even, if after emerging through the rearwsrd limb of
the bifurcated foot various pressure and velocity changes occur, the flow
pressure has been experimentally observed eventually to reach the pressure
behind the normal shock. The flow velocity far downstream then is felt to be
near that computed as if the flow had normal shock pressure immediately on
emerging through the rearward limb, Curvature of the normal shock near the
interaction point could cause a difference in pressure in this region.

However, through an oblique shock inclined at an angle B to the original flow
direction the pressure change from region (i) in front of the shock (say) to a
region (j) behind it is given by

2 (y-1
y P y=1)

(y+1) 7 (y+1)

P.
- =
Py

and since B is very nearly 90° in most of the observed shocks the pressure
may be taken to be that behind the normal shock.

In/



-7 -

In Fig,4(b), AF is the normal shock, OA and AB are the fore and rear limbs
of the bifurcated foot. The line (1) (3) (5) (8) is the outer edge of the
boundary layer, the line from (4) to (7) is the vortex sheet, the expansion (E)
is shown where the flow accelerates over the rear of the stagnation bubble, and
the compression waves (C) are shown where the flow turns parallel to the wall,

The velocity profiles shown below the sketch are related to the
corresponding labelling in the sketch, Note that the wall is moving relative
to the shock,

!1! to (2)

Here the velocity varies from free-stream value at the outer edge of
the boundary layer (1) to the wall velocity at (2).

(3) to (4)

Within the fluid accumilating under the bifurcated foot the velocity
falls to zero in the middle of the region but must again reach wall velocity at
(). The zero velocity region arises from the agsumption that the flow is
brought to rest, relative to the normal shock, under the forward limb of the
bifurcated foot.

5) to (6

At the rear of the stagnation region there must be some means of
matching the conditions within the bubble to those downstream of the normal
shock and a region of turbulent mixing and matching is envisaged with a velocity
profile perhaps as shown,

(7) to (8)

Across (7) to (8) the flow towards the end plate exists.

(8) to (9)

Finally, below this faster flow is the residual boundary-layer profile,

The mathematical model described below is undeniably crude but its application
may be justified in that it provides a useful picture of the phenomena associated
with the reflected and transmitted shock waves., A more detailed derivation of
the formulae presented below is given in Appendix I,

Referring to Fig, 4a, in order to calculate the angles in the
bifurcated foot and the emergent gas velocity the following formulae may be used:

Knowing the boundary-layer Mach number (Mb&) then for M, > 1 the

boundary-layer stagnation pressure is given by the Rayleigh supersonic pitot
formula (i,e., for a compression preceded by a normal: shock/)

Pot.be
Py



(yas1) (72

2

S 2% - Ya~1
M;z - ( >
(ya+1) Ye+1
(over the range of primary shock Mach numbers discussed in this paper the

boundary-layer Mach number (M8 6) > 1). For nomenclature see Pig. Lsa.
Y2 1is the specific heat rati¢ in the boundary-layer gas which is always a
driven gas boundary layer (see Appendix I).

1
Y11

In order to apply this formula to either the reflected or over— or
under-tailored transmitted shock cases one merely chooses sz from:

a8 (va-1) = (ya~3)
(ya+1) Ma

"

eeses Tor the reflected shock

Moe

Pys + aa 2ags B1
T + (1 = Psgs ) eoere
S ys(aPra+1)?  (ya-1)

]
o

Moo = 2,

esess Tor the undertailored transmitted shock

Pra + a3 g3 01 (Pas=1)

1§
o

Mb& 381

s i
SaYa(@aPra+1)?2 (s Pas + 1)%

essss ToOr the over—tailored transmitted shock.

Then the angles COA and COB may be obtained from

P

t.be

(v;+1) —-E-"-I;-— + (yg-1)
M8 sina (COA) = =

a 2y

i
tan (COA~COB) (y.l—1) M’l sin® COA + 2

and =
tan COA (v;+1) M‘El gin® COA

" 1

2Y:LM?; - (Y1"1) 2
where M = veses Tfor the reflected shock
| (1) + 2

1
Ya 1 2
and M, = (asPra + 1) vees for the transmitted shock.
| 2%

The flow Mach number within the triangle OAB is obtained from

w/



M; sin® (COA-COB) = .

Angles DA.B and DAC and the emergent flow Mach number may be obtained using
(p J/ps £.b 1, values in similar equations as shown in Appendix I,

Using these formulae it can be shown that the flow which emerges
through the two oblique shocks is moving faster relative to the shock than the
flow which has passed through the normal shock (see Table 1, Appendix I). The
velocity of this flow can be used to compute the time after primary-shock
reflection at which cold gas should be expected at the end plate. If the flow
which emerges through AB (Fig. 4b) has velocity U7 then the time after shock
reflection at which cold gas should arrive at the end plate is given by

s us 1 1
(Ua+us ) Us s (Ur=Uy)

(see Figs. 10(a) and (b)).

In order to differentiate between the shock reflected from the end
plate and the shock transmitted through the boundary-layer flow parameters and
bifurcated foot angles the transmitted-shock variables have been marked with a
'prme' symbol,  For example , the transmitted shock boundary-layer Mach number
is M‘b P and the angles in the transmitted-shock bifurcated foot are

COA', COB', etc.

3, Discussion on the Simple Flow Model

The simplified approach to the interaction of a shock wave with a
boundary layer in a shock tube proposed by Mark7, and a similar earlier model
where a shock interacts with a hot layer proposed by Hess8, in both of which the
boundary layer is assumed to have no velocity or thermal gradients, have been
shown by Mark to give a good general description of the phenomenon, Indeed in
the shock tube they predict within the experimental scatter the angles in the
bifurcated foot for M: up to 4, (see, for example, Fig, 11). Expanding this
analysis it is found that the flow which emerges through the bifurcated foot is
not at rest and constitutes a flow of gas along the wall of the tube, This
flow is arrested at the end plate where it accumulates,

The model chosen is undeniably a very crude one, The boundary layer
is not considered to have thermal or velocity gradients, the manner in which the
stagnant gas under the bifurcated foot adjusts to the higher pressure which
exists downstream is not examined, the motion of the flow which emerges through
the rear limb of the bifurcated foot is not carefully followed, no attempt is
made to consider the effects of turbulence in the boundary layer. A more refined
analysis which includes these effects would be a most useful addition to the
present knowledge of the problem, However crude the model may be, experiments
which have been performed by Mark, and further experiments conducted at the
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N.P.L, have shown that the model provides a most useful and in some cases
surprisingly accurate description of the bifurcation phenomenon. The flow of
gas along the wall as a result of reflected-sghock bifurcation accumulates at
and moves across the end plate., The motion of this gas across the end plate
can readily be seen in Fig, 3 and is easily detected by heat transfer gauges.
For the reflected-shock case this gas is not cold and it is bifurcation of the
transmitted shock which results in the arrival of celd gas at the end plate,

When the reflected shock interacts with the contact surface and the
interaction of the transmitted wave with the boundary layer is examinred, it is
found that the flow picture for increasing M, differs from the reflected-shock
case (Figs. 12(2) to (d))s For My > 3 +the angle COA in the reflected-shock
bifurcated foot increases with increasing M (Fig. 8a) whereas the angle COA!
(Fig., 122) in the transmitted shock case decreases with increasing M.
Experimentsl values of COA and COA' confirm this situation, The
boundary~layer stagnation pressure increases with increasing M (Fig. 13b),
for the reflected-shock case but decreases with increasing M for the
transmitted shock case (see Fig. T3c), becoming equal to unity when the
transmitted shock has zero velocity relative to the tube wall, This situation
is discussed in Appendix II. Experimental values (see Fig. 13a) corfirm this
trend for the transmitted shock interaction but for reasons given below in
Section 8 no accurate measurement of ps‘ t.pe oS obtained. An important

consequence of the decreasing value of pé £.bo (with increasing My ) is the

prediction that the interaction of the transmitted shock with the boundary layer
should become more violent at the higher Mach numbers,  Therefore, the amount of
cold driver gas (which must constitute the wall flow in this latter case) which
arrives at the end plate as a result of bifurcation of the transmitted shock will
increase with Mi. Here, then, is a mechanism by which cold gas can arrive at
the end plate far sooner than by any movement of the contact surface as a whole
and in increasing amounts as M; increases, As this is also linked with a
decrease in the time between primary shock reflection and the arrival of this cold
gas (Fig., 10b) at the end plate, this model predicts that the duration of hot flow
at the end plate of a shock tube will decrease as the primary shock Mach number
increases., Mexrk proposes that when Eps LD @71)1) < 08 din the analogous

situation for the reflected shock, bifurcation will be negligible, This value
occurs at about Mg = 3°5 in the transmitted shock case and it is for

M« > 35 that any significant cooling effects should be expected, Comparing
this with the stability of the contact surface?,3 after interaction with the
reflected shock wave it is found that instability leading to cooling of the hot
gas should occur for M1 > 356, (Helium as driver gas and nitrogen as driven
gas,) This is unfortunate since it means that the two mechanisms in this case
cannot be separately observed, [In Part ii a situation which could possibly
allow these two mechanisms to be observed separately by using helium as driver
gas and argon as driven gas, is discussed.] The success of the simple model in
predicting the cooling time can be judged from Fig. 10c where the arrival of cold
gas at the end plate is compared with Lapworth's experimental results. The
curve should only be expected to predict a trend; even so the close agreement is
encouraging,

Some experiments designed to detect the effects, due to bifurcation,
at the end of the shock tube, to examine the motion of the reflected shock
photographically and to determine the actual duration of hot flow in a hypersonic
shock tunnel, are described in the next section.
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4, Experimental Evidence

L,1 Schlieren photographs

Experimental evidence for the formation of this flow and its
accumulation in a vortex at the end plate is obtained from a paper by Holder,
Stuart and North?, presengig at Liege in 1962, Further photographic evidence
has been obtained by Nortl in the N,P.L. 6 x 3% in, shock tube and is shown in
Figs. 3a and b, In the photographs reproduced here three Mach numbers are shown
at about 3*35, 4¢0 and 6., Helium was vused in each case as the driver gas and
nitrogen was used as the driven gas. Bifurcation of the reflected shock wave
is clearly seen and the contact surface is only observed after interaction with
the reflected shock wave, The end plate is on the right hand side of the
photographs and the appearance of disturbances in the corners is clearly seen,
The deformation of the contact surface becomes apparent after interaction with
the reflected shock wave, and agrees with the concept of a faster moving flow
near the walls of the tube,

The disturbances in the corners of the end plate, it is suggested, are
due to the accumulation of the fluid flowing along the walls of the tube as a
result of the bifurcation of the reflected.shock. This accumulation continues
after the reflected shock wave has interacted with the contact surface and
suggests that the colder driver gas very soon constitutes a large part of this
end plate vortex, That the accumulated gas quickly covers the end plate is
important, and the effect on shock tunnel operation would be the early arrival
of driver (originally the high pressure) gas in the working section, These
photographs were cbtained in the N,P.L. 6 in. x 3% in. shock tube at a low
driver pressure (~ 60 1b/in.? abs) and further experiments were needed in a
typical shock tunnel using the pressures associated with hypersonic shock-tunnel
research, These are described below,

One further piece of information obtained from these photographs is
the degree of bifurcation of the shock after passing through the contact surface,
For low Mach numbers (Ms ~ 3°0) the stagnation pressure of the boundary-layer gas
(in this simplified approach) is greater than Pras. However, as M increases,
a rapid divergence of these pressures occurs so that at Mg = 5°9 Pra is

several times larger than Pét be® This would mean that violent interaction

between the shock transmitted through the contact surface and the boundary layer
may be expected as M. increases, and this is indeed observed (see Fige 3b)e

In Fig, 11 the agreement of the angles in the bifurcated foot
predicted by this simple theory and an experimental bifurcated foot (enlarged
photograph from the 6 in, x 3% in, shock tube photographs) is shown, and in

Fig., 14 the experimental and theoretical values of COA' are plotted versus M.

L.2 Pressure measurements

One of the predictions of the simple theory is, as mentioned above,
that the stagnation pressure in the boundary layer and the pressure across the
normal transmitted shock diverge for M > 3¢5, It should be possible then to
observe this by measuring the initial rise in pressure across the shock
transmitted through the contact surface as seen by a pressure gauge in the side
wall of the tube., Unfortunately the rise time of the pressure gauge available,
in the 2 in. shock tube a distance of 6 in, from the end plate, is 20 microseconds

which/
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which means that probably only an indication of this divergence should be
possible, especially as the schlieren photographs suggest that the time taken
for the bifurcated foot to cross a pressure point would only be ~ 50 microseconds,
The pressure measurements obtained using this gauge are shown in Fig. 13a and
are plotted in Fig. 13b, The initial pressure is much less than pr. The
pressure then rises through the region beneath the bifurcated foot until it
reaches p; downstream. It is suggested that with a faster rise time gauge
and better spatial resolution (the gauge head in this case was -’; in. diameter)
a more accurate picture of this phenomenon may be obtained, The pressure
measured under the bifurcated foot should be near the predicted stagnation
pressure, and should then follow the pressure variation as the stagnation
conditions under the foot approach those existing far downstream, The gauges
employed in this investigation show much of this process.

4,3 Heat transfer experiments

In order to investigate the occurrence of this phenomenon in the
various diameter shock tubes in use in the N,P.L. a means of detecting and
following the progress of this gas accumulation and movement across the end
plate was required, So as not to disturb too greatly the existing experimental
conditions it was considered that a set of thin film thermometers inserted into
the end plate of the various tubes should be able to pick up the change in heat
transfer rate as the gas moved across the end plate, In order to evaluate this
technique and compare the results with existing data, the 6 in, x 3 in. shock
tube end plate was modified as shown in Fig, 15, A diagram of the end plate
explaining the essential features is shown in Fig. 16,

With the end plate thus prepared, the thin film nearest the edge of the
plate should first be covered with the end plate vortex. Since the moving gas
will be compressed and turned on meeting the end plate and since it has a
pressure and temperature similar to the gas in region (5) before being arrested,
a higher pressure and temperature may be expected in this region, This will
result in an increase in heat transfer rate, At the top of Fig. 16 a sketch
of a representative heat transfer record obtained in the 6 in. x 32 in, shock
tube is labelled indicating the important features. The movement of gas across
the end plate should therefore be detectable, Records at various primary shock
Mach numbers are shown in Fig, 17, As can be seen the motion of gas across the
end plate agrees with the general description of the phenomenon arriving at
gauges (1) and (5) first and (3) last, A comparison between gas movement rates
obtained from photographs and heat transfer gauges is shown in Fig, 18. The
good agreement -~ as far as order of magnitude and trend is concerned - suggested
that this technique would be adequate to detect the presence of this phenomenon
in tubes not equipped with a schlieren optlcal system. Further rate data
obtained from the 6 in. x 3% in. shock tube is shown in Fig., 19.

It must be noted that the heat transfer gauges were used in conjunction
with an analogue network as described by Meyer1

The experiment was repeated in the 3 in, shock tube using the end
plate shown in Fig, 20, The gauges in this case were as shown in F:Lg. 21,
Owing to the fact that these were shorter than in the case of the 6 in, x 3—
shock tube and were in a circular section a certain degree of ambiguity arose.
This was due to the fact that gas accumulating and moving across the end plate
could sometimes reach the second film in from the edge before that gas which
passed across the first film owing to the circular cross-section of the tube,

The/
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The results were not as satisfactory as in the 6 in. x 35 in. tube case and
some records with the derived data are shown in Figs. 22 and 23, In this case
the experlment was first carried out at an 1n1t1al driver pressure of

60 1b/in,® abs for comparison with the 6 in. x 3% in, results, and then at

400 1b/in.? abs to provide data under the same conditions as The temperature
measurements of Ref., 2,

Finally the technique was used in the 2 in, shock tunnel, but in this
case the gauges were contoured as shown in Fig, 24a. The results obtained
(Fig.24b,c ,d) were much better than the 3 in, shock tube records and compared
favourably'w1th the 6 in. x 3% in. shock tube records. Experimental details of
the rate of movement of gas across the end plate are to be found in Fig. 25.

An important feature of the tests carried out in the 2 in, shock tunnel is that
movement of gas across the end plate is detected even when driver pressures of
the order 2 x 10° 1b/in.® are used. This suggests that the phenomenon is a
potential 1limit to flow duration even at these higher pressure levels since the
means of transporting cold gas to the end plate appears to be present.

Using the records obtained in the 2 in, shock tummel an attempt was
made to determine the arrival time of cold driver zas at the end plate.
Gauges (1) or (5) were used and 2 sharp decrease in heat transfer rate, as long
as no other wave explanation was relevant, was considered to be an indication of
the arrival of cold gas. The results are plotted in Fig, 10b and are in rough
agreement with the ideal theoretical prediction of the arrival of cold gas at the
end plate, The experimental results show a lower value than the theoretical,
but this would he consistent with the hot flow duration (between the primary
shock and the contact surface) beln% less than ideal theory predicts as has been
discussed by Roshko?3 and by Hooker b ror example,

It would appear possible, then, to detect and follow the movement of
gas across the end plate in a shock tube caused by the accumulation of wall flow
gas initiated by bpifurcation of the reflected shock wave,

In Fig., 2b a record obtained in argon at M = 318 is compared with
one obtained in nitrogen at M = 3°2, In the nitrogen case the change in heat
transfer rate due to the arrival of the well flow is clearly seen, but there is
no similar effect in the argon case. This is consistent with the bifurcation
explanation of this wall flow, No bifurcation should occur in argon at this
primary shock Mach number/. A more detailed discussion on the use of argon as
test gas 1is given in Part ii of this paper.

4oL Test section experiments

A series of tests were carried out in the working section of the
N.P.L. 2 in, shock tumnel to determine the available hot flow duration under
operational conditions and thus to assess the effect of the cooling of the
reservoir gas. This took the form of flat plate heat transfer measurements,

The flat plate shown in Fig, 27 was used, and a constant heat transfer
rate was considered to be an indication of constant flow conditions in the
working section, Some records obtained are shown in Fig, 28 and the estimated
duration of constaunt flow conditions plotted as a function of primary shock Mach
number in Fig, 29a, The driver pressure in all cases was 1000 1b/in? abs and
the driver gas was room temperature helium, The driven gas was nitrogen.

As can be seen in Fig, 29a, a constant flow duration of about
5 milliseconds at My = 36 <falling to 2¢9 milliseconds at L4*63 is obtained,

This/
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This fall is probably associated with ¢ooling of the reservoir gas and is not
associated with the arrival at the end plate of disturbances from the high
pressure section, In Fig, 29 the arrival of the first disturbance from the
high pressure section (using a driver-reservoir) is plotted as a function of M.
This time is seen to increase with M: as compared with the hot flow duration
measurements, The significance of this last fact is that there is no
relationship between the hot flow duration and the arrival of the first
disturbance from the high pressure section (remembering that the driver-reservoir
technique!® was used in these tests).

A similar series of tests were carried out in the N.P.L. 6 in.
shock tunnel and the results are plotted in Fig, 29c, Here, however, constant
hot flow conditions are obtained for and up to M« = 4  This is in agreement
with the prediction discussed in the next section with regard to the effect of
non-ideal driving conditions on tailoring Mach number, These conditions suggest
that for He:Na the 6 in, shock tunmmel should tailor at My = 4 and also
that the neutral stability Mach number and/or bifurcation effects should become
significant for a higher M1 than ideal.

Be The Instability of the Shocked Contact Surface

The theoretical model for bifurcation of the reflected and transmitted
shock waves has been given and the experimental evidence discussed. Before the
final discussion on the duration of hot flow in the shock tumnel, a brief
description of the contact surface instability model in the shock tube will be
given and the relevance of this phenomenon will be discussed in the next section
along with the above bifurcation model.

The stability of an interface between two fluids, of different densities,
when the two fluids are accelerated inT? direction perpendicular to their
interface has been discussed by Taylor, When both fluids are deep compared with
the wavelength of the disturbance of the interface, and considering axes moving

with the interface, Taylor17 uses the velocity potentials of motion

g = A oos kx fluid 1

Ky+nt

and pa = -Ae cos Kx fluid 2

where A = amplitude, to exemine the stability of the interface and shows that

P2 ~ 1
the rate of development of the instability is proportional to ’ —
P2 + P4

Marksteinj, following Taylor's analysis, examines the stability of the
contact surface in a shock tube after interaction with the reflected shock wave.
Merkstein simplifies the analysis by calculating the effect of a constant
acceleration 'a' of very short duration 'r' (where ar = U, the difference in
velocity U = (us = u7) in shock tube terminology (Fig., 1)) on a slightly
distorted interface. The result is an expression for the disturbance flow field
which exists immediately after the acceleration has occurred. This has the form

(pa - pa) JK(ix+iy)

u(x,y) = UkA
(pa + p1)

where k = 2%x/A, A = amplitude,

The/
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The sign of this perturbation velocity depends on (pa = p1). If this
analysis is now applied to the shock tube flow defined in Fig. 1 then the sign
will depend on (pg = ps); for helium as driver gas and nitrogen as driven gas
the critical term is Tp - 7Ts.,  Neutral stability in this case occurs then
wvhen Ta = 7Ts, i.€., at M = 3*56. Iapworth and Townsend? have used this
as a comparison with their experimental measurement of hot flow duration and
find that this figure agrees within acceptable limits with the actual onset of
cooling at the end of the shock tube, The instability of the interface is
considered to be the mechanism which promotes the mixing and cooling of the hot
gas (ideally between the contact surface and the end plate), It is interesting
to note thet if real shock tube behaviour is considered, then on examining the
effect of P41 greater than or less than (Ek1)ideal (the diaphragm pressure

ratio obtained from simple theory) the variation shown in Fig, 30 is obtained.
Note that where (Ehi)actual (experimental disphragm pressure ratio) is less

than (Phi)ideal
stability occurs increases. Thus where (Ehi)

the suggestion is that the Mach number at which neutral

actual 075 (Phi)ideal as 15
obtained in the N.P,L. 6 in, shock tunnel the decrease in required diaphragnm

rressure ratio for a given My offsets the occurrence of instability of the
shocked contact surface cavsing cooling,

When the driver and driven gases are the same, the neutral instability
Mach number is unity,

Not too much emphasis must be laid on actual values in this section,
however, and the results can only be taken as an indication of the broad trend of
events,

6. Discussion on the Factors which Limit the Duration of Hot Flow in the
Ref'lected=-Shock Tunnel

Using the analysis outlined above it is found that a flow of gas along
the wall of the tube, directed towards the end plate, originating at the
bifurcated foot, may be predicted. This flow is arrested and turned on meeting
the end plate and flows across it., When this analysis is applied to the
transmitted shock, after reflected shock and contact surface interaction, it is
found that for Mg > 3°5 an increasingly strong interaction as My increases
should occur., Again, a flow of gas along the wall of the tube directed towards
the end plate is predicted. This time, however, it consists of cold driver gas.
On meeting the end plate this flow is compressed and turned and causes mixing
and cooling of the gases at the end plate. This cold driver gas will reach the
end plate at times after reflection (of the primary shock) much shorter than by
any general movement of the contact surface after interaction with the reflected
shock., This is a possible explanation of the early cooling of the reservoir gas
at the end plate observed for example by Lapworthl!,2, Various predictions of the
theory, for example the variation of bifurcated foot shock angles, are borne out
by experimental evidence,  Although the model is crude, reasonably good agreement
with experiment is obtained, and it is felt that non-ideal shock tube behaviour
may be at least as great a source of deviation between theory and experiment as
the extreme simplification of the theoretical approach (see Appendix IV).

Another explanation for the cooling of the reservoir gas is the
instability of the contact surface” after passing through the reflected shock,
A gimplified approach developed by Markstein3 may be used to predict that for
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My > 3°56 the contact surface after interaction with the reflected shock
will be unstable resulting in a mixing and cooling of the hot driven gas.

At modest pressures, that is in the 400 1b/in? abs driver pressure
range, the above cooling mechanisms may rival each other in significance, but
as the overall pressure level is increased it is felt that the bifurcation
mechanism may decrease in importance, (It is found experimentally, however,
that indications of the bifurcation mechanism are observed for
pa = 1000 1b/in?® abs.) Unfortunately both models suggest that cooling
should occur for My > 3°5 — 356 (using He:N;) and hence a temperature
measuring experiment will not differentiate between the two effects. There is
a suggestion (in Part ii) that these two effects may be separated using He:A
since cooling due to instability of the contact surface is expected to occur for
M > 3*85 whereas cooling due to bifurcation of the transmitted shock should
be evident only for My > L3

When the duration of useful flow is investigated using flat plate

heat transfer measurement in the working section of the N.P.L, 2 in. and 6 in,
shock tunnels, useful running times of 5 milliseconds at My = 36 for the

2 in, and 7 milliseconds at My = 4 for the 6 in, are obtained (the operational
Mach numbers).  Both mechanisms, however, favour longer driven length tunnels.
The N.P.L. 6 in, shock tunnel has a driven, or low pressure chamnel, length of

39 ft. This would treble the time taken for any cold gas to reach the end plate,
as a result of bifurcation interaction, compared with the 12 £t long 2 in, tunnel.

In conclusion, it would appear that for Ma < 3°*5 wusing He:Na the
hot flow time in a shock tunnel will be near the high pressure duration value,
This limiting Mach number may be higher in practice, as for instance in the N,P,L.
6 in, shock tumnel, For higher Mach numbers pollution of the working section
flow with driver gas must be expected before the termination of high reservoir
pressure duration.
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APFENDIX T

Derivation of Pormulae used to Calculate Bifurcated Foot
Angles, FEmergent Flow Velocity and Hot Flow Time

1e The fundamental equations of shock tube flow are those of conservation
of mass, momentum and energy, and the equation of state. In terms of shock-fixed
co-ordinates (see Fig, L4b) these equations are

pilUs = pa(Up-uz) ees (1)
pr + U = pa + pa(Ga-ug)? eee(2)
he + 3 W8 = hs + 2(Th-ug)? eee (3)

Yy »
h = m: eoo (4)

If My = Ui/as, the primary shock Mach number, the well=known shock relat.ions
may be derived:

p1 (ya=1) M2 + 2
- = e (5)
P2 (Y:1.+1) IVJ?;
Pa 2ysME - (ya=1)
m—— wm Pggq = 000(6)
Pi (va+1)
ug 2(ME-1)
— = Ua:. o —— oo (7)
ag My (y2+1)
(va=1)M + 2
M = .o (8)
2 ys M = (ya-1)
Ts [2yadf = (ya=1)1[(va=1)M + 2] (5)
— = [ ] L N 4 9
Ty (Y:L+1 )2 M‘at
If we consider the reflected shock wave (see Fig., 5a) then the
boundary condition we have to apply is that uws = O at the end wall, If we

change the co-ordinate system so that the shock moves into a stationary gas
then we have the situation showm in Fig, 5b, Here us = Uus.

By analogy with equation (7)

Us 2(M3-1)
a3 (Y1+1) M

where Ms = (Us+ua)/2a.
Putting/
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Putting us = ug we obtain
(18-1) as  (¥g-1)
Ms ag Ma

Solving for Ms we have that

2ys M - (ya-1)

Ms = . oo (1 O)
(ya=1)M + 2
Using these results and the above assumptions it may easily be shown that:
Us 2 ¥ (va=1) = (v2-3)
— = Mbo@ = . ..,(11)
a1 (Y1 +1) M

Assuming, as Mark does, that in the triangle OAB (Fig. 6) the
pressure is the stagnetion pressure of the boundary layer, then when Mb e > 1

this pressure divided by the static pressure behind the primary shock wave
(which is the static pressure in the boundary layer) is given by the Rayleigh
supersonic pitot formula, i.e.,

Ya
(vas1) |7
¥
P 2
St.b@ - — ...(12)
Pa -
2Y1 s i y1 -1 y:l. 1
Mg = >
(ya+1) Ya+1

Referring to Fig. 7, using oblique shock relations, we obtain

P
(yast) Z2BE o (1)

Pa
M sin® (COA) = eee(13)
2Ys
tan (COA~COB) (ys—-1) M3 sin® COA + 2
and - ess (1L|-)
tan COA (ya+1) M3 sin® COA
from which values for angles COA and COB may be obtained, which is the

flow Mach number within the triangle O0AB (which is over the accimulated
boundary layer gas) is obtained using the equation

(Y1-1) Pst.b&

D2
M sin® (COA-COB) = . eee(15)
Pst.b(’,

P2

+ ('}’1+1 )

2y1

DAB/
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DAB and DAC' may be obtained, using M_ and (Ps/Pst b&) values in similar

equations. Ms* which is the emergent flow Mach number is obtained using the
equation

(ys=1) + (y2-1)
2)® sin® (DAB-DAC') = Pst.be . vee (16)
Ps

2y
Pst,be
The velocity at which the flow approaches the end wall is (Us* -Ta),

in laboratory co-ordinates, where Vs denotes the velocity of the flow which
emerges through AB,

*

= Mg

* 1

Ts )2
(=
and Ts* may be obtained using oblique shock relations, If Tx is the
temperature in OAB then

Now

I

e | & &l &

Ty 2(ya—1) M3 sin® COA ~ 1
— = 1+ [ys ¥ sin® cOA + 1]  ...(17)
Ta | (ya#) M sin® COA
- -
TF 2(ys=1) M2 sin® DAB - 1
and -_— = 1+ X [y1 ]V[Q Sin2 DAB + 1]0 000(18)
T | (va+1) 2 sin® DAB x

Values of the various angles in the bifurcated foot are plotted in
Figs. 8a~-d, and values for My, M5 are given 111 Table 1, It is seen that for
the prlmary shock Mach mumber range examined M > Ms. This J.mplies a flow of
gas adjacent to the wall moving towards the end plate, since ¥ ~ Ts, and

PS* = p5 .

Table 1

My M, M Ms

25 1+113 0° 8309 0°5103
3.0 14457 08205 0s 5607
35 1437 0-8941 0¢ 5436
40 10 371 08678 05293
45 1+ 269 0-8489 0-5229
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The effect of the mass flow through the nozzle on the bifurcation
model is discussed in Appendix IT. It is suggested that the model should be
little affected by this consideration,

The above results suggest that immediately after reflection the
bifurcation of the reflected shock should result in a flow of gas along the
walls of the tube towards the end wall. Evidence of such a flow is seen in
Fig, 3 and is also discussed in Section 6.

Bifurcation of the shock transmitted through the contact surface will
result in a flow of cold driver gas along the tube walls towards the end plate,
This situation is examined in the next section,

2, Analysis of Tailoring Conditionss11

In order to obtain a value for the duration of hot flow at the end
of the shock tube before the arrival of cold gas from behind the contact surface,
it is necessary to examine the interaction of the transmitted shock with the
boundary layer behind the contact surface, It is therefore necessary that the
flow in front of and behind the transmitted shock be understood.

1 A detailed analysis of these conditions is given by Holder and
Schultz '« Referring to Fig., 9a, then for the tailored condition where the

only disturbance is a Mach wave, we have that us = us, and across the contact
surface us = u; (by definition). Also us = us, DPs = De = Dy and
Pa = Da. Then it may easily be shown that the condition for tailoring is
m (Ya=1) Ta a2 + Pas
— « — = (——) ees (19)
m (¥a=1) T %3 + Pas
yi+1
where a, = and m = molecular weight.
y.=1
i
When helium is used as driver gas and nitrogen as driven gas this
equation is satisfied when M = 3°L.

2.1 The under—-tailored case

This situation is shown in Fig, %b. The conditions we have are that
Ug = Usy Us = Uy, P2 = Ps and ps = DPr. Taking velocities directed
towards the end plate as being positive then the relationship between the
various parameters can be shown to be

Ua 2

53(P7s"1)(“3P7a+1)-% = — 4 asa [1 = (Pes )B"] ees (20)
as  (ya—1)
2 z yi-‘l
where 61 = ( e > and ﬁi = ( >.
yi(yi~1) 2yi

2.2/
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2,2 The over-tailored case

Referring to Fig, 9c¢, here w = wuy, us = ua, ps = py and
Pa = ps and in this case we have

1 Ua _1
8 (Pra=1)(taPra+1)"2 = — - 81853 (Pes~1) (asPss+1) "2, ees(21)
=k}

3 Bifurcation of the Shock Transmitted through the Contact Surface

The shock is now moving in the expanded high~pressure driver gas
region (3) with region (7) behind it, Let us first assume the boundary layer
is driven gas. - We shall again define the boundary layer as a thin layer of gas
moving with wall velocity and having wall temperature. The speed of sound in
the boundary layer will therefore be (by analogy to the boundary-layer fluid
sound velocity in region (2)) a4s If the velocity of the transmitted shock
in laboratory co-ordinates is UT then,

TR

Mb@ =

a4

where the boundary-layer Mach number is Mt; P in shock-fixed co-ordinates,

If MJ? = transmitted shock Mach number then
UT + ua UT ua
MT = SHt————— = em— e e——
ag ag 83
UT ua
so that — = M, -—. eeo (22)
ag as
From shock relations
A
¥a~1 2
MT = (!Zana + 1)
2Ys
Us 1 2ess X
and where — = 8 (Pra=-1)(aaPra+1) 2 = [1 - (Pss)ﬁ 1
83 (ya=1

for the under-tailored case, Substituting for M, and u /aLa in equation (22)

we have

e/
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U (Pra+as) 2853
Mk':& = = = 834 T + (1 - (Pes}ﬂi)
o4 8a¥a (xaPra+1)2  (yi-1)
1
FY:LTS 2
where ags =
YaTa
va=1\ (-1)
and 83q = 1 - > N
Ya+1 ag: Mg

For the over-tailored case, substituting for was/as given in equation (21)
we have

UT (Pra+ata ) aga 1 (Pes—1)
— = as4
a4 8aYa (aaPra+1)

. e (23)

MK'J5=

s
2

(%2 Pss+1 )5

We now have an expression for the boundary-layer Mach number as in the reflected
shock region. The analysis of the bifurcated foot angles is carried out in the
same manner as for the reflected shock,

We will now assume the boundary layer consists of driven gas. This
is reasonable because if we assume the boundary layer to be a thin layer of
fluid having wall velocity, then at the contact surface, with contact surface
fixed co-ordinates, there is a mass flow past the contact surface along the wall,
Using Duff's12 analogy the contact surface acts as a 'leaky piston'. This 1
concept is used, in a far more refined manner than described here, by Roshko 3 ,
Hooker“*-, etc,, to account for the decrease in running time in the shock tube
hot flow, Thus the transmitted shock wave will be interacting immediately
upstream (towards the diaphragm station) of the contact surface, with a boundary
layer of the gas initially in the low pressure channel, The sound speed will be
a1 and the under-tailored and over-tailored boundary-layer Mach numbers will
now be given by:

U, (Pra+as) 2853
Under-tailored MI;& = =-— = aai T+ (1 = (Pes fi ]
asg L O3 ya ((xaP-m +1)2 (Y1—1)
one (2)+)
and
' U i (P7s+as ) ag3 01 (Pes—1)
Over—tailored MIM = —= = 831 T - T .
aq Lsa Ya (¢aPra+1)* (@aPss+1)%
eeo (25)

In this case the boundary-layer stagnation pressure will be obtained as for the
reflected shock wave, whereas the rest of the calculation of the bifurcated foot
parameters must of course be related to region (3),

This approach gives a reasonable agreement with the experimental
bifurcated shock angles and was used to describe the phenomenon for the
transmitted shock. In Appendix ITI the effect of 'real shock tube! behaviour

includes/
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includes a discussion on these two methods of calculating the bifurcated foot
angles, and from a comparison with experiment it would appear that this is
further evidence to support the concept of a masg flow past the contact surface
by means of the boundary layer.

In laboratozy co-ordinates the velocity W:Lth which the flow approaches
the end plate is (U¥ - Up), see Fig. 10, where U7 is the velocity of the flow
which emerges through EF,

When Us has been determined the arrival time of cold gas at the end
plate may be obtained. If the length of the shock tube be L, the velocity of
the primaxry shock Ui, that of the reflected shock TUs, and the velocity of the

contact surface wus, then it may readily be shown that the time after shock
reflection at which cold driver gas reaches the end plate is given by

LUs
b ) (1 T n )( (U-0g) ) e (26)

Values of + vs., M are plotted in Fig, 10b.
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APPENDIX II

Zero Transmitted Shock Velocities

It is interesting to note that it is possible to predict conditions
under which the transmitted shock has zero velocity with respect to the tube
wall, In other words when the reflected shock meets the contact surface a
shock is the reflected disturbance and the transmitted shock remains at the

co-ordinate of the interaction point.

The required condition is U'.I.‘ = 0
Ua
or MT = _—1e

a3

The above described phenomenon will occur in the over-tailored case,

We have seen that

UT (Pra+as) 25394 (Pes-1)
;: ) 8a¥a (23 Pra+1 )% ) (22Pss+1) )
Therefore in order to satisfy UT = 0
(Pra+as) 26381 (Pes=1)

(SIS

83')’3 (OtaP73+1) (M1P§5+1 )E

which is the required condition, This occurs ideally at My = 5°6 for helium

driver and nitrogen driver gas,
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APPENDIX TII

The Effect of Flow through the Nozzle on
Reflected-Shock Conditions

When the shock tube is used as a means of producing a high enthalpy
reservoir gas for a hypersonic wind tunnel the mass flow through the nozzle will
disturb conditions behind the reflected shock. There are possible perturbations
of reflected shock Mach number which would affect the above analysis.

If we let the flow parameters at the throat of the nozzle be p*, p*,
T*, a*, etc., then the mass flow rate through the nozzle may be expressed as

m¥ = p* A¥ g¥ [A* = cross-sectional areal.

It is possible to relate conditions at the throat to the reflected shock region
(i.e., the region between the reflected shock and the end wall) by means of the
so-called 'critical ratios', viz.,

- A
T* 2 p* 2 3’1"1 p* 2 7

; ;; ) ( Y1 +1 ) ) e (1)

Using these values then we can, for the purposes of a simple calculation, relate
the nozzle mass flow rate to a mass flow rate through an area equal to that of the
end wall, If uj is the velocity induced in the reflected shock region by
virtue of the mass flow through the nozzle then we can have

= ; S—— =
Ts Y+ Ps ( Y1 +1

ps Auy = p¥ A*¥ a¥
where A = +tube cross-sectional area.
p* A* a¥
So u, =
ps A

Using equation (i) this becomes

1

o g
v (5 (5)-
+ Y141 A
P
Now (a*)g = aé—-.
Ts
1
2 2
So a* = gg < > .
Yo +1

Therefore/
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Therefore u, = ( ) (-—) a . oo (i)
1 B
Y1+1 A

Across the reflected shock wave the velocity change now becomes (ua -ui).

Using the shock relations the new reflected shock Mach number as a result of
this induced velocity is

il e ]+ (/a0 (160,40 ]
Ma = . se (iii)
W e)

When the high pressure gas is helium and the low pressure gas is nitrogen then

w, o= A (f:) (0°578).

A

For a + in. nozzle at the end of a 2 in. internal diameter shock tube at

Ma = 3°4 (the tailoring condition)
1
A 1 Ts \2
— = = and ag = 1140 <'— > = 2640 ft/sec
A 6l T

239 ft/sec

giving u,

and since u, = 2980 ft/sec the change in the temm (ua—ui)/a.a is m 0°8%

The difference in modified Mi, (i.e., (MS)M) to M: is

(Ma)M 2+199

-—

M 2¢ 207

The effect on the reflected shock zone except in the immediate
vicinity of the nozzle would therefore appear to be negligible,

TImmediately after reflection, however, the breaking of the nozzle
diaphragm will result in the reflected shock being overtaken by a rarefaction
wave, This will have the result of weakening the shock, the pressure as
measured at the end plate, however, is not noticeably affected.
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APPENDIX IV

The Sensitivity of the Calculations tq Variation in
Estimating Pst.b@ and sz

One reason for the agreement obtained between the very approximate
theoretical model of bifurcation of the transmitted shock and the experimental
value could be the insensitivity of the angle COA' +to variation in the value
attributed to the appropriate stagnation pressure in the boundary layer. This
in turn will depend on the Mach number attributed to the boundary~layer gas.,

In Fig. 31 the calculated values of COA' vs, M, i.e., the
transmitted shock case, are plotted as calculated using the model described in
this paper (after Mark and Hess). Also shown are two curves representing the
effect of varying the stagnation pressure in the boundary layer, The hatched
region thus represents the spread in value of COA' due to the variation
Pét.b& * 015 p;t.b& and it may be seen that for a 15% change in the estimated

stagnation pressure the value COA' changes by about 9-10%.  Associated with
this 15% change in stagnation pressure there will also be a change in the
boundary-layer Mach number, It is found that a 15-17% change in pét be is

associated with about a 10% change in Mﬂ&‘ Therefore the angle COA' changes

by about the same percentage as the variation in estimation of the boundary-layer
Mach number,

When comparing theoretical and experimental regults in this case
however, the effects of non-ideal shock tube behaviour may be at least as large
as any error in the theory. The so-called contact surface is in fact a contact
region, and non~ideal reflected and transmitted shock velocities will have a
significant effect on M&'»&

One real shock tube effect has been included in the analysis and this
is the "leaky piston"-contact surface analogy (after Duff12) where it was assumed
that the shock transmitted through the contact surface will be interacting
initially with a boundary layer associated with the driver gas. When this
approach is compared with that which assumes that the transmitted shock interacts
with a driver gas boundary layer (see Fig, 32) the effects of non-ideal shock
tube behaviour are seen to have much significance in the estimation of COA',
p;t.be/ﬁa and the related bifurcated foot parameters.
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Comparison between experimental and theoretical bifurcated foot angles
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