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1. Introduction 

The ideal wave system, which is illustrated in figure 1, and the gas 

flow conditions generated in a simple shock-tube are well-known and well- 

documented (Glass & Hall, 1959). In reality, departures from this Ideal 

behaviour occur. Boundary layer growth (Mirels, 1971), non-instantaneous 

diaphragm opening (Simpson et al, 1967), contact-surface mixing (Hooker, 

1961) and non-equilibrium effects (Spence, 1961) cause the velocity of the 

incident shock wave to vary. Thermal gradients appear ln the shocked gas 

and large reductions in 'testing time' occur. In the region behind the 

reflected shock front these departures from the ideal are enhanced by the 

complicated interactions which take place between the reflected-shock and 

both the contact-region (Rudinger, 1961) and boundary-layer (Davies, 1965 & 

Allen, 1968). Although these real gas effects, which should not be confused 

with thermal or caloric imperfections, are also well-known, they are by 

no means completely predictable. Hence to establish with any certainty 

the way in which conditions in a shock-tube vary with time, it is necessary 

to calibrate the device over its working range. In this way suitable 

measurements determine the overall effect of the perturbing mechanisms 

(or 'real gas effects') and complex, uncertain analyses are avoided. 

The purpose of this report IS to present a calibration for the 38.1 mm 

square-channel shock-tube at Queen Mary College. A series of pressure 

and temperature measurements behind the incident shock front and in the 

reflected shock region was carried out. It is hoped that these measure- 

ments provide sufficient information for this particular shock tube to be 

used to carry out aerodynamic or chemical experiments. No attempt has 

been made to compare the experimental results quantitatively with the 

many theoretlcal models which have been proposed to account for the 

deviations from the ideal. The results are compared only with the predic- 

tions of ideal theory. 
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2. The shock-tube and measuring equipment --- 

The Queen Mary College 38.1 mm square-channel shock-tube is described 

by Ackroyd (1964). Its test-section, which is attached to the end of the 

channel, IS shown in figure 2. Windows or transducers may be mounted in 

the ports available in this section. An end-plate may be placed in the 

shock-tube channel for investigating the reflected shock region. The 

plate and supporting assembly are shown in figure 3. As an alternative 

to this plate, two steel inserts may be mounted to form a two-dlmenslonal 

nozzle, whose dimensions are given in figure 4. Multimorph* piezoelectnc 

elements are flush-mounted at various stations along the shock-tube channel. 

They are used as shock detectors and their mountings and associated trigger 

amplifiers are described by bernstein & Goodchlld (1967). 

The pressure variations behind the incident shock wave and in the 

reflected shock region were measured with a Kistler type 701A pressure 

transducer and an MQ 20 pressure transducer respectively. A double-beam 

single-source sodium line-reversal system was used to measure the vibra- 

tional temperature TV, of the shocked gas. This technique is described 

by Gaydon and tiurle (1963) and the sodium introductory system IS described 

by Lewis et ai (1969). The optical system is depicted schematically in 

figure 5. It is estinlated that with this line-reversal system the vibra- 

tional temperature of the test gas may be measured to within 1 25 K, 

provided that the brightness temperature of the background source is 

greater than the vibrational temperature of the test gas. Both the tem- 

perature and pressure signals were displayed on oscilloscopes and recorded 

on Polaroid film. 

The shock tube was operated with hydrogen driving shocks into nitrogen, 

both initially at room temperature. The diaphragm material in most of the 

experiments was 'Melinex'. Several experiments were carried out with 

scored aluminium diaphragms. 

3. Temperature and pressure measurements behind the incident shock wave ----__- ---------~- 

Temperature and pressure measurements behind the incident shocks in 

nitrogen were made at station m. The shock-tube stations are indicated 

in figure 2. Shock transit times between stations 1 and n, and between 

-- _- --__ -------_.- ---_ ---- __--- 

* Brush Clevite trade name 
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1 and j, were measured to determine the local shock Mach number W(X,), at 

station m. These measurements also supplied information on the shock 

attenuation present in this tube. This attenuation was in close agreement 

with that measured by Bernstein (1963 a). 

Four typical vibrational temperature variations as a function of 

trace time t, are shown in figure 6, together with a typical oscillogram. 

The initial channel pressure p,, and the brightness temperature TL 

of the lamp used in the line-reversal system are indicated for each test. 

The size of the data points is an indication of the estimated uncertainty 

in the temperature. On the oscillogram, points S and C respectively 

indicate the shock and contact-region arrival at the measuring station. 

Arrows 'e' and 'a' respectively indicate the emission signal from the 

sodium atoms and the absorption of these atoms relative to the background 

source. 

It is not clear from these curves how far the vibrational energy non- 

equilibrium region of the shocked flow extends behind the shock front. 

Temperature gradients, caused by real gas effects in the shocked flow, 

cannot be separated directly from vibrational temperature gradients caused 

by the relaxation process. To clarify the situation, the particle time 

tp and the local temperature T of the active mode were calculated at each 

datum point. Corrections for shock attenuation were applied as described 

in Appendix A. The results of these calculations are shown in figure 7. 

The relaxation zone and the thermal gradients are clearly seen. The 

equilibrium temperature T2 is based upon the shock strength W(X,) at 

station m. A temperature difference of approximately 200 K exists between 

this temperature and that measured at the front of the contact region. 

Similar differences were found to exist over the whole range of measure- 

ments. This is shown in figure 8, where the measured temperatures near 

the contact region (i.e. at point C on each oscillogram) are plotted as a 

function of W(X,) and compared with T2. It is also evident from the 

scatter in this figure that the repeatability of the shock tube flow is 

poor. The scatter, which is assumed to be caused by the difficulty of 

controlling the diaphragm bursting, was reduced by placing an arbitrary 

limit on the results; two lines, which embraced the majority of the 

measured points, were drawn. Tests which fell outside these lines were 

discarded. 
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The influence of the real gas effects upon the hot flow duration 

or testing time, that is, the time between points S and C on the osclllo- 

grams, is shown in figure 9, where this time 1s plotted as a function of 

Wm). Included are similar times calculated using boundary layer theory 

(Mirels, 1971) and using ideal theory. The former gives a very reasonable 

estimate of the testing time, whilst the latter overestimates this time by 

a factor of five. A time, determined from a schlleren picture of the 

shocked gas, is shown at W(Xm) = 5.5. 

The measured thermal gradients evident in the shocked gas region 

suggest that slmllar gradients in pressure would be present behind the 

incident shock. Four typical pressure oscillograms are shown in figure 10. 

The traces are characterised by a sharp initial rise in pressure across 

the shock wave, a region of fairly steady or slowly falling pressure, up 

to a point labelled H, and by an increase in pressure after point H. 

Transducer ringing on the pressure signals was reduced considerably by 

using an electronic filter, but at the expense of response. The pressures 

were measured from each osclllogram at points S and H. The results from 

all tests, non-dlmensionallsed in terms of p,, are shown in figure 11 where 

the pressure ratios Psl and PH1 are plotted as a function of W(X,). The 

theoretical shock pressure ratio P2, calculated from imperfect gas theory 

(Bernstein 1963 b) is also Indicated. The agreement between the measured 

and theoretical shock pressure ratios and the scatter around the theoretl- 

cal curve at the upper end of the shock Mach number range suggest that 

the slight fall in pressure noted in the measurements may not in fact occur. 

It 1s possibly the combined effect of the electronic filtering and some 

thermal response of the pressure gauge. 

The pressure rise after point H is not explained so lightly. Such 

increases in pressure have been noted by Wittliff and Wilson (1957). The 

duration of the fairly steady pressure region up to point ti is shown in 

figure 12 as a function of W(X,), together with the hot flow duration taken 

from figure 9. Curve F represents the arrival at the measuring station 

of the tall RT of the rarefaction wave shed at diaphragm burst. RT is 

shown in figure 1. Curve F was calculated using the ideal data given by 

Glass & Hall (1959) slightly modified to account for shock attenuation. 

Figure 12 shows that the increase in pressure subsequent to H occurs after 

the front of the contact region arrives at the measuring station. It. 1s 
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not then associated with the measured temperature gradients. A comblna- 

tion of boundary layer effects, the expansion wave shed from the diaphragm 

and diaphragm opening phenomena probably causes this pressure to rise. 

Ho&ever, this rise in pressure does not affect the hot flow behind the 

incident shock wave. It may have some effect on the latter part of the 

hot flow duration in the reflected shock region. 

As a by-product of the vibrational temperature measurements, normalised 

vibrational energy relaxation times or napier times (t,,) were determined 

by locally integrating the Bethe-Teller rate equation (Johanneson, 1961). 

The results are presented in figure 13, where tN is shown as a function 

of the local temperature T of the active modes. The vertical bars indicate 

the variation in relaxation time obtained from each experiment and the 

circles are a mean of the relaxation data. The times are in reasonable 

agreement with those obtained by other workers (see for example, Sebacher, 

1967), showing a tendency towards the low temperature correlation of Huber & 

Kantrowitz (1942), rather than that of Russo & Watt (1968). 

4. Temperature and pressure measurements in the reflected shock r- -I_-- -- 

4.1 Measurements near a reflecting plate 

The reflecting plate was mounted in the test section, as shown in 

figure 3, 25.4 mm from station m. Pressure measurements were made at 

the plate using the MQ 20 gauge and temperature measurements were made 

simultaneously at station m, using the sodium line reversal system, over 

the range 3.0< W(X,)< 7.5 . Above an incident shock Mach number of 

about 4.8, the gas temperature exceeded the maxlmum brightness temperature 

(2910 K) of the lamp. Under these circumstances uncertainties in the 

measured temperatures became large. The experiments are therefore 

divided into three groups as follows. 

1. Experiments with W(X,)< 5 and the lamp brightness temperature not 

exceeding 2910 K. 

2. Experiments with W(X,)> 5 and a lamp brightness temperature of 

2910 K. These measurements gave an indlcatlon of the hot flow 

duration in the reflected shock region. 

3. Since'experiments in groups 1 and 2 only covered the relatively 

short high temperature duration in the reflected shock region, 

several experiments were carried out with a relatively slow 

oscilloscope sweep rate. These are called 'long time' measurements. 
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Typical temperature and pressure (p) variations as a function of time 

are shown in figures 14 and 15 together with a typical temperature oscillo- 

gram. Arrow SP marks the arrival of the reflected shock at statlon m and 

S marks the arrival of the incident shock at the reflecting plate. It is 

seen that the shape of the temperature and corresponding pressure curves 

are similar but they are displaced in time because the temperature and 

pressure measuring stations are 25.4 mm.apart. The same waves arrive at 

each station, but at different times. 

The pressure variations show an initial Jump in pressure to point A, 

followed by a slow increase in pressure to a stationary value at B. The 

pressure then falls to a 'minimum' at C and rises to a maximum again at 

0. The pressure at A, normalised in terms of the initial channel pressure, 

is designated PA,. Similar pressures PB,, PC, and PO, are defined. 

The time measured from S to point B is tB , and similar times are defined 

for C and 0. There is an Initial rise in temperature, associated with 

the vibrational energy relaxation region, to a steady value. Because of 

the relaxation zone, no points on the temperature curves are defined cor- 

responding to A and B on the pressure curves. The temperature rises from 

point c, after the steady value, to a maximum at d, after which a tempera- 

ture fall occurs. A point g is defined at which the temperature has again 

reached its value at c. The temperature at c IS Tc and similar tempera- 

tures Td and Tg are defined. The time measured from Sp on the oscillo- 

grams to c is t,, and similar times are defined for points d and g. 

Typical 'long time' temperature and pressure oscillograms are shown 

in figure 16. On the temperature oscillogram two points 1 and f are 

shown. Point 1 corresponds to a reversal condition at which the gas 

temperature equals the lamp brightness temperature (2910 K). Point f 

and the time tf indicate when the emission from the gas has fallen to 

zero. This indicates a relatively low temperature in the reflected shock 

region. A point E is chosen on the pressure oscillogram at which the 

pressure starts to fall at the reflecting plate after a comparatively long 

period of reasonably steady pressure. 

An attempt was made to correlate the reflected shock measurements, 

which are summarised in figures 17 to 21, with ideal predictions based 

upon W(X,). The reflected-shock pressure ratio P5, and the temperature 

T5 behind the reflected shock were taken from the tables of Bernstein 

(1963 b). There IS good correspondence between P5, and PA,, but poor 

agreement IS found between T5 and Tc. This IS to be expected since 
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some allowance needs to be made for the displacement of station m from the 

reflecting plate and the longitudinal temperature gradient in the reflected 

shock region; the temperature gradient evident behind the incident shock 

is magnified in the reflected shock region. The equilibrium temperature 

at station m was re-estimated (see Appendix B for details) using the inci- 

dent shock results described in Section 3. This corrected temperature 

is seen to be in reasonable agreement with Tc. At times later than 

tC (or tc) the measured variations in pressure and temperature do not 

correspond with those predicted by the ideal model of shock tube behaviour. 

The major deficiency of this model is its failure to account for the be- 

haviour of the contact surface or interface between the driver and driven 

gases. It is well known that this interface spreads fairly rapidly to 

form a region several shock tube diameters in length and this travels along 

the channel of the shock tube rather more quickly than ideal theory would 

indicate. This accounts for the curtailment of the hot flow duration in 

the region behind the primary front. When this shock reflects from the 

end wall of the shock tube it consequently meets the contact region much 

sooner than is predicted by ideal theory. Moreover the initial stages of 

the interaction between the reflected shock and the contact region will 

be similar to that which takes place with a 'weak' contact discontinuity, 

that is, one with a small internal energy difference across it. 

It is not difficult to show (see Teague, 1968) that for the special 

case in which the specific heat capacity ratio Y remains constant through 

the contact region, the strength 5~ of the wave reflected from the inter- 

action of a shock with an infinitesimal element of contact region is 

given by 

where Sa is the change in acoustic speed through the element and d 

and f are functions of f (see Notation). 

The right hand side of this equation is always negative*, so the sign of &p 

depends only upon that of &a. Since the acoustic velocity in the 

contact region depends upon the ratio of the temperature to the average 

local molecular mass, both of which vary in the present experiments, the 

__---- 

* The range @+2)-I Gpzs & 1 covers all possible reflected 

shocks in a shock tube, assuming perfect gases. 

--- 
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initial reflected wave is of undetermined sign. When so. IS negative 

initially (that is, at the 'hot end' of the contact region in a shock 

tube) a compression IS first reflected, and vice versa. However, 

Chisnell (1955) has shown that the overall strength of the wave reflected 

from an interaction with a contact region is the same as that reflected 

from an ideal contact surface with the same internal energy ratio across 

it. Viewed in this light the pressure traces such as those Indicated 

in figures 14 to 18 may be interpreted in the following manner. At time 

tg the first wave reflected from the lnteractlon between the reflected 

shock and the front of the contact region arrives at the end plate. One 

would infer that at the front of the contact region hais positive, but 

it fairly soon changes sign to produce a compression wave at the reflecting 

plate at time tC. A further change takes place corresponding to time tD 

and the pressure subsequently settles to a steady value pE until time tE. 

It may be noticed from figure 18 that pE 3 pA . According to 

Chisnell (lot. cit.) pE would be equal to pA when the shock tube is operated 

in the 'tailored interface' mode (no net reflection from the contact region) 

(see Hertzberg et al, 1955), pC< pA for shock strengths below that for 

'tailoring' and pE >pA In the 'over-tailored' condition. Thus the 

tailored-interface mode corresponds to W(X,)x5.3. Allowing for attenua- 

tion of the shock wave as it proceeds along the shock.tube, this corres- 

ponds to a shock Mach number of about 6.3 at the diaphragm, ard it is 

conditions at the diaphragm which determine the energy ratio across the 

contact region. The value 6.3 is the ideal theoretical value for tailoring 

of the present shock tube using hydrogen to drive shocks into nitrogen. 

When the time of arrival of the first disturbance from the interactjon 

of the reflected shock with the front of the contact region IS estimated*, 

the curve labelled t5 in figure 20 is obtained. It IS seen that t5 cor- 

responds fairly-tlosely with tg (or tC)+. The time tE at which the 
--- ---- ------- 

* For this calculation the contact region is assumed to be travelling 

with the same velocity as the incident shock, since many observers 

have found that at about 120 tube diameters from the diaphragm the 

duration of the hot flow in region 2 remains fairly constant along 

the tube. The position of the front of the contact region is ob- 

tained from the measurements made behind the incident shock front 

(see Section 3). The wave reflected from the interaction is assumed 

to travel at the local acoustic speed a5. 

' The initial disturbance at tg may correspond to some other lnterac- 

tlon, for example, between the reflected shock and boundary layer 

transition. 
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further fall in pressure begins corresponds reasonably well with the 

expected time of arrival of the reflected head Rh of the rarefaction 

wave generated at diaphragm rupture (see figure 20). 

A corresponding interpretation of the temperature records may be 

made, allowing for the displacement of the temperature measuring station 

from the end plate. The calculated time of arrival t5 of the first wave 

corresponds moderately well with t,. There would seem, however, to be 

no period of constant temperature corresponding to the steady pressure 

p E' The gas appears to cool rapidly after time td and tailoring so 

far as the temperature is concerned does not appear to occur. This 

rapid cooling may result from the interaction between the reflected shock 

and the boundary layer, when cold gas 'leaks' along the walls of the shock 

tube into the hot region producing a significant effect on the measured 

temperature. The central core region of the flow may, however, remain 

hot and usable as a test sample, but this has yet to be determined. 

4.2 Measurements at the entrance to a nozzle 

A reflected shock tunnel relies for its operation upon the region of 

high temperature and pressure formed behind the reflected shock, a con- 

vergent-divergent nozzle replacing the end plate of the shock tube. The 

hot stagnant gas acts as the reservoir for a conventional, intermlttent, 

blow-down supersonic tunnel. 

Usually in shock-tunnels a secondary diaphragm is used, in the 

region of the nozzlexthroat, to support an initial pressure difference 

between the shock-tube and the expanded test-section. This IS to aid 

the nozzle starting process and has only a small effect on the stagnation 

region provided the ratio of throat cross-section to shock tube cross- 

section is small. Again the outflow which takes place through the nozzle 

should have only a small effect on the wave system in the reflected shock 

region. 

In order to ascertain just what effect the presence of a nozzle does 

have on the constancy of conditions in the reservoir, measurements were 

made just upstream of a two-dimensional nozzle, the dimensions of which 

are shown in figure 4. Only temperature measurements were made, at 

station n, the pressures measured at the reflecting plate and reported 

in the preceding sub-section being regarded as sufficiently representative. 

Typical oscillograms and some derived temperature variations are 
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shown in figure 22 together with some pressure variations at the reflecting 

plate obtained under closely similar conditions. Points C, 0 and G are 

defined corresponding to those discussed in Section 4.1. The points C 

and D should correspond fairly closely with similarly labelled points on 

the pressure records since there is little displacement now between the 

measuring stations. 

The temperatures are shown as functions of shock Mach number at the 

nozzle in figures 23. The temperature TC corresponds much more closely 

with the theoretical temperature TS behind the reflected shock than it 

did in the measurements reported in Section 4.1. The discrepancy there 

was explained by the displacement of the measuring station from the 

reflecting wall, so that the reflected shock had to process gas in which 

a temperature gradient was known to exist. Because station n in these 

nozzle experiments was so much closer to the reflecting wall, this effect 

does not occur. Again, waves which presumably arise from the interac- 

tion of the reflected shock with the contact region produce temperature 

variations up to a maximum TD which is some 200 K above TC. The times 

of arrival are shown in figure 24 as functions of shock Mach number at 

the nozzle. The time tC accords well with that obtained from the 

pressure measurements. However, the gas begins to cool (at time tD) 

somewhat earlier than the pressure began to fall. Three possible causes 

suggest themselves: 

1. Heat transfer takes place to the cold wall of the nozzle 

close to the measuring station, so that the gas is 

cooled. 

2. Outflow through the nozzle causes an expansion to travel 

into the reservoir, thereby causing the temperature to 

fall. 

3. Cold gas 'leaks' along the wall as a result of shock- 

boundary layer interaction thereby depressing the 

measured temperature. 

Of these, the last is probably the most significant. Heat transfer 

to the nozzle wall should also affect TC so that it is less than TS, and 

there is no evidence of this. Again an expansion wave would move rapidly 

in the hot gas and there is no reason why its effects should be delayed 

until time tD. However the leakage of cold gas, blamed earlier for the 

fall in temperature, may well have a more severe effect close to the 

reflecting wall or nozzle entrance, because this cold gas as it travels 
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forward IS being forced in towards the centre of the tube by the presence 

of the end wall, and so it tends to collect near the measuring statlon. 

If this explanation is Justified. one is forced to conclude that small 

shock tubes, such as the one used here, have severe limitations when 

used to generate the reservoir gas for driving a hypersonic nozzle. 

Finally the data, with some extrapolation outside the Mach number 

range in which measurements could be made, are re-presented In figures 25 

and 26 by way of a "calibration" for this shock-tube. They provide a 

reasonable estimate of the temperature variation and the duration of hot 

flow at the entrance to the nozzle. The variations in pressure are 

assumed to be adequately represented by the measurements made at the re- 

flecting plate and described in Section 4.1. 

5. Concluding remarks 

A 'calibration' has been presented for the Queen Mary College 38.1 mm 

square channel shock tube when it is used with hydrogen to drive shocks 

into mtrogen. both gases being at room temperature lnltially. Detailed 

temperature and pressure measurements made behind the incident shock and 

in the reflected shock region, including some measurements at the entrance 

to a convergent-divergent nozzle, have been reported. The Tncident shock 

Mach number ranged from about 3.5 to 7. The measurements show clearly 

that for a shock tube of these dimensions, real gas effects play a very 

important part in determining the state of the shocked gas. 

Behind the incident shock front a temperature rise of some 200 K 

occurs over the hot flow duration. The latter IS considerably shorter 

than predicted by ideal, imperfect gas theory, as has been found by many 

other investigators. The pressure in this region was found to remain 

constant during the hot flow duration at a value which agrees well with 

ideal theory, but a marked pressure gradient which appeared after the 

arrival of cooler gas remains unexplained. 

Vibrational energy relaxation times obtained from the incident shock 

measurements are in reasonable agreement with results obtained by other 

workers. 

Except for the region very close to the reflecting wall, Ideal lm- 

perfect gas theory is unable to explain the varying condltlons observed 

behind the reflected shock. Although the ideal theory accounts well 

for the magmtude of the pressure and temperature Just after shock reflec- 

tion, temperatures measured 25.4 mm (that IS, less than one tube hydraulic 

diameter) from the reflecting surface were found to be significantly 

higher than those predicted. This has been explalned as a magnification 
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by the reflected shock of the temperature gradient observed,behind the 

incident shock. 

The achievement of a tailored-interface condition does not seem 

practical for a shock-tube of these dimensions, in which VISCOUS effects 

and contact surface mixing play a dominant role. 

When a shock tube is to be used to drive a hypersonic nozzle, 

attention during design should be concentrated on producing rapid 

diaphragm rupture, so that the contact region is not too extensive, and 

a minimum of shock attenuation. Because viscous effects and interface 

mixing may prevent the tailored-interface condition from being achieved 

it would seem advisable to choose the length of the shock tube according 

to the testing time required and then to make the cross-sectional dimensions 

as large as practical considerations , such as strength, manufacture and 

costs, ~111 allow, thereby diminishing shock attenuation, and the 

appearance of severe temperature gradients in the shock-processed gas. 
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Nomenclature 

ai 

P 

pi 

PJ 
P 

ij 

t 

9 

tP 

tJ 
T 

Ti 

T” 
TJ 

TL 

W(X) 

X 

'a 

speed of sound in region i 

pressure ' 

pressure in region i (see suffices) 

measured pressure at point J (see suffices) 

pressure ratio pi/'pJ 

trace (real) time 

duration of region i (see suffices) 

particle time 

time to point J (see suffices) 

active mode temperature 

equilibrium imperfect gas temperature in region i 
(see suffices) 

vibrational temperature 

measured temperature at point J (see suffices) 

lamp brightness temperature 

incident shock Mach number at X 

distance from main diaphragm station 

distance from diaphragm station to station a (see suffices) 

b+ I)/( ‘d- 1) 

k- 1)/2’d 

ratio of principal specific heat-capacities 

relaxation or napier time, 
7 

s atm. 

Suffices 

channel stations: a = i, j, k, 1, m, n 

1, 2, 3 etc. 

1, 2, 3 etc. 

points on measured data: J = A. B, C. D, E, H, S 
OR c, d, f, g, 1 - 
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RH 

RT 

s 

? 

Abbreviations 

contact surface 

reflected head of rarefaction wave 

tail of rarefaction wave 

shock wave 

Mach wave 

OR shock wave 

OR rarefaction wave 
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Appendix A 

Active-mode-temperature and particle-time corrections to the incident 
shock measurements 

- - 

Ideally the temperature behind the incident shock is constant up to 

the contact surface. Ignoring relaxation phenomena, shock attenuation 

gives rise to a temperature gradient; the temperature seen by a fixed 

observer appears to increase as the shocked gas flows past. This rise 

in temperature is due to the gas having been processed by a stronger 

, shock upstream of the measuring station compared with the gas actually 

shocked at this station. Particle acceleration increases the rate at 

which gas particles arrive at a measuring station thereby enhancing the 

temperature gradient. Where shock attenuation is significant in a 

shock tube, the temperatures of the active mode and the particle time, 

inferred from vibrational temperature measurements and 'trace' times, 

should be corrected for these real gas effects. 

Following the method presented by Holbeche & Spence (1964), these 

corrections were obtained for the present incident shock measurements. 

The measurements gave the variation of TV with t, as shown in figure 6, 

together with the hot flow duration. The gas velocity at m was assumed 

to be a linear function of t over the hot flow duration. Its initial 

value was determined from imperfect gas information (Bernstein, 1963b) 

based upon W(X,). The gas velocity at the front of the contact region 

was assumed to be equal to W(X,). A value of 'trace' time thereby 

provided a gas velocity, which gave a corresponding particle time provided 

that the shock trajectory was known along the channel. The shock tra- 

jectory was determined from the present shock speed measurements and those 

presented by Bernstein (1963a). This particle time also determined the 

shock strength when this gas element was shocked. The active mode tempera- 

ture was determined from this shock strength and the measured vibrational 

temperature at the chosen 'trace' time. The results of applying this 

extremely crude analysis to the incident shock measurements are indicated 

in figure 7. 
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Pppendix B 

Reflected-shock correlations -- 

The incident shock measurements indicated that a temperature gradient 

was present behind the shock. The temperature measurements in the 

reflected shock region indicated that this gradient was magnified by the 

reflected shock. Furthermore, the incident shock results showed that the 

contact-region was much closer to the shock than predicted by ideal theory. 

The duration and dimensions of the hot gas in the reflected shock region 

will thus be much smaller than the ideal values, because the reflected 

shock will meet the contact-region much earlier than predicted ideally. 

A simple model was used to account for the above phenomena and to 

provide some correlation of the experimental results with theory, at least 

for region 5. The time scale and hence the dimensions of region 5 were 

established by assuming that the reflected shock velocity was constant and 

equal to its imperfect gas value (Bernstein 1963b) based upon W(X,). The 

velocity of the contact-region was assumed to be equal to W(Xm) and its 

initial position, relative to the reflected shock, was determined from the 

incident shock measurements of the hot flow duration. The reflected- 

shock contact-region interactlon was treated very simply. The front of 

the contact-region was assumed to be a contact surface. The energy 

ratio across this surface was based upon the ideal value determlned from 

the Incident shock Mach number at the diaphragm station. This shock 

speed was extrapolated from the incident shock attenuation information. 

The wave reflected from the contact-region and its velocity were then 

determined from ideal theory. The time t5 was then easily determined. 

The time ti was determined in a similar fashion but allowance was made 

for the displacement from the reflecting plate of the temperature measure- 

ment station. To correlate with ideal theory the measured temperature 

25.4 mm from the reflecting plate, it was assumed that the temperature 

ratio (T5/T2) across the reflected shock was constant. The measured 

variation of T2 thereby provided the variation of T5. 

The results of the above correlations are presented in figures 19 to 

21. 
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