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September, 1963 

It has been found necessary to increase the overall pressure level 
of shock tunnels owing to the emphasis and need, especially in the U.S.A., 
to have flight simulation of re-entry and hypersonic cruise conditions. 
Helium and mgen as driver gases are to be used at pressures up to 
20 000 lb/in.= in facilities currently under construction. 

Subject to overcomine; the mechanical engineering diffioulties 
associated with high pressure oontamment, It has been generally assumed 
that the capability of the shock tunnel would be increased proportionally 
in pressure and density by the ratio of the change in driver pressure. 

IWperinents at the N.P.L. using helium and nitrogen at steady 
driving pressures up to IO 000 p.s.=. have supported theoretical 
considerations of the bulk properties of gases at high pressure, and shown 
that the available testing time is markedly reduced. 

Working sectIon conditions of the shock tunnel are normally 
defined by the ratio of pressures upstream and downstream of the hypersonic 
nozzle. The influence of compressibility in the reflected shock region, 
on the shocked-gas parameters has been studied, and it is shown that though 
the magnitde of reflected shook pressure is close to ideal, the density 
and temperature may differ signtiicantly from the ideal value. It is 
clear that the measurement of stagnatIon pressure alone pslll not adequately 
define the flow parameters in the working section. 
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APPENDIX T - The Importance of the Compressibility Factor 
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mComputmg Thermodynamic Data . . . . . . 

area of nozzle throat 

sound velocity, red gas 

sound. velocity, ideal gas 

sound velocity at nozzle throat 
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bo for pairs alone as distinct from pars in larger clusters, 
63 cd mole-* 

b, for pairs within a cluster of three, 61.7 cd mole-' 

third virial goefficient in l/V series, a function of temperature, 
(cm3 mole-') 

third virial. coefficient function, C/b: in simple theory 

coefficient of pa in pressure series for PV/RT, alai' 

TdCi/dTi a%' 

fourth virial coefficient 
temperature, (cm3 mole-') 

Jn l/V series, a function of 

coefficient of 9 in pressure series for PV/RTi atnS3 

TdDi/clT~ ahi" 

internal energy for 1 mole of gas in ideal-gas state at 0°K; 
equal to HE, enthalpy for same conditions. 

free energy per mole in standard static (ideal gas at 
1 atmosphere for ga'seous substances) 

enthalpy per mole 

enthalpy per mole in standard state (ideal gas at 1 atmosphere 
for gaseous substances) 

enthalpy per mole in standard state at 0% 

thermal conductivity, caTi see“ 'C-l also Boltzmann's 
constant for ~~porkio~ality of energy to temperature 
I*38048 x IO- erg% 

@s/Pa ) 

mass flow rate 

pres- 
‘, 

-aniversaMgas constwit=- 
i. j 4: 1, , ,; 

entrop~%or .d mdle<-s 1 
_ .". q,., F--T,. 

absolute tempera&e; "K 

temperature at standard conditions, 27j°K 
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u 

v 

wa 

z 

rij 

Y 

E 

velocity 

volume per mole 

reflected shock velocity 

bulk compressibility factor (P/&IT) 

Pi/Q 

ratlo of specific heats. cpk 

maximum energy of binding between molecules with a 
Lennard-Jones potential, ergs 

characteristic parameter of Lennard-Jones interaction potential 

e/K for pairs alone, 95*42% 

c/K for pairs within a cluster of three, 97'7% 

density 

density at nozzle throat 

a reduced temperature, /CT/e 

time interval between arrival of primary shock wave and arrival 
of head of expansion at nozzle entrance. 

Subscripts of p. p, T, u and Z 

i initial conditions in low pressure section 

P conditions behind the primary shock 

4 initial conditions in high pressure section 

6 conditions behind reflected shock. 

I. Introduction 

The available Lesting tune in a reflected shock &nnel running under 
tailored conditions IS detennlned by the arrival of the head of the expansion 
wave which has reflected from the end of the high pressure chamber. using 
simple shock tube theory this time is independent of absolute pressure values 
in the chamber and channel. Techniques designed to increase the testing tFme 
include lengthening the chamber, the use of a driver-reservoir arrangement' 
which is a means of simulating an increase in driver length, and the use of 
driver gas mixtures2. With a simple shock tunnel the use of high driving 
pressures necessitates a determination of bulk compressibility effects on the 
motion of the head of the expansion wave originating from the diaphragm station. 

The performance of a shock tie1 is usually defined by the 
measurement of two pressures, upstream and downstream of the nozzle. The use 

of/ 
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of high driving pressures is of course in order to raise the overall working 
pressures of the wind-tunnel nozzle, thereby entering the working range of 
existing pressure transducers and higher Reynolds number flows. Mindful that 
the expanded flow is invariably defined by the ratio of the pitot Pressure and 
reflected shock wave pressure, and that at the high driving Pressures the 
reflected shock-heated gas may exhibit bulk compressibility effects, the 
relationship of ps, ps and TE is not necessarily that of an ideal gas. 
Thus the value of ps used in conjunction with the pitot pressure and ideal 
gas relations will not necessarily define the flow conditions in the working 
section and will therefore lead to errors in determination of static pressure, 
density and temperature. 

The results of a theoretical. and experimental investigation into 
the flow in a reflected shock tunnel, when bulk compressibility effects sre 
taken into consideration, are described below. 

2. Theoretical Considerations 

2.1 Compressibility in ,w.ses at hi& Pressures 

For a perfect gas pV = nRT, ad a plot of pV vs p at a given 
temperature will give a horizontal straight line. A plot of pV/nRT for a 
perfect gas gives a line which has unit value for all temperatures and pressures. 
Let us define a compressibility factor Z (say) by 

PV 
z e -. 

l-BT 
. ..(I) 

Then Z, which is unity for a perfect gas, varies with pressure and temperature 
giving a series of curves of 2 vs 
unity for low pressures (see Fig. P 

at different temperatures which meet at 
2 . 

For low temperatures, Z becomes less than unity as the pressure 
increases, returns to unity and then increases in value with increasing pressure. 
When Z is less than unity then the volume is less than the perfect gas volume 
and vice versa for Z > I. 

Values of Z at drfferent Pressures and temperatures are obtained 
using the simple equation 

Z = l+&p+CiPa+Dip3. . ..(2) 

The coefficients BA, cl, Di are Mctions of temperature. These am 
related to the virial coefficients in the analogous equation in pavers of 
reciprocal volume. 

Following the method used by Woolley3, the coefficients 4 and ci 
in terms of the vFrisl coefficients for 6-12 Lennard-Jones potentials, as 
tabulated in the dimensionless form B 'O'(T) and c (O)(T) by Hirschfelderlc, 
are represented by 

& = baB@)(Ts)/RT 

and ci = bi]c(')(ra) - 4[B(') (t3)Y IARTY + 3B: 

where ~a = KT/es, ~a = KT/Ea 



-6- 

E./K = 95'42'K, ba = 63 ems mole-' 

Es/K = 97'7OK, bs = 61.7 cm3 mole-'. 

tipirically I& is given by Woolley as 

Di = 0*091442 tF" - 297.4 Tc' + 111 984 'ICE 

- 6.9819 x IO' Te - 2.4526 x IO-' T'" e'eOO'T 

hthd.py values at the pressures and temperatures required were 
the equation 

Ii - E; Ho - E; T T c: pa T ti P" 
= -- x&p------ 

RTO RTo To To 2 To 3 

Ho - E: . _ 

. 

calculated using 

. ..(3) 

and values of ", E$, cf, and I$ tabulated by the above author. 

RTO 

Values of Z obtained using this data are plotted in Fig. 2. 

2.2 The effect of high pressures on the sound speed in the driver gas 

The testing time of a reflected shock tunnel is generally terminated 
by the arrival at the nozzle entrance of the head or tail of the expansion wave 
originating at the diaphragm station. The head of the expansion wave moves 
into the undisturbed driver gas at the local speed of sound (a,). 

ap 
It is necessary to define aa = y - 

t ) 
since both y and Z are 

ap T 
functions of pressure (Figs. 2 and 3). The effect of variation in these 
parameters at high pressures 1s a profound increase in the sound speed of the 
static high pressure gas. Thus the head of the expansxn rave travels 
considerably faster than at lower driving pressures, and arrives at the nozzle 
entrance earlier than is predicted by ideal gas theory thereby reducing the 
avaIlable testln tune. 
at 10 000 lb/in.' (290%) 

Calculation shows that the sound speed of nitrogen 
h as uxreased by a factor of l-79. Thuwillhave 

an effect, too, on the pressure ratio required across the diaphragm to produce 
a given shock Mach number. The variation of sound speed for nitrogen and 
helium is presented in Fig. 4. 

2.3 Variation in value of ps/p~ due to compressibility effects 

It was pointed out in Section 1 that compressibdity effects may be 
observed in the region behind the reflected shock at high ps values. An 
exsmination of this region has been carried out as outlined below. 

The conservation equations for one-dimensional isentmpic flow in a 
constant area duct are:- 
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Ps wa = h(ua + wa) . . . (4) 

ps+ptjd: = Pa + PP(ug + way . . . (5) 

hs +$d = ha + &.(ua + wsy. . . . (6) 

la5 G p6 l-6 
AlSO - L -.-.-. . . . (7) 

P 20 ~a Ta 

Values of J-U, ~1, Ta, pa 
K = PC/P.. 

are assumed anti a guess is made of the value of 

1 

l?t-mi (1) Wll = - (ua +ws) 
K 

w 
w* = 

(K - 1)’ 

From (3) he=ha+&?i 
Values of Ts am obtained from hs usmg equation (3). 
a value is obtained for 2 from equation (2). 

Using Ts and ps 

Finally these calculated values ars put into equation (7) frum which 

~~~~~~~~p~~,e~s5fF;,~~~~a. 
The exact value of K is obtained by a 

The results of a calculation for He/N, at Ms = 3.6 are presented 
in Fig. 8b. 

At pi = 100 lb/in.' which for Ms = 3.6 requires 
P4 = IO 000 lb/in.', the value of K is found to fall to 3. This will have 
an effect on the mass flow thxough the nozzle. ps and TE however-m 
little and have al&t ideal values (comparing with calculations by Bernstein 3. 
This has been verified experimentally for p6, as is described later. 

2.4 The effect on flow thmugh the nozzle 

where P*, 
The rate of mass flow through the nozzle is given by 61 = p*a*AT 

a* and AT are the density, local sound speed and area of the 
throat, respectively. 

The critical ratios for nozzle flow are defined for an ideal gas as 

1 

- = . ..(lO) 

me/ 
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The mass flow rate through the nozzle is proportional to the 
density and sound speed in the throat, i.e., in w P*a* and from equation (10) 
in is prvport~onel to ffis.5. If the change m speclfio heat ratlo from the 
reservoir to the throat is not large and if Z differs buti,little from unity 
the emor in assuming the relationshp - 

. ..(il) 

where suffices 

B = bulk compressibility 

I = ideal gas values 

- is mall. 

For 1 000 lb/in? 
of 

nitrogen driver and Ms = 2.0 then a decrease 

10 
4% is obtained on the right hand side of equation (II), whereas for 
000 lb/in.' helium driver and. Ms = 3'6, the decrease is IO&C. From this 

estimate it is considered that a significant deviation from ideal should 
obtain in the mass flow rate through the nozzle affecting the conditions in 
the working section proportionslly. 

Yhen variable specifxc heats and bulk compressibdity are 
considered, these equations are no longer applicable. In order to calculate 
the conditions at the throat, the enthalpy must be defined as a function of 
two of the thermodynamic vsziables, e.g., h = h(p,T) and the change in 
this function from the reservoir into the nozzle can be followed. 

Because stagnation pressure is insensitive to bulk compressibility 
effects and does not easily show when perfect gas relations are inapplicable, 
the use of its measured value in the real gas equations will impair the 
accuracy of the predloted test seotlon conditions. 

It is proposed therefore to define the stagnation enthalpy from 
the more accurately known initial channel pressure and shock velocxty, 
through the derived real gas equatxons, and to define the equilibrium flow 
condztions from one further measurement in the test section; such as pitot 
pressure, which will not exhibit bulk compressibility effects. 

Calculations incorporating these red gas departures are being 
done and will be presented at a later date im a form which predicts a 
hypothetical stagnatxon condxtxon which may be used with perfect gas nozzle 
tables to define the actual flow parameters. 

3./ 
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3. Experimentation 

The experimental work described herein was carried out in the 
N.P.L. 2 in. shock tunnel. lhis consists of a IO ft driving section (or high 
Pressure chamber) which is divided into two sections 7 ft and 3 ft long. 
In the present work there is no diaphragm between these two sections, the IO ft 
length is used. The high pessure chamber has the same internal diameter as 
the low Pressure channel, vie. 2 in. A photoeaph of the apparatus is shown 
in Fig, 1. 

Between the chamber and the channel is a double diaphragm block 2 in, 
thick. In the work described in this report both the single and double 
diaphragm techniques were used. For chember pressllres up to 5 000 lb/in.' 
nickel diaphragms were used. These were unscribed. 
(P4 

For the higher pressures, 
> 5 000 lb/m.') treated steel diaphragms 0'1 in. thick scribed to a 

depth of 0.030 in. were used. This thickness of diaphragm was necessary owing 
to vacuum sealing requirements. The steel diaphragms burst at an overpressure 
of 5 500 lb/in.'. The diaphragm section and nozzle section are secured by a 
hyclraulic clsmplng force of 30 tons. 

The low pressure channel is 12 ft long terminated by a nozzle 
section which allows the hot quiescent gas behind the reflected shock to expand 
through a small throat area nozzle to an 8 in. internal diameter working 
section, i.e., a typical reflected shock tunnel. The nozzle was blocked off 
in this series of experiments and the tunnel was used as a simple shock tube 
using nitrogen as the working gas and driving with ndxogen for Ms = 2 and 
helium for Ms = 3.6. 

The pressures in the chamber and in the double diaphragm block sre 
measured by means of B.P.~ strain gauge transducers* having pressure ranges up 
to 15 000 lb/in.a and 5 000 lb/in.a, respectively. These gauges are backed by 
Sangamo-Weston servo-Potentiometers which feed 0 - IO ma. millismeters scaled 
in lb/in.*. The Pressure 111 the channel is measured on a Wallace-Tie- gauge 
which measures 0 - 100 lb/in.a in two revolutions. 

The system is evacuated using an 1% 3 000 'Speedivac' high vacuum 
pump**. The working gas is suPplied from cylinders charged to 2 200 lb/in.a, 
end the high pressure sectzon zs pressurised from a 1'2 cu ft vessel whxh has 
been charged by a Corblin*** diaphragm compressor. 

No means other than high pressure are used to rupture the diaphragms. 
23~0th single and double tiapbragm techniques are employed. Diaphragm rupture 
in the second case is initiated by venting the space between the diaphragms via 
a solenoid valve****. 

________________-_----------------------- 9 
These are made by J. Langhi% Thompson. 

** 
Supplied by Edwards High Vacuum. 

*** 
A4C 1000. 

**** 
Solenoid valve - supplied by S.E. Laboratories, Feltham, rated up to 

3 600 lb/in.*, tested in the N.P.L. up to 8 000 lb/in.'. 
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Three platinum resistance thermometers at distances of 1, 2 and 3 ft 
from the nozzle section measure the velocity of the shock wave by startrng snd 
stopping two Racal microsecond chronometers. The resistance thermometers have, 
individually, a constant 2 volts across them. Any one of the three can be used 
to supply a voltage pulse to initiate the sweep of a Techtrorix 502 cathode ray 
oscilloscope. 

The reflection pressure is measured with a S.L.M. PZ 14 pie20 electrx 
pressure transducer mounted in the channel at a distance of & in. upstream of 
nozzle entrance. The gauge output is fed through a S.L.M. PV 17 electrometer 
smpltiier (voltage gain unity) from whence the signal goes to the input of the 
oscilloscope. 

Gauge calibration is carried out on a hy&s.ulic dead weight tester 
and the PZ 14's used have been calibrated up to 10 000 lb/in.'. The 
cslibratlon trace over this range is non-linear and deviates as much sa 5% from a 
straight line approximation. Pressures are measured to better than 3%. 

Pressure-time traces sre recorded on Polaroid 3 000 film using a 
Hewlett-Paoksrd 196A camera. 

3.2 Experimental results for nitrogen-nitrogen 

The effects of bulk compressibility on the testing time are considerable 
when the driving gas is nitrogen (Fig. 5(a)). At I 000 lb/in.a the available 
testing time is 16 milliseconds, whereas at IO 000 lb/in.' this value has fallen 
to 9.8 milliseconds. The decrease is monotonic with increasing pressure. 
This effect is considered to be a result of the increasing values of y and 2 
and the subsequent change in sound speed. 

With increasing driving pressure the ratio ps 
constant value for values of p4 in excess of 7 000 lb ~II.~ (Fig. 7). / 

p4 fall.s to sn almost 

3.3 Experimentsl results for helium-nitrogen 

A decrease in avaiiable testing time of approximately 20% is 
obtained at 10 000 lb/m.' when helium is used as the driver gas (Fig. 5(b)). 
The decrease is again monotonic with pressure. 

The values of PHI required for 
the driver gas are not very different (2-5~0 d 7 

iven Mach numbers using hellurn as 
from the ideal gas values (Fig. 6) 

when single or double diaphraes are used. 

Vslues of Ps4 are about 20$ below the ideal gas values (Fig. 7) at 
the higher driver pressures. 

In both the nitrogen-nitrogen and helium-nitmgen cases the values 
of PSI agree closely with ideal gas theory. This supports the theory 
described UI Sectlon 2 where it 1s suggested that the measurement of stagnation 
pressure wdl not lndioate the tme state of the hot quiescent gas behind the 
reflected shook wave. 

4. Conclusions 

Realxstic values of the flow Reynolds number are obtained in the 
working section of the N.P.L. 2 in. shock tunnel when driving pressures up to 

10 ooo/ 
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IO 000 lb/in.' are used. At these high driving pressures the bulk 
compressibility factor and variation in speclfio heat ratio in the high pressure 
section combine to give a higher sound speed and therefore faster rarefaction 
head velocity than is predicted by ideal gas considerations. 

Mea-ements have been made confinning a decrease in the available 
testing time owing to the early arrival of the reflected rarefaction head at 
the nozz.le. 

It follows therefore that the difficult problem of measuring low 
pressures in shock twnel test sections will not necessarily be improved by 
simply raising the overall tunnel press-a, since the possibility arises 
that there will be inadequate time for the pressures in the model transducer 
cavities to reach a steady value. 

The effect of bulk compressibility and variable specific heat ratio 
has been considered in evaluating the reflected shock parameters. At the 
preferred operating shook Mach numbers of the N.P.L. tunnel, using helium or 
nitrogen driver gas at 15 000 lb/u.' there is negligible change in reflected 
shock pressure, only i-2$ in temperature, but 4-l% decrease in density. 
The deviation is increased by using the shock tunnel in the "under-tailored" mode, 
for, even though a lower driver pressure can be used to obtain the same high 
stagnation pressure, the stagnatxm density especially will decrease substantially. 

The effect of these parameter changes on the mass flow rate through 
the nozzle has been estimated and decreases of 4-10% will be experienced for 
driver pressures of only IO 000 lb/in.'. It is concluded that at these high 
stagnation pressures and temperatures the measurement of stagnatlon pressure 
and pitot pressure is not sufficient to define the flow parameters. 
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APPENDIX1 

The Importance of the Compressibility Factor 
incomputing ThemdynsmioData 

When real gas effects are considered, the equation of state in the form 
P = ZPRC is used. 2 is known as the compressibility factor. Thisisan 
ambiguous term since it ten mesn the effects due to dissociation and ionisation 
of the gas at high temperat0re8, i.e., 

z = (1 + a)(1 + x) 

where a = fraction of original number of molecules which has dusociated 
a-d x = fraction of original number of molecules which has ionised, or 
alternatively it may represent the effect due to Van der Wads forces. 

In the calculation of the thermodynamic properties of say nitrogen, 
the choice of Z is extremely important at certain pressures and temperatures. 

At room temperature in nitrogen at 1, 10, 100, 1000 atanospherea pressure, 
the value of Z clue to dissociation end ionisation IS unity, whereas the bulk 
compressibility values ars 

P (Atd Z (bulk compressibility) 

1 0.99973 
10 0.99804 

100 o-99935 
loco 2.0142 

The dimensionless form of the internal energy is 

E H 
- = --z. 
RT F 

From this equation the table below has been prepared. .%$J refer8 t0 diSSOciatiOn 

and ionisation effects and ZB to bulk compressibility. T = 293'K. 

(Reps. 11,15) 

I 2.5 2.497 @ 998 
IO 2.5 2.4746 o-99 

100 2.5 2.25 o-9 
1000 2.5 l-3316 0.5325 

Similar variations in other thermodynamic parameters occur showing that serious 
errors may result if bulk compressibility is ignored. 

ES 
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