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SUMIARY
Caloculations have been made to find the flow conditions behind shock
waves in argon-free air of strengths Mg = U/aq up to sbout 35. The
tebles used are based on the currently accepted value for the disscoiation

energy of nitrogen of 9.758 e.v. per molecule, and are for equilibrium
conditions.

Two cases only have been considered, namely:-

- 1
(i) P1 = 75 atm, T1 = 2900K
A .
(31) P, = 750 atm, Ty = 290°K,

The driving conditions needed to produce such strong shocks have been
calculated assuming "ideal! hydrogen (v = 1.41) to be the driving gas.

In conclusion, the test conditions availaeble through expanding the
flow behind the shock are presented for an expansion ratio of 225 and the
question of flight similation is discussed.

# Department of Aeronautics, Imperial College. This work was dome
whilst acting as vacation oonsultant at R.A.E. during Juiy-August 1957.
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1 Introduction

Far shock strengths Mg > 3 real gas effects became inoreasingly
impartent and for Mg > 6, perfecot gas results are of little value.
Caloulations using real gas tables have been made by many authors, €.g.
refs. 2, 3 (incarreot tables), L, 5, 6 (corrected tables).

The corrected ta.Eles" permit calculation up to real gas temperatures
of 15,000% and Woods® has used these to calculate the R.A.E. shock Ribe
performance up to & real gas temperature Ty of 8,000%. In this note,
the higher temperature ocnditions are examined. Any relaxation time
effects have bocn neglected - i.e., the gas is assumed to be in the

thermodynamic equilibrium and no attempt has been mede to allow for shook
attenuation.

2 Details of calculation®

Two sets of initial conditions were choseni~
1

(1) By =95 atm = 1.47 p.s.is Ty = 290%K
pq = 0.000235 slugs/ou £t Hy = 3124 x 106 £t 1b/slug
14 S = -
(i) P) =yggatm = O.147 pser. T, = 290K
py = 0.0000235 slugs/cu T4 H‘l = 3,124 % 106 £t 1b/slug.

217 Conditions behind the shock

Conditions behind a normal shock were found by a method similar to
that given by Bird3. The main difference arcse in the treatment of the
equation

_ L - 4
Hy, - H, = 2(P2 P1) <P2+p1)

to cbtain Poe The presontation of the data in the new ta.‘tc:].t:esfl made it
more oonvenifnt to procced as follows (than to follow the sequence
described by Bird?):-

(1) Given Hy, Py and p,.

(3i) Choose a valuc of T,

2
: 1 - - ;
(i11) Plot (H, - H1) end 3 (P, P1) (Pz + 91) against p, from

the tables1. The point of intersection of the two curves
gives 'Pz‘

(iv) Read off the correspending P,, H, and S, froam the tables for

]
the chosen ‘1‘2. 2’ "2 2

(v) Repeat the process for other values of Tpe

# 3ee list of symbols for definitions, page 11.
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Ms and u.2 were found from

2 =5y
s
2 271 1
& —— ey
1 <P1 Pa)

derived fran the momentum and energy equations, and

P -
u, = a, Ms( —-;332-) continuity.

The stagnation temperature and pressure (defined as those cbtained by
bringing the shock compressed air in region 2 isentropically to rest) were
interpolated from the tables by caloulating the stagnation enthalpy

H = H, 4+ —
28‘& 2 2

and moving along the isentrope S, wuntil this value was reached.

2

These calculations enabled oonditions bhehind the shook to be plotbted
against shook Mach number M, and the results are shown in Figs., 1 to 8
inclusive,

22 Shook tube perfcrmance

The shock tube performance was oaloulated for each set of initial con-
ditions assuming the driver gas to be ideal hydrogen (Y,_I_ = 1.41) at a
pressure Py of 100C atmospheres and verious ifemperatures T, ranging
fram 290% fo 5,000%K, Again a graphical solution’ was employed. Po was
plotted ageinst up from the previous caloulatians (seotion 21)e P3 was
plotted against uz on the same graph, using the unsteady isentropioc expan-
sion relations

7,
p Y 4
o, [k PR S
8‘5 .P3 2 3

(see for example ref.7). The point of intersection of the two curves gives

the shock tube solutiom P2 = P3 and u~2 = u3.

This enabled the shook strength that could be generated by each of two
initial preasure ratios PA/P"I to be plotted against driver temperature
(Figs9). A oross plot of P’_,_/P,‘ against Ms for a given Th- is presented
in Fig,10. The additional real air values were ocaloulated at M3 = 1
agsuming that PZ/P,] is independent of P, (see Fig.2).

2,3 Test conditions

The test seotion conditions in a non-reflected type of hypersonic shock
tube with a nozzle expansion ratio of 225 were caloulated assuming steady
isentropic flow by solving the equations

--J_l,-



A

-;“; - — . (]
Py Uy 2 = p um .A.w where Az = 225 continuity (1)
H, + 5 u? tu? (2)
5 * u2 = Hm + 5 um = H2 . ~ energy
S
S, = S_ ~ entropy (3)

Knowing all conditions 2, a T, is selocted so thet [ ond
H can be read off the tables at the given S. Veloclty u is cal~
culated from equation (2) and the product p, u_ is plotted aga:.nst T .
This is repeated for a range of T and the value satisfying equation (1)
picked off. The corresponding u " and Z are interpolated from tables
whilst o  is caloulated from eq:ation (130. P_ follows fram P =
ZpRT.

The test conditions were plotted to a base of M, (Figs11).

3 Results and discussion

3«1 Recal gas effeets on flow conditions behind the shock

The flow temperature Tp falls far below the adeal value (Fig.1a)
for shock strengths Mg > 6. This is due to the large increases in
gspecific heat or heat capacity oaused by

a) excitation of wibratiocnal modes
b) dissoclation

o) excitation of eleotrons

d) Aicnisation.

The approximate temperature bands in vwhich dissociation and ionisa-
tion ooccur are marked on the figure, Thus the flow temperature in the
region of the stagnation point of a missile travelling with twenty times
the speed of sound at 400,000 £+ will be around 7,500°%K instead of
24,,000% predioted by perfect gas theory.

The ocorresponding stagnation temperatures in region 2 are presented
in Fig.1b.
Fig.2 gives the pressure ratio P2/P1 across the shock, which

closely follows the perfect gas law and is nearly independent of initial
pressure P1. From the shook wave equatioms,

P
2 o P ( PD
e ~— M 1 .
P‘I &y '.I?JI p

P P
For strong shocks py >> pgs 80 that —-—2- 2 12 P1 M s Wwhich for low
1 1
temperatures T1 becomes YMSZ (see Fig.2). Henoe real gas effeots
are expccbed to be small.

The drop in temperature Tp and only slight variation in pressure
P, dmply an increased density in the real gas whioh is shown as the

—.5n



density ratio p2/ P4 in Fig.3. The values are more than double the per—

feet gas estimates and the kinks correspond to dissceiation and ionisation
phencmena.

The velocity behind the shock, u,, is similar far real and perfect

gases as expected fram the continmuity equation

P4
= a Ms( ———) 2 a, Ms for large Ms'

) | Po

This approximate relation is also marked on Fig.l.

The real gas Mach muber I, (Fig.5) riscs to above 3 as compared
with the perfect gas asymptote of 1,89 due to the reduced Tp decreasing
the speed of sound a,, The values of ap, (not given in the tables)
have been calculated using ref.l4 where 22 = yB/p and in that report y

is defined as y = (g—igg—f) .
S

The most striking real gas effect is on stagnation pressures assuming
isentropic compression in the region behind the shook (Fig.6). For a shock
Mach number of twenty, the real gas values are between ten and fifteen times
the perfect values for the two cases considered. The reasons for the increase
are (i) more energy is needed to produce a gaven M, in real air than in a
perfect gas - this can be seen from a comparison of the driving pressure
ratios PA-/P'I (Figs10); (ii) the larger density p, in the real gs case.

These large stagnation pressures give an indication of the reservoir con-~
ditions needed to generate high temperature flows.

In Fige?, the stagnation pressure ratio st t/P’l is plotted against
stagnation temperature ratio Tas t/T‘l for both the single shock followed

by steady isentropic compression, and stcady isentropic flows, Curves for
real and perfect gases are shown. The perfect gas relations are

"
P2 st P 1 ~ 1-1-1 TZS % Tza % shock compression case
- {1 +— = 23 for large M , putting
P Y v, =1 T T 8
1 1 1 1 4
‘\{1 = 1014-
7
Y.1""1
P2 Tz T2 3¢5
and st _ gt st for steady isentropio
P1 - T1 T,1 flow.

Comparing the real gas ocurves, shock compression o the same stegnation
pressure st % gives around three times the stagnation temperature that

would be achieved isentropically., Conversely for a given TQS % the stage

nation pressure achieved is only one thousandth of that cbtained by steady
isentropic compression.



Finally in Fig.8 the Reynolds nmuber per foot obtainable in region 2
is plotted versus Mg. The shape of the curve reflects the density
changes s8inoe plots of both w and o against Mg are sensibly
smooths The thearetical values for visccsity are taken from "Thermo~
dynamics and Physics of Matter" by Rossini, p.374 Table D.6.be, and do
not allow for the effecots of dissociation.

3.2 Shock tube performanoe

The shock strengths that can be generated by perfect dry hydrogen at
1000 atmospheres and varicus temperatures are shown in Figse 9 and 10 and
compared with the perfect gas solutions

~2v)
P P, P 2 . 4 v,
o N [“f Mz-l&.}@ _z(ﬁ_)@ _.1.)}* ]
P1 3‘?,I P_3 Y1+1 8 Y1+1 &, «(,l-i-'l s M

The benefit of heating the driver gas is marked; at pressure ratios
sbove 107 the shock Mach mumber is roughly doubled by heating the hydrogen

to 2000°%K. For example, with dry hydrogen at F), = 1000 atm end T, =

2000%, shock strengths rising to M = 26 are possible in real air as

the initial pressure P, is reduced to 10—2 atm,

4

Such a temperature can be attained by constant volume combustion eof
a hydrogen~oxygen mixture, but this results in a wet driver gas of
increased molecular weight, The speed of sound 8 is thus reduced and

this reduction decreases Ms by camparison with the values shown o
Fige10. These effects arc more fully discussed in ref.6.

Heating by electrical discharge is also a possibility though there
is little data on the behaviour of arcs at high pressures in hydrogen“.

3.3 Conditions after expansion

The warking seotion conditions with a nozzle of area ratio 225 are
rresented in Fig.11. Although the test density, pressure and velocity
are representative of high altitude hypersonioc flight, the flow tempera-
ture and hence Mach number are not. This result is cbvicus from Pig.7,
which shows how entirely different are the pressure~temperature relations
for shock ocmpression and isentropic expansion. With the low channel

pressures <P1 = ;{% and 71%6 a‘bm) considered here, there are two
possible sets of test oonditions:

(i) correct pressures, but high flow temperatures;

(i1) correct temperatures, but very low pressures.

The second. altermative requires extremely large nozzle expansion
ratios and it will be d@ifficult to aveid slip flow, The remedy is to use
higher values of Py or ideally, compression and expansion processes
having similar pressure temperature relations. The conclusion is that

far the conditions oonsidered here, ocumplete simulation is only possible
at extreme altitudes,



L Flight similation at hypersonic speeds

Consider hypersonic flight at 90,000 £t. The relevant atmospheric
datal¥ are P = 0,017 atm, T = 218%, p = 5ebk x 1079 slugs/cu £t and
no dissociation or ionisation. Obviously, if a full scale model of all or
part of a vehicle can be tested in a stream of undissociated air with the
above flow conditions and at the oorrect velocity, then simulation is com-
plete (the model would have to be preheated if equilibrium temperature
conditions are needed, since the testing time is so shart). Limiting the
discussion to shock compression and isentropic expansion of real air the
following table can be compiled:~

TEST MACH NO. M, 5 10 15 20
(1 {1+ Eﬁma) 218% | Perfect :ts stagration temp, | 1,310 | 4,580 | 10,000 | 17,800
(2) T, Real gas stagnation temp.

8t from Fig.1b = extrepolating
for Py =1 atn 1,510 | 4,300 8,700 | 9,500
(3) Mg Read off Fig.1b using row (1)} | 3.2 6.8 9.8 13
%
st
{4) Y Yy = 290°%K - 4,5 14,8 23. 1 32,8
1
stt From the shock compression
(5} T curve of Fig.7. Extreapolate
1 for P, =1 atn 53 600 2,000 4,000
Py . From steady lsentropfc flow
(6) -f'- aurve of Flg.7. Extrapolate ot order | of order
o tor Py =1 atm 250 1 | 18 10!
(6) of order | of order
{(7) Py a X 0,017 atnm 0,8 atm } 2,8 atm {10 atm | 50 atm
required (5)
(8} Py From Figs10 assumirg
required Ty, = 2,000% 16 atm | 400 atm |4,500 atmf 70,000 atm
{9} Expansion Taken from ref.2
ratie approx, only 40 1,000 120,000 | 300,000

Strictly, the values for Mm = 10, 15 and 20 need iteration for the correct
P4 but the cbject is merely to indicate orders of magnitude., A similar

calculation for simulation at an altitude of 180,000 ft showed a reduotion
of P‘I and. PL.. by a factor 10, Fram these figures, it is cbvicus that if

complete similation at the higher Mach mubers is required then
(i) the channel must be pressurised;
(ii) driving pressures will be very large;
(4ii) extremely big expansions will be needed so that the testing
of fairly large models is possible.

"'8"'



L1 Blunt bodies

For same invcéstigations, Mach number is an wimportant parameter.
Kurzweg and Wilson” show that foar blunt bodies, the local Mach numbers
around a major part of the nose region sre independent of flight Mach
numbers above 5. The importent quentities are local density and tempera-
ture. Fig.12 shows the real and simulated conditions. IFf the relaxation
distance is smell compared with the stand off distance then the gases in
both cases will be in thermsl equilibrium and of similar chemistry. In
particular at the stagnation point both M amnd 0Re are of less impor-
tance that the flow chemistry. Fay and Riddell‘® show thet for a stagna-
tion point boundary layer in thermal equilibrium the important quantities
are gtagnation enthalpy and density. These can readily be simulated in
the ghock tube without expanding the flow. If, however, the layer has not
reached equilibrium, there can be scele effects which meke complete simu~
lation more difficult.

4.2 Slender bodies

Slender body results should theoretioally carrelate on the parameter

(M3 ve)/ VRe_ if the lsading edge is sherp, but the experimentel wark of

Bogdonoff and Hammitt“ and the more recent theary of Lees12, have shown
the extreme importance of the leading edge. In reality no edge is sharp
and the body pressures seem to depend on the leading edge thickness and
shock wave shape. It ig possible to simulate conditions at the edge
correctly and the shock wave shape alters very little at M > 10.

Mareover a considerable portion of the mass that enters the boundary layer
has crossed a near normal detached shock at the leading edge and so mey
have the carrect flow properties. What will certainly be wrong is the
transverse temperature gradient between the edges of the boundary layer
and the shock wave at stations well downstream from the nose, unless M
is correotly similated., o

The various ways of using a shock tunnel showing simulated conditions
and the corresponding difficulties are tsbulated below.

The flow characteristics are

’

P, P T, T M, Re, X

at? P» Pgyp? st? W
1 2 3 L 5 6 7 8 9 10

)

/Table



Type of Tube Initial Conditions | Quantities Similated | Difficulties
Basic tube plus Lengthy nozzle;
large expansiom A0 3 leng sterting
to the correct By > 1 atm 110 incl. time; wvery

Mﬁ° high Pz{.
Basic tube Adjust for 254,6,7,9,10, Srall model ~
desired 4 + 10 Flow at the stag~ could use a
nation point small expansion
to avoid this
Basic tube plus | Vary B, for 2,4496,7,9,10.
expansion to renge of 9 Flow arcund the
M =5 ang nose of blunt bodies
Basio tube plus | Low M 153,849, No real Dry air,
expansion to P gas effects operate just
M =10 o to [ . & above air
- P ligquefaction
¢ et valus 1 temperature

5 Conclusions

(1) For the conditions considered in this report the real gas effects
on pressure and velocity behind the shock are small,

rarticularly on stagnation pressure, are marked,

(ii1)

real gas effects.

(iv)

gas is heated,

The real gas effects on density, temperature, Mach number and

For a hydrogen~driving-air shock tube the shock strength

is reduced by 5-10% at a given pressure ratio PLF/P‘I due to

There is a marked increase in the shock strength if the driver

(v) Complete simuletion of flight conditions in a shock tunmel is
very difficult, basically because of the dissimilar compressicon
and expansion cycles used to generate the flow, and a pressurised
channel will usually be needed., Complete simulation of the flow

near the stagnation point is however much simpler.
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a local apeed of sound
M Mach munber

Re Reynolds murber

C constant in viscosity-temperature relation LS. c L
lJ.W TW
© viscosity
z coampressibility factor (= 1+ « where @ is the fraction of

the original number of molecules that
has dissociated)

A area
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FIG. 9. EFFECTS OF HEATING THE DRIVER GAS,
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FIG. 10. SHOCK-TUBE PERFORMANCE.
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FIG. Il. FLOW CONDITIONS AFTER AN EXPANSION
RATIO OF 225.



REAL CONDITIONS.
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FIG. 12. SIMULATION NEAR THE NOSE

OF A BLUNT BODY.
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