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1. SUMMARY,

in analysis of the starting process of o hypersomc shock tube
1s made and the subsequent flow conditions in the working sectzon ace
evaluated for various static temperaotures and Mach numbers of the flow,
A dascussion of the sumulation of frec-Tlight conditions leads to
recommcndations for the optumum opcration of hypersonic shock tubes:
performance charts are given,

2. Introduction

The ease wath which very hagh Mach number flows - wzth
stagnation temperntures approximating to those of full-scale flipht -
may be generuted in hypersonic shock tubos has led to the rapad
development of this latest type of intermiticnt wind tunnel, However,
the ultra-short duration of the steady hypcrsonic {low poses formidable
instrumentation problems.

Befercnee 1 reviews tho serodynemic pranciples involved in the
production of wveiy strong chock waves and very high Mach number flows;
e brief recupitulution of the main features of the flow patterm occurring
in the channel of a hypersonic shock tube 1s given below. Let us consider
the distancc~time diagram of Fagure 1. The supcrsonic flow behind the
strong shock wave Msg* 1s expanded zn a divergent nozele, If p, = pa,

then the strength of the primary chock wave will decroase during 1ts
passage through the divergent section ~ 1n an analogous maymuer to the
decay of a cylindracal blast wave - and a sccondary shock wave of
increasing strength will be formed by the contimicus diffraction of the
primary shock through the divergent channel. (For a complete account of
this flow proccss see Ref.7.) In gencral, a sccondary contact surface
Ca or contact region of entrony gradicnts will also be formed in the
diffraction process; both this and the secondary upstream facing

shock wave MS4 will he swept downsztrezm aliey the primary downstreem -

facing shock wave Msi' A regrion of steadv flow at a high Mach number

My 23 established in the hypersonic worlkaing section until the sxrrival of
the primery contact surface Cs. It 18 posaible, 1T the expension ratio
of thec nozzle 1is sufficiently large, for the strength of the shock Mq4

to be such that 1t becomes statronary with respect to the walls of +the
shock tubu, that s [M54| = My ¢ 3%t 18 then equivalent to the standing

shock observed in a steady nozzle flow with toc high a back prussure,
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*Tt 15 convenient to 'label! shock weves with thear shock Mach number
MS - see Appcendix for Notatzon,

Prainted wath permission of the Dirccior, National Physical Laboraiory.
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If ps #£ P1, thet 1s, 1f a nozzle disphragn 15 uccd,the

Mach numbers of the transmitied shock MS and of' the sccondary shock
1

Ms are functions of the wressure ratio vs/ms  across the nozzle
4

draphragm. In the following analysis the influence of the ratio ps/ea
on the starting process of the nowzle flov in a hypersonic shock tube
wi1ll be evaluated,

t us consider Figure 1 end note thot the primary contact surface

Ce reaches the upstream end of the hypersonic nozzle at a time 7T after
the incident shock Ms has rcached it., H:Ference 1 shows that this
8

time 7 a8 cxtremely short and the {lime o for which there 1s steady
hypersonic flow in the nozzle working section (the rumming tume) is
cven shorter,

Iet the starting tume 7 be the time taken for the secondary
shock wave M54 to travel through the divergent nozzle and let T, te

the time taken by the primary contact surface Ce¢ to do likewise.
Then the running time s is gaven by

). cenea{2.1)

T, = T - (TS -7

R c

For a given shock tube 7 18 a function of Méa only', and (Ts - TC)

15 a function of the pressure ratio me/py across the nozzle diaphragm,

3, The Starting Process of a Hypersonic chock Tunmcl”

3s1 Analysis of the problem

In order to investigate the starting process in greater detail,
1t is necessary to determine the shock Mach numbers of the transmittcd
and sccondary shock waves for gaven conditions at the entry to the nozzle
and in the working section, YThus, referring to Ffig.1t, Méi and MS4 must

be determined in terms ol MSB and ps/pa for various valucs of My
and Tse It is assumed that the tomperature on both sides of the nozzle
diaphragm 1s initially atmospheric (T, = T = 288%),

3e1.1., Variation of the area ratio A4/As with working section
Mach number My and temperature Ty

The flow at Mach number Ms, which 1s generated behand the
pramery shock in the straight tube, becomes accelerated to a Mach number
My efter passage through the divergent nozzle, For a given area ratio
h4/As, Mz dopends only on Ms and 1s independent of Ts =83 with
conventional high speed wind tunnels. If the pramary shock MSB 18

gtrong, Mes asymptotically approsches the limiting value 1.89 for
inf'inite shock strength, and large variations in shock strength vroducc
only small variations in Ms (although large variations of Ts occur),
Accordingly 1f the ares ratio A4s/Bs 1s faxcd, the working scction
Mach number is approxamately independcent of shock strength 1f the shock
strength 1s large. This 1s also truc with shocks of modo:ate strength
as the following enelysis shows:-

*Shock tubes which are designed to produce a hypersonic flow of ultra-short
duration ave frequently referred to as 'ampulsce tunncle! or
Tshock tumnels?,
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From isentropxc flow theory, 2f y = 1.4,
1 2
Ty 1 + 0,23 ag ¥ Ps \2% s \ 95
- = mesmsmmoaew = - = - = hated ----(301)
Ta 1 + 0,212 24 04 Pe
Ay O, aag Ms Ms Ts \ °
and — = e = - - . --o-(3a2)
Ag M 2g Mg 1a \\'1‘4
If Ts = 288°K, My 18 gaiven by
1.
288 Ts 1 2
M4 = 5 ——— (1 + O.Z‘E{‘,z) —— 1' - 0101(505)
T4 Ta

From simple shock tube theory2 Me and Tg/Te ore functions of the pramory
shocx Mach number Mse and are given by the cquations

5, - 1)
I!,'Is = e ————— :)'?' -------- S csen (3- l;_)
\/(mga - 105 + M2 )
1 3 152
e ET?E_:J)_EE:_*%S_Z . veee (3.5)
Te 36 M

Toble I presents values of My and As/As for various valucs
of M, and Ta, calculated from (5.1) to {3.5). Thc numerical sui'fices

8
to (Ms) and (A4/fe) are the velues of Ty in °K, and thus (M )aso
dcnotes Ms when Ti = 150°K. Note that af Ma < |, & nozzle which
farst contracis to a throat would be required to produce the supersonac
flow at a Mach number My, The corresponding tabular valucs arc not of
practical interest, but are useful in plotting My as & function of
M/he as 1n Figurc 2. As stoted above the rclation betwcen the test
section Mach number Ms and the arce ratio Az/As 13 approximately
unique and indcpendeont of the working scction tomperature Ts.  This is
o moat useful result, since 1t meons that 1f a particuler Mnch number

M; 1s desired and the appropristc arca ratic Ai/Ag  for the nozzle

18 chosen {rom Fag.2, substantizally the seme Mach rnumber Mg 1211 be
obtoined cven af, due to cxperimental imperfactions, the primary shock
Mach number Mse 15 considerably daffcrent from 1ts cxpectoed value.

The values of the lemperature Ti and prensurce pa 1n the working
scetion will, however, be approxamately proportional to Te and pe
and thus will be affected by errors in the shock Mach number MSS.

Henee, for a given shock tube vath Ar/dg  fixed, Mg 1s
faxed; however, Ty may be varicd by elteration of Mse'

Figurcs 3 and 4 present results caleculated from equations (3.3),
(3.4) and (3.5) and 1llustrate the variction of Mach number M4 and
static temperature Ta in the working scction with incident shock
Mach rumber MSB.

3,1.2, Detcrmination of shock velocitics

The solution of the cquations governmgthe pasaoge of the
shocks through thc expandaing nozzle presents considerable difficulties,
but when the shocks have passed out of the expansion into the parallel
working section their velocitics arc rcadily celculable. et us refer
to Fig.1, wherc both shocks are procesding wath uniform velocitres

zlong/
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along the hypersonic channcl., From the Rankine Hugoniot equations for
the dowmstream-facing shock Msi

P2 2y y-1
—— = mee—— 'M_g -, LR R (50 6)
P y+1 82 y+1
g 2 3 1
am ;— = 4:; LISi bl ;-" - L ) (3' 7)
1 Y Ya)

Also, for the upstrcam~facing shock Ms4 s Where MEM is defaned

by M = ee——— eere(3.8)

and Ug 1is the shock velocity relative to the tube,

Ps 2y y-1
—— o - IVIf e *hee (3. 9)
P4 v+l 70 ya
Ug=us 2 1
B = e N - - voss(3,10)
a4 yel | ™4 M.,

Note that in the regions 2 and 3 (betreen the shocks Msi and Iﬂ34),
P2 = ps and us = us.

From (3.6) and (3.9), vith y = 1.4, wc have
2
Pa - 11 7Ps
—- = (=R} - ceen(311)
Ps M, - 1] pa

and from (3.7) and (3.10), vath y = 1,k

fg W -1 N 2 - '
S - DU ///%1.2 o (DL NP R een(3,12)
M

. \ s

From (3.12) 1t follows that

It
EE
o+
)
+
£

vere(3.13)

=5

as | 1
W’hGI‘E:‘ B Il. -i@ ——————— 0'00(3-14)
L)

a4 Ta
Now - = -—=, since Te = T+ =z 288°K,
04 288

ceee(3.15)

"

i
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Ps Pe De 6 1 + 0,2 M3
ond. P VAR W UV ——— )
Pa DPs  Ta L?Mi - 4f |1+ 0.2 28
g - l..

It follows that

Ps ‘:ﬁ\g - ﬂ 6 ‘| (1 + 0,2 Mi
_-23 ----- ? et { --------- SP L e (3.16)
D1 (L] LT\M -1 O 0,2 36

-

The variataion of Msi and pe/p  may now be determined for

any combination of the working section variables My and Ts. Gaven
M: and T4, B 1s calculated from (3.14) and hence M, Trom (3.,13)

for a range of values of M54' Then fr1om Fipure 3 or Figure 4 the value
of MSB which corresponds to the given valucs of My and T4 1s read
off and furthermore, the variation of Ms with M“E 1s known from

equation (3.4). Hence ps/ps 15 calculable from (3.16) Lor the given
M4 and T4 and the correspouding M*i Mo4 and MSB values. Calculations

were made for a series of hypersonic flow Mach mumbers Ms up to 30 with
free stream static temperatures Tq between 50°K and 550°K, and the results
are presented as Figures 5 to 9 inclusive,

2.2 Discussion of the solution

The starting time 7_, whach is the time taken for the
upstresm~facing sccondary shocﬁ wave MS4 10 travel through the
divergent portion of the nozzle, will be a minimum when the shock M54
becomes a sound wave, (M54 = 1), and 18 swept through the nozzle with

a variable velocity (u - a), where u and a are local values.

When pes = Pp1, shock M will have a finite strength;

L)

however 1f ps # pi, 1t im possible to choosc the value of wg/ps for
any gaiven working section conditiong My and Ty an order to make
MS4 = 1., Fagure 7 1llustrates how ops/m1 verics with My and Ta for

the special case Méq = 1; these curves for M§4 = 1 are defined as

'perfect' start curves, since they correswond to the minimum starting time,
If ps/Pa 15 reduced below the value requircd for perfect starting M
4

becomes greater than unity; specimen caleculations for the case My = 15
and variable T4 are preosented in Figure 8. VWhen M,, = Mi, the shock

becomes stationary with respect to the walls of the shock tube ~ sec
equation (3.8) - and 1f pe/p1r is still further reduced a stationary
shock will occur in the divergent portion of the nozzle.

If ps/p1 28 greater than the value required for perfect
starting, an expansion wave will occur instead of the shock wave qu.

Thas feature does not improve the starting process since the head of an

expansaion wave travels at sonic speed in any case, Figures 5 and 6 give

the corresponding velues of the transmaitied shock Mach nmuanber Ms for
1

the ps/p1 results given in Figures 7 and 8, Tt will be noted from
Figure 9 that the trensmittcd shock M travels faster than the
=L § .-

corresponding incident shock MSB for perfect starting approxamately
according to the formula, Msi = 1,54 M, for all My and T¢ values
=8

considerod,

Figures/
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Figures 7 and 8 show thut the pressure ratio across the
nozzle diaphregm ps/iu 1= not atfested saignificantly by changes:of
Ta; it follows from Figure 2 that, for given values of A/As  and
Pa/D1 5 qu (like Mi) 1s approxamately independent of Msa'

2.3 Evaluation of the testing time losses

3¢ 3.1. Perfect starting

It has been noted that the shock MS’. (= 1) travels through the

nozzle with a speed (u - a) wherc u and a are local values. Then,
approximatcly, if N 18 the nozzle length,

e S . cers(3:17)

Further, any disturbsnce due to the arrival of the primary contact surface
Cs at the nozzle will travel through the nozzle with velocity (u + a)
where u and a arc local values, Then, approxamately

N N
Tc = e R mmoemee s sone (3.18)
(u+a)me( a(fl+1)
From equation (2,1), the nett total loss in testang time o= (‘rs - Té),
2H 1 (
Hence T - - ———— + 'R 3. 19
L 2 \ 72 )

From specamen calculatiocns for simmlc straight wolled nozzles 1t 1s
reasonable to put

_ 3 - 3
a = = a4 and M o= =M
N L

where aq¢ and My describe conditions in the working section,

It follows that

648 N
T ® E;ﬁ§:;%5;%§_mllllseconds vove (3420)
or, iff Mg >> 1
72 N
T'L = ;{;Q-J;E; mllllseconds vee s (3- 21 )

where N 1s 1n feet and T4 1n  °K,

3,32, Non-perfect starting

By a simaler analysis to the shove scction, and the use of the
assumption that

a(¥-1_ ) a(3My —idas4)

it/



1t follows thnt

Ty, = ==oz= | ommmmoemees B milligeconds cerea(3.22)
VIa | (GMa=baL ) (34 +h)

Note that thais is jarohebly an overestmmate of I since

" ¥ Ma  pgaves T, = o wawrens W = Me  should cocrespond to
4 o]
L= o If My >> 1, then (7.22) bocomes

108 Nj1 + M
Ty, = mmeos ———eeZie D mallaseconds .....(3.23)
MV | 3l -l

%.3.3% Nozzle length

For given entry conditions the length N of a nozzle designed
10 produce uniform £flow ot the exat increcses as the exait {low Mach number

1s raised.

An empariecal relation, based on an cXtrapolation of results
obtained 2t N,P.L.%, 18 (Ma >> 1)

N Py
- A e ceee.(3e24)
Aq 10

where For a two-dumensional nozzle A4 18 the height of the working
section,

Hience, for hypersoric Mach numbers, (3.21) and (3.23) tocome

€4.,8
T, = ==—== , Ay milliscconds cieeo(3,25)
L MaVTy
for a 'perfeet atart! and
97.2 {1 + M ]
TLo= e ~—==-=io 1 Ay milliseconds coee. (3.26)
Vi, | 3a-he |

for a non-perfect atart.

Since the slope of the characterastics ot hypersonic speeds
1s very small, the model would normally be placed approxamately
hal{way along the nozzle. Thus (3.25) and {3.26) probably overestimate
T by a factor of about 2 and more realistic estimates of the nett total

L

loss in testing time T, Per foot of working section height would be
32.4

(Perfect start) Ty, = ---=- fA; mlliseconds cores(3.27)
MaVTy

(Non-perfect start) 7, = ---- ] -----3t. | A4 milliseconds .....{3,28)
VT4 BMA-hMS4J

where Az 1315 in feet end T4 in  °K,

Calculations/
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Calculations madc from equations (3,27) and (3.28) are presented
as Figures 10 and 11; the former gives the nett total loss of testing
time per foot of working scction heipht for perfect start conditions at
various Mech numbers i and temperaturss Ts4, whilst the latter
1llustrates the losscs due to wmperfoct starting for the special case
Mi = 15 with variable T;. Por a faxed Ay and a varinble A; tihe
testing time losses are greatcest for low Te and low M,

L. Sumulation of Free Flight Conditions in Hywverasonic Shock Tubes

In the following sections the factors which affect the
sunulation in a shock tube of hypersonic flight at extreme altitudes
are discussed,

4el The Reynelds number

The Reynolds number based on the lengtih Lm of the model 1s

If T4 18 an °Kand M « T, then af

To
pa My Lm' 1120‘{

But, if y = 1.4, cquation {3.1) yields

Tﬁ.\2'5 s Yo/ Ta \2°°
pa = pa t--} = (,00258 -—.——.P(\ ——————
T fe Do T
where P = pe ({measurcd in ctusspheres)
and  pe = 0,00238 %S . P slugs/cu T4,
Ps  fe Tq
Now == « -—= = =~ oand using (2%.1) we get
Pe P8 Ts
7.15 x 18 :
R = s e .P-l‘hL lG RN }+|1)
n (140, 223 )? B
Ta 3‘5
where G = (1 +0,2M)°. |-  (4.2)
T /

and Lm 1g measured in feet,

Clearly G 15 n function of the primary shock Mach mmber

Ms only and specimen velues 2re given below,
B
TABLE 2
M 2 L 6 8 10 12 ik 16 18 20

i_.,SB n.ll_.__,__.*.__“______ e et m o o oo i I
|

0,752 0,272 0.115 0O, 05) 0,030 0,018 0.0117 O, 0078 0.0056 0.0042

LI -

@
GBS 13,38 5.02 k.82 410 3.50 3.06 2.68 232 241 1.95 |

Let/
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Iet us assume that the maximum pressurc in the channel ps = P
atmospheres, indepcndent of M and governcd only by the tube constructzon.

fsa
Then for a given Ms, the Revnolds number P.m 15 proportionel to G

and the volue of ps 1s so choscn that g% . Ds = P atmospheres for

>

each M .
Sa

Hence for maximum Reynolds mmbers the tube must be operated
80 that GP 1g a maxaimum; that 1s, the lowest possible shock Mach number
M, ~must be used, Now suvpose that ol cetual M"s achicved in an
8 2

experiment i1s less than the value expeci. l;  then Rm 1s propcrtroral to
cp.B28, Tuble 2 shows that & %Zi deccreasces slowly as Ms:s INCTreases;

Bs |
hence if Msa 1s leas than expected, the Reynolds number will be slightly

greater than expected.

This important result - that the lowest values of Ms give the
8

highest Reynolds numbers - 1s subgect to the limitation that the static
temperature Ta4 1n the working section must not be allowed to bocome less
than the temperature at which air liguefaes. This eritical temperature,

a function of the pressure ps ain the working section, 1s given by the
following approximate relation obtained by extranclation of the data gaven
in Ref. 3, (p.L06).

Da 360
I.Ogj,b Pa = 10310 -, P = 1“".1"' - e e (})-n 5)
Pe Ty
where Ta 18 measured in °K and P 1in atmosphercs.
P4 140, 2M§\ 8.3
Now - = | weemeaa and since for any
e 140, 22
\
Pa

M, >4 we have 1.48 <1+ 0.2M2 < 1.71, the ratio -- 1s approximately

a function of Ms only. Pe
Thus, to avoad liqucfaction,
360
T4 P e e e e e o ——— o bttt * ennes (zh J-I—)
. {140,283
el + 3.5 lopgio § ===——- -»- logio P
140, EMEJ

Table 3 gives values of the ligquefaction temperature calculated from
equation (4,4) for the two extreme cases of P = 1 and P = 500
atmospheres. (The factor (1 + 0.2 MZ) in eaquation (k.4) is rcplaced by
1.71, 1ts opproxamate value for all large values of Msa'

TABIE 3
e 40w 18 22 2% 30
T, °k(P = 500 atm) | 65 56 | B9 L6 43 ]
\Te K(P = 1atm) | Wk 40 36 3u 33 31i5

Hence, to avoid liquefaction, Tsa must not fall below about
50°K for any hypersonic Mach number M,.

b2/
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4,2 The equivolent altitude

The altitude at which a full-scele oarcruft must f1y if i% is
to have the same Reynolds number as a scele model in a hypersonic shock
tube 1s now determined, The temperature in the stratospherc between
40,000 and 100,000 feet 1s usually assumed constant and equal to
216.5%K. At cxtreme altitudes the temperature as greatsr than 216,5°%K;
but this increase appears to be small, particularly during winter snd during
night taime in summer., Hence 1t 1s assumed that T = 216,5°K for all
altitudes greater than 40,000 feet, The deunsity of the atmospherc then
decreases exponentially with the altitude (h feet) according to the
approximate relation

-5
b8 x 107D s et coees(ba5)

g = 0. 004 0e
Now if the full-scale sircraft i1s n times as large as the model 1t
follows that,for equal Reynolds mumbers

oU {0

- =

n . n-n-l(}""6)
i Ja yshock tube 4 fn, flight

If equal model and full-scale Mach numbers are assumed 1t can be shown,
by an analysis similar to that leading to eguation (4.1), that

P 1. 9(1+0, 217 )
h + 4.8 x 10% logio = = L.8 x 10% logip { ==—m—mmmmmm—=
n G
..l.‘(h‘?)
where P = 7pg {atmospheres) - shock tube and the variation of G with
M, 1s given by Teble 2, An alteimstive fom for (h.7) is
P 1.6 x 10° [ Te \%°°
h+ 2.1 x 10° log - = 2.1 x 10" log, ¢ =mmmmmmm| -= .
n © T Ts
-
ln.lo(Ll-.B)

BEquations (4.7) and (4.8) show that the equivalent altitude h can be
reduced by meking P large or n smoll, Neverthcless, 1t vould be
necessary to use impracticably large pressures and large models in the
shock tube 1n order to siumulste a large aircraft moving (say) et a

Mach number of 20 at a reletaively low altitude - say 50,000 feet.
Fortunately such alrcraft are likely fo operate cnly at extreme
altitudes. It may be useful to have an expression for the full-scale
Reynolds number R, at Mach number M, under the atmospheric coaditions
assumed in this section., Then R 18 gaven by

R 1,31 x 107

S eeees (4. 9)
-~ GA.B x 10 °"h

where L 18 the length of the full-scale aircraft in feet,

4.3 Slip-flow conditions

At large cquavalent eltitudes and very low zir densities the
mean free path € of the air molecules becomes large, If the ratio
of £ +to the length of the bodv becomes teo great the alr can no
longer be considered as a contimmum and slip flow occurs, It is of
interest to examine the conditions which must be achieved in the
model experiment 1f' the onset of slip flow under full-scale condations
18 to be reproduced,

Consider/
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Consider the equavalent altitude, H feet, at which
Mean free path /’ mean free path
Length of model)s, shock tube  \ length of sircraft /H, [light
coeee(ka10)
The mean free path 15 inversely proporticual 1o the density and is
independent of tompersture. Thus, for an sircraft n twmes az large

as the shock tubc model, sumilerity is achieved 1f n 15 given by

pa, Shock tube

By an analogous analysis to that leading to equation (i 8) 1t follows
that

N ER-A]
. P » 2.35 x 1¢° /Tq ( )
H+ 2.1 % 10" log = = 2.1 %1 log { —mm=—meua - - eow bt
c n <] Tg.s Ts

If equations (48) and (4, 11) are considercd, 1t 1s noted that the
right hand sides are functions of I!EHB end T4« only (sce Table 1).
r-l)

Celculated velues of [H + 2.1 x 10° log_ &) and [h + 2.1 x 10° log_
Y

for renges of MSB and T4 earc prosented in Fagure 12,

!
The simple kinctic thecory of gases™ shows that the Knudson number

L M
- = 1.5 - veees (ha12)
L R

and hence for Reynolds number and Mach number similarity between full scale
and shock tube, £/L in flight at height h should be the same as in

the shock tubec. It follows that on this Lesis h and H  should be
identical. The rcason for thc amall discrepancy in Fig, 12 between

h and H 213 that h has been c alculated by assuming viscosity
proportionsl to absolute temperature. This is roughly correct, but is

at variance with sample kinctic theory which prodicts too small a
variation of viscosity wath temperaturc. However, these small differences
between h and H may be ignored,

Following Tsienl", 1t is assumed that if slip flow i1s not to
occur
£
- ¢ 0,01 'o-|0(1+|15)
H*

where £ 1is the mean free path and &* is the displacement thickness of
the boundary layer. Since aircreft flying at very high Mach murbers are
likely to be travelling at extreme eoltitudes, the Reynolds numbers will

be low and the boundary layers laminar. If there 1s zero hest transfor
between the free-stream air and the body (that 1s, 1f there is no radiation
end the body hes become heated to 1ts equilibrium temperature) &% wall
be of the same order as the theoretical result? for a flat plate with zero
heat transfer.,

X
Hence & = 1,72 (1 + 0,277 1) ~--
Rx
which becomes, when ¥ >> 1
i i
& o F --- ecoons (b 1h)
R,

where/
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where Rx 1s based on x, the distance from the lcading edge to the

boundary-layer station under consideration. For an average value of the
boundary-layer thickness along the body 1t 1s convenient to take the
value at x = %Ig this is gaven by

ML
5% n ;Jﬁ erves(Ba15)

In (4.13) 1t 1s not appropriate to use £ as given by (L.12), since
(4.12) refers to the mcan free path outside the boundary layer. Wathin
the boundary layer the air is heated and consequently the density
decreases and the mean free path 1ucreases. Hence the maximum value,
gmax’ of & from (4.13) should be used, This 1s given by

£
Jmax o B L 4. 0.2M -~ 0.2 W
2 T

00 oo

where 8&3 and Q” arc the mean free path and temperature in the free

stream. Hence (4.12), (4.13) and (4.15) require that, 1f slip flow 1s to
be avoadcd,

1.5M /R
0.2 M*, ~eem . ===, < 0,01
R M3
or approximately R > 10* M. ceaes (La16)

It 2s interesting to note that (4,16) 1s also cbtained 1f 1t 15 assumed
that the wall temperature is much less than the zero heat transfer value.
Thus 1f the wall temperature were equal to the freoe stream temperature
(which would require drastic cooling) the boundary layer thickness would
be reduced to about 0,25 of the mculnsed value, but so would the masxamum
temperaturc; hence 5max would e 1cduced 1n the same proportion as

&%, and the net result would be to lesve & ax/ﬁ* unchanged,
m

By substrtuting in (4.9) from (4.16) 1t can be showm that slip
flow will be avoided with the full scale sarcraft if

L
h < 2.ix 10! log, 11.31 x 10% - ceees (B17)
M

where h, the altitude, and L, the sarcraft length, are measured in
feet. 1In the shock tube, for a model of length Lm feet, the corresponding

condition 1s, from (4.1) and (4.16),

—————————— ? ——— > 1. --o-c(}-h18)
M (1+0.2 ¥2)?

As an example, suppose an aircraft of length B0 feet is

travelling at M = 15, Slip flow wall occur if 1t flies sbove
175,000 feet, In the shock tube, for a model of length 1 foot and
P = 500 atmospheres, we find that G must be > 0,088 (whach

corresponds to Msa < 7 and Ty < 100°K approxamately) to avoid
slip flow,

b/
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4,4 Simulation of full-scale temperature conditions

In 8ections 4.1 and L.2 the problem of attaining full-scale
Reynolds numbers weas discussed, However, cven 1f the Mach number axn
Reynolds number in the shock tube have their full-scale values, 1t does
not necessarily follow that similerity of flow will be achieved. It is
necessary also that the ratio of the body surface temperature TS to

the free-stream temperature q” should be the same for the model as for
the full-scale aircraf't, For the aircraft, exccpt ncar the nose, TS/'I:Do

is lakely to be much less than the zero heat transfer value, which s
approximately 0,2 M*. The extent to which TS/'I:Do falls below this

value will depend on the time for which the aircraft has becen flying and
1ts heat capacity, on radiation conditions, ete, However in all conditions
TS/TQo is likely to be large, although much less than 0.2 M®. In the

shock tube, 1f the heat capacity and thermal conductivity of the model are
both fairly large, TS ig lakely to remain quite near to 1ts value before

the flow starts, except near the nose, because the flow duration is so
short. Nommally the initial value of T  will be room temperature, so
to get realistically large values of Ts?q” 1t 1s necessary to use low

free-stream temperatures T (or T4 in our usual notation), In fact

it 1s probably necessary to use the lowest possible value of T¢, roughly
50°K. Portunately this will alsogive the highest possible Reynolds
number, However it 18 desirable to investigate in the shock tube the
effects of varying Ts/qm (= TS/Ih) ; thais can be done by preheating

(or less conveniently by pre-cooling) the model or by the use of various
free~stream temperatures T4. Thus for cerilain experiments, 1t will
probably be desirsble to work at values of T4 much higher than the
minimum*. Thas will of coursc entail a considerable sacrifice of
Reynolds number,

There 18 a further barrier to the attairment of complete flow
similarity between the shock tube and Iull scale, Even 1f the temperature
ratio TS/T‘30 is the same as in flight the flow will not be similar if

the absolute temveraturesin the full-scale condition are much greater than
in the shock tube; particularly if they are so great that serious dissociation
and 1onisation effects occur, Such effects certainly will cccur in flight
at sufficiently high Mach numbers, and under these conditions complete
‘simulation of the full-scale flow by shock tube testing as virtuslly
impossable. However, & similar limitation has always atiended the testing
of models at relatively low speeds in wand tunncls. It is pertinent

to point out that studics of 1onisation and dissociation effects in rcal
gas flows may be made in shock tubes and hence a further type of flow
simulation is possible, In this latter case the simulation of the
radiation from a heated aircraft flying at hypersonic speeds would be a
very dafficult problem,

Be Conclusions and Recommendations

Perfarmence charts for the operation of hypersonic shock tubes
have been developed from an evaluation of the simulation of free-flight
conditions, and an analysgis of the factors affcecting the satarting process
of the shock tunnel. The use of a diaphragm at the enirance to the
nozzle is shown to be imperative in order to minimise ithe loss of testing
time due to tunnel starting; this diaphragm would normally havg e
pressure ratio of at least 10* across 1t, This aimplics that the working

sectlon/

*Values greater then room temperaturc are, however, unlikely to be
wanted since these would make Tsfqm < 1 af Ts 1s equal to room

temperature, and such small ratios would only be of acadecmic intercst.
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section must be evacuable to an ainicial pressure of 1 to 0.1 microns of
mercury 1f Reynolds number simmlation of £flight conditions 1s to be
obtaincd 1n the working section during the hyporsonic flow test perdod.

A complete caleulation of the design verformance of the
N.P.L., hypersonic shock tube irstallation is defeired until a later paper;
however, specimen results indicale that the tesving time losseés should not
normally exceed 257 of the theocctical' testing tame under nommal working
conditions.

From the present calculations 1t 1s elour that, to obtoin Mach
number and Reynolds mmber simulation of frre 1light conditions, the shock
tube must be operatcd at low incident shock Moch rmumbers M“a; this

j=

implies thot the frec-atrcam temperaturc in the vorking scetion will be
less than atmospheric (chat is, the model will be hotter than the frece
stream as under full-scele condibions) but the siagnation temperaturc of
the flow will be less then that of free flight. Alternatively, the correct
stagnation temperaturc and Heynolds number conditions may be obtained in

a shock tube without & nozzle; this immlies that M“a should be very large,

A .
with a conssquent reduction of theoretical testing time and en elimination
of the nozzle starting losses.

Thus hypersonic shock tubes should have two working sections;
one in the constant arec chonnel for temperature simuiation and one
following a davergent nozzle for Msch number samulat:zon.

It 18 possible o obtain simultaneous Mach number and temperabure
simuiation in the expanded hypersonic flow but the static temperaturce of the
flow will be greatcr than the tomperature of the model - an unreal condition -
and furthermere 1t is very dafficult to avosd slap flow for this cesc.

Thus 1t appears likely that the samulation of {laght at
hypersonic Mach numbers and extr.me altztudes will be studied in the
following stages in shock tube incitellations:

(1) Reynolds mmber and Mach nmunber simulation -ath veriable

Th/Tﬁodel in o davergent nozwle working scction,

and (2) Reynolds number snd stagnetion tcmporcture samulation (with the
associated rezl ges efT’octs) in a constant avea workaing
gcection an the channel of the shock tube.
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APPENDIX

Notation

velocaty of sound

cross—scczlon&;_arua of shock {ube

a funciion of shocl Mach mmber - sec egn, (4.2)
altitude - see cqn. (L. 5)

altitude - see eqn, (4. 11)

mean frec path of a molecule

chopscteristic length

Mach number

flow Mach number with respectto the local speed
of sound {e.z. Mz = uz/az)

shock wave propagatzon hnch mumber with respeci to

the speed of sound in the flow ahead of the shock
front (e.g. Moo= Us /24 )

senle ratio between model and full size aircraft
length of nozzle section of hypersonic shock tube
absolute pressure

(= pe, see Figure 1) absolute pressurc, measurcd
in atmosphercs

Reynolds number based on Iength x

absolute temperaturc

flow velocaty

shock velocaty; subscript corresponds to flow rogion

ahead of the shock

distance

7 CP/CV, the ratio of the specilic heats

sbsolute density
cocfficient of viscosity

theoretical testing . time
fwinel running tame . .
Mﬁ-“' d'f,‘\*‘f_; - - .

nett, loss 6f testihg time duc to starting proccss
of: Hypérsonic shock tube

displacement thiclness of boundary layer

Subscripts/
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Subscripts

0 stagnation conditione

t, 2, 3,4.... etc 1dentify quantitics related to gas in corresponding
region of shock tube flow diagram (Figure 1§

co frec stream conditions in full-scale flaght
m model

8 surface conditions
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TABLE 1

My, and A4 /Ae as fanctions of MSB and T4 from equetions (3.1) to (3.5) T = 288°K, vy = 1.4
— S _ = o - T T
M 1 2 i 6 8 10 12 ik 16 18 20
%S 1 1455 4 ,Oh 7.93 134 20. 4 23.9 39.0 50,7 64,0 78.6
*h@% .. 0 096 1.55 1,73 1,79 1.83 .85 1.86 1.87 1.87 1.88
e | Le88 6,92 12,9 19,0 25,0 3.2 37,3 13,0  49.8 56,0 62,1
RO '
¢ (M eso 2,14 3,56 7.24 10,8 Uy by 18.0 21,4 25.0 28.6 32,2 35.9
(3y )aso” 2,87 2.37 5. 41 8.3 11.0 13,8 16.6 19,4 22.1 25.0 27.8
1 (0%)aso - 1,60 i3 6.86 9.2 11,6 1.0 16.3 18,7 21,0 23,4
3 ST
N {15 )b g - 0495 3.75 5.96 8.1 10,2 12.3 o b 16,4 18,5 20,6
o (Ma)ssa . - 3.26 5.30 7. 24 9.2 11.0 13.0 14.8 16,7 18.6
‘ {%3) 0 ‘ 98 1,500 8,630 33,000 9,500 228,000 483,000 Very large
t 50 .
(ﬁ*g\) 0 7ot 99 562 2,110 6,120 14,800 3,200 60,200 108,000 180,000
’ 150
(%‘;.\ 0 2,30 . 28,7 159 595 1,720 4,120 8,750 16,800 29,900 50,000
/ 250
(éi) - 1,09 12,9 70.1 260 748 1,760 3,780 7,310 13,000 21,800
i Ag/as0
I(é-s.) - o8 74 .6 139 397 955 1,980 3,860 6,950 11,550 |
bhgf 450
!(‘5‘.‘.) - - 4.5 23,4 85 2lhy 578 1,300 2,380 4,220 7,360 1
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h+241 xlo"loge% (Eqn 4.8)

—-— H+2Ix 10410935 (Eqn-4-fl)
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