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Theoretical ferodynamics Note No. 33

ANALYTICAL, INVESTIGATION OF FLOW DURATION IN THE CONVAIR HYPERSONIC
SHOCK TUNNEL

SUMMARY

tro——— ——

~
SThe analyticel procedure used to celculate the steady flow dwration in &
hypersunic shock tunnel is presedtédl ‘e results of this procedure applied to-

the Convair Hypersonic Shock Tunnel are given. ¢ It is shown that for very low

"= ,..-‘0'

diaphregm pressure ratios, Pu/P“ 2 5&0, the steady flow duration 16 non
PR R T d.

existent, For low diapnragm pressure ratios, de'< Pk/ l< 2000, which in-
cludes the tellored interface condition the steady flow duretion is quite small.

Tais is a result of pressure attenuation caused by the expansion waves reflected

from the end of the driver., |
&

I~
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N\ i SYMBOLS
i
a Velocity of sound
A area
Ei 3 Dimensionless internel energy ratio
g Equivelence factor [equation (2)]
| M Mech number
D- pressure
. Py
Pij Dimensionless pressure ratio —
) J
+ ‘Time
u Particle velocity
Uij Dimensionless partic’a velocity :—-1
LPTN J
. Q, b'd Position along shock tube measured from dlsphregm
|- ‘ :
7 Retlo of specific heats, T:R
v
i 7 + 1
: o 7y -1
1
i y - 1
. B 2y
¥ o] Density
! R Rerefaction wave
S Shock wave

A i ———
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JINTRODUCTION

The hypersonic shock tunnel is a development of the basic shock tubel in
vhich the shock tube is used to produce a reservoir of high temperature, high
pressure air which is expanded thru & nozzle to obtain the desired test condi-
tions. BEven though the shock tube is basically an unsteady flow device there
are several reglons in which the flow i1s steady and cen be used as the reser-
voir. The durations of these steady flow regioans in the basic shock tube are
quite short, being of the order of & millisecond or less.

The steady ilow duration of a hypersonic tunnel is determined by the
duration of the steady state reservoir. The required flow duration mey be
about & millisecond for adequate measurement of pressure and leat transfer
cheracteristics but should be two or three milliseconds for force measurements.
Two modifications of the basic shock tunnel that have been developed to increase
the available test time are the reflected shock design2 and the tailored in-
terface design.3

The duration of the steady flow reservolr and hence the {est time avail-
gble is e function of facility size and design as well as of the characteristics
of the gases and initial pressure ratio used. This note will explain the
enelytical procedure used in calculating steady flow duration and will present

the results of the flow duration analyses of the Convair Hypersonic Shock

Tunnel .

CONVAIZ 8O ¢-1014-1A
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Discussion

Wave Diegrams and Run Tine

\ One of the most useful devices in analyzing shock tube flow is the wave
diagramy’s The wave dicgram is a plot of the wave patterns in the x,t, piane
where in the case cof & shock tube, x is the longitudinal distance along the
tube end t is the time. Figure 1 presents the wave diagram for e sinmple
shock tube and the corresponding flow plcture inside the tube at a time tl,

Figure 2 compares wave diegrams for the simple shock tunnel, Fhe reflected
shock modification end the tailored interface technique. The avallable %fest
time for each of these methods is elso shown in Figure 2.

The simple shock tunnel,6 merely has an expansion nozzle at the down-

streom end of the driven seciion. Ihe avallable run time is basically the

time difference‘between the arrivel »f the initial shock wave and the contact

LRSI AR LR O

surface at the nozzle.
The most commod’modifica%ion to the basic shock tunnel is the reflected

shock design in which the expension nozzle is replaced by a conventional con-

é ‘ vergeni~divergent nozzle.2 The nozzle acts like a plaete, almost completely
- reflecting the initiel shock wave. The run time for this modification is the
E .

time difference between the arrival of the initiel shock wave and the wave re-
flected from the contact surface.
e tailored interiace shock tunnel is merely a special case of the re-

2
“jected shock modirication.” In this case the acoustic impedance is matched

et the intersection -f the reflected shock and the interface so that no wave

is reflected from the interface. ‘e avallable test time is the time difference

CONYAIR 30 $-1012~1A




A/ CONVAIR-8AN DIEGO  CONVAIR DIVISION G PAGE 5
W axNERAL DYNAMICS CORPORATION “’,_) THEO AERO NOTE 33
DATE 6/10/60

between the arrival of the initiel shock wave and the unsteady expension waves
propagating downstream from the diaphragm.

These definitions of availeble test time assume that the expansion waves
propagating upstream and reflecting from the end of the driver do not overtake

the waves propegation downstream before the events desceribed above take place.

Wave Diagram Construction

The methcd for constructing a wave diagram will be described for a shock

Ph aeifnaing

tunnel with &n area change at the diephragm and a convergent-divergent nozzle
at the end of the driven section. The wave disgram of such a tunnel is shown
in Flgure 2. Aiso shown in Figure 3 are the pressure distribution and wave

3 ) pleture along the tube at a time %.

The first step, in constructing the wave diagram is a knowledge of the

F ’ initial conditions in the driver anu driven sections of the shock tube before
rupture of the diephragm. liese include pressure, temperature speed of sound
and the ratio of specitic heats, y. Given these initial condltions the pres-
suwre rise across the initial shock can be determined by an iterative procedure
f from the following equations for & shock tube with an area change at the

E diaphragm.7 zya

7ol Tl

(v | i vcan v

vhere g is an equivalence factor given by

o

L 71Fi

2+ (n-Dm, 2 ® ra . (71‘-1)M3b} (2)

a8
z 2 (1N
e

TP
]

2 + (7,*-3.)»43b

CORVAIR 30 C~1014-12
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Since A3b is the minimum section, M3

b

st11l be determined in order to solve for g in equation (2). M3 can be deter-
A a

mined from the following equation sincilthe area ratio ]; is known.
7h

271 2(y,~-1
M, 124 (9-1)NM Y

TN Pl
b M 2 (0

S

For the Convair fecility these equations have been solved for two initiel

is equal to unity but M3 mast
&

driver conditicns and the variation of initial shock pressure rise as a function

of diephragm pressure retio is presented in Reference 8. This curve is repro-

duced herein as Figure 4.
P
Given the pressure rise §g across the shock the other quentvities across

1
the shock can be obtained from the cliarts of Reference 9. The two quantities
of immediete interest ere the initiel shock velocity US end the flow velocity

u, behind the shock. The flow velocity u2 is elso the velocity of the inter-

fuce or contact surface.
The pressure a2nd perticle velocity are the same on each side of the con-

tect surface. Assuming the driver gas expands isentropically at a constent 7,

the speed of sound of the driver gas at the contect surface can be found ifrom

'h—l 71“'1
e, P T P\ By, ,
.37 L@ o) )
5, " \B,, B,/ 21 11

The initial shock reflects from the nozzle bringing the flow essentially
to rest. fhe velocity of the reflected shock, USR’ and the values of the

thermodynemic properties behind the reflected shock are also obtained from

Reference 9.

CONVAIR SR §-1014-tA
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“he flow behind the reflected shock is not brought completely to rest
since thexe is outflow through the nozzle. 'The exact velocity in region §
can be obtained by solving the continuity equation
p,).ASu5 = p6A6u6 (5)
An iterative procedure is used to find the conditions in region 6 which

yield a Mech numker of unity. The flow is assumed to expend isentroplcally

from the reservoir with a negligible initial velocity, us. The Molliexr
diagram of Reference 10 is used to solve the energy equation.
u62
h5= hG +—§- (6)

The flow properties which satisfy equation (6) and yield a throat Mach
nurber of unity Are substituted into equation (5) and the actual reservoir

veloelty, u., is obtained.

5)
The next step in constructing the wave diagram is celculating the inter-
action of the left running reflected shock wave and the right running contact
surfece. Such interactions_are discussed in References 4 and 5. In general
the interaction will result in both & transmitted wave and a reflected wave.
The type of reflected wave depends on the shock strength, P52’ and the internal
energy ratio, E32.

For the case of a reflected shock wave

Q+P l"
iff 1l R

B2 710 &7, |
25 o1 o7

5

5
were  h= =222 . (8e)

CANVAIR 3B C~-1814-1)




.t w CONVAIR-BAN DIRGO  CONVAIR DivVisioN GD PAGE 8
@
Q

i . AUNERAL DYNAMICS CORPORATION ‘\.,) THEQO AERO NOYE 33
f DATE 6/10/60
: a, + P
Y 3 25
B Egp < -————-———ae P, (8e)

The use of a reflected rarefaction wave is given by

? B B.E
2 2732 -
Pys + (B = Pyg) Va;zrjrp— ~&-1x=0 (%)

37 a5
8
@, + Py 2
vwhere f= [ = '] (208)
Cl!2P25 + 1
B T
- 2
E=(1-P,.) [—-—-——- (10v)
25! | GF 7 |
El S a + PES
> % F P (10¢)
e 25
{ ‘ Relations (8¢) and (10c) determine the type of reflected wave. Equetions

(7) or (9) can be used to calculate the pressure ratio across the reflected

wvave. ‘This pressure ratio can be used to celculate the flow velocity after

4

the wave from the following eqpationsll

b -
__Z — l N 5 - 1 "
s = Mg * 28 LP75 ) LJ for a rarefection vave (11)
| u P.. -1
! or EZ = Mg + 2 for a shock wave (12)
Z > 7N 1
B(a P75+_.)

In using equations (7) through (12) the assumption is made thet the velue
of v for each gas does not chenge acrcss the reflected wave.

A special case of this interaction between the shock w:e.ve end the contact
surface occurs when the following reletion is satisfied

a, + P

. Els"o?+1325

ammwsis sa s anes o8
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3 This is the tailored intevface condition in which there is no reflected vave.
Since there is no reflected wave from the contact surface the following rela-
ticas must also be so.tisfied.l
P3=Pg
3 (14)
2 un = u
4 8 2
; so therefore
P P
8 -

: =7 (25)
4 3 2
3 - - -
L ‘ u5 u2 u8 u3
g the change in velocity across e shoeck is given by
| su_ 2 2 P-1 (16}
Ly 2 -1} 1 @ -
5 Combining equations (15) and (16) gives
] e &
3 2 3
;’ whicn must be satisfied if there 15 to be no reflected wave.
The driver gas expends to the conditions in region 3 through two unsteady
3 exponsions end one steady expansion. The slope of an expansion wave, % ; in
the x,t plane is given by
? g‘—’é = u - a for & left running wave (13)
E
4 -f-}% = u + a for a right running wave (19}
- In order to construct the wave diegram it is therefore necessary to know the

velocity, u, and the speed of sound, &, at each point of interest. For a non

CONYRIR $0 S~100-1R
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steedy expansion

2
7 -1

2
ai+ui=-77—:-1-aj+uj (20)

For a steady expansion

2 2 2 2 2 2
oI o v =yogRy tu (21)

and since all expansions are adiabatic

y - 1
8, P 1\27
ol <.§3/. (22)

Equations (18) through (22) can be used to calculate the flow velocity
and speed of sound at eny point in the initial expansion wave flow field.

Tne last wave of interest in counstructing a wave disgram to Cetermine
steady flow duraticn is the rarefection wave reflected from the end of the
driver. Tne propegetion of this wave is calculeted using the flow properties’
determined from the initial expansion wave analysis described ebove. Tails
reflected rarefaction wave i. & right runniag wave so the velocity of propage-

tion is given by equetion (19).
RESULTS

The gbove methicd of constructing wave diagrams has been applied to the
Convelir Hypersonic JShock Tunnel fcr two sets of initial conditions using the
theoretical initial shock wave data of Figure 4. One of these initial condi-
ticns is for a relatively low diaphragm pressure ratio, Phl = 540, and the
other is for a tailored interface condition of higher pressure ratio. The
exect initiel conditions and tiue resulting weve diagrams are presented in

Figures 5 and G. T.ese wave diagrams have been computed for both the present

AGmmoss sm s sase oa
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driver, length 5.4 ft., ond for a driver extended to 13.1 £t. so that two
refiocbed ssrefoction vaves arve showm in cach figure. Por clarity the effect
of the rarcfection wave reflected from the end of the present driver ‘upon the
other waves in tihe shock tuve has not been shown. It is reedily seen in Fig-
ares » and 6 that the reflected rarciaction wave in the present driver will
attenvate the reservoir pressure and therefore lcad to e time gradient of
dyneamic pressure st The nmodel.

FPigare 7 shows steady flow duration as e function of shock Mach mumber
with cut off liaes for three driver lengths. It will ve secn taat the present
driver length reducee the stealy flow duration for Mg = g.7. Te effect of
this in reducing the operating range of the tunnel is shown in Pigure 8. It
eppcars that cteady simuletion ¢f conditions velow 15,300 £'%. /sec. would be
eliminated.

In Figure 7 the tedilored interface condition is showr as being achieveble
sver only a very naxrow band of shock Meeh nusbers. In prectice, however, the
snock waves and cxpansion waves roflocted from the coutact surface for o band
of shock (lzca nunberes near this condition should nct be sufficiently strong
to eff et the fleov over the model significantly. Toerefore, the tailored
interfuce mncoot may be cffective if wood eantrol of shock velocity is attain-
ci.

If an 3 4. extension is made to the driver ; the meximum teilored inter-
foc: Tlew duraticn nmay oc obieined as well as virtually 2liminating the limite

on the refleochtod snock case.

=
pa

»ci. sion on the lenyth of oxtension to be selected ghould be based on

Plow datlon neaswenents in the facility sincee at least two uncertainties

CONVAIR SO C=1814-
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apply to these calculations. The goecd of sound in the driver gos has been

obtained by thermodymomic calcuwlations of the combustion rrocess and may be

in considersble error. Also no allowance has been mede for shock attenuation

due to viscous effects in tac driven section.
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