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£ TRANSONIC TEST ON THE BALLISTIC RANGE ~

- Zheng Zhichu, Wans Xigi, Wang Jiurui, Li Binglu, Hau Zhong, -Zhang
} Zhensong, - Ge Xuezheu, Zeng Jianguo, Zhang Zhengxin, Ma Wenju,
R \ Jia Yufang
4 - (Institute of Mechanics, Academia Sinica)
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L ABSTRACT

This paper introduced new methods of transonic exyr
periments using ballistic range. Two new special tech--
niques have beeh used on a two-stage light gas gun--~

; - namely, the filling gas launching technigue which can be
A used to reach a subsonic projectile velocity range and
the low filling condition which can launch projectiles
. to reach transonic and supersonic velocity regions.
' ' Because the initial acceleration is smaller, the models
. i launched have an undamaged configuration and stable atti-
' = tude. In-addition, there is no support disturbance and
| ] \- small wall effect which makes the ballistlic range facil-
N ity more_superior in transonlc experiments. Using the
f : forementioned technidues, clear photographs of flow
o field around spheres in transonlic cases have been obtained.

Compared with supersonic and hypersonic flows, the stand-
off distance of a shock wave, the position of the separ-
| : ’ ation point, the neck width and the wake are apparently
! quite different. 1In this paper, two photographs of the . .
' ~ entire flow field at M= 1.01 and M = 0.99 are very ) -

meaningful. Finally, an 1dea to raise the Reynolds num-

ber up to 107 by 1increasing the pressure and decreasing

the temperature in the ballistic range is described.

lfﬁ . .
' I. INTRODUCTION

~

~Since the transanic:throat passage in a Laffar shock tube, the
: study of transonic flow has been in existence }br.neariytloo years. e
. - However, due to the difficulties involved in mathematics and exper- -
- imental tools, the progress in thils particular field was very slow
before the 40's in this century. )

RV S

Rle™ ’

After the 40Ys, in_ order to solve the "sonic barrier" problem,

2 ‘This report was gulded and assisted by Comrades Lin Tungechi and

¥ Pu Xingqui. Our gratitude.is expressed here. This paper was
recomnended by Editor Comrade Lin Tungchi. It was received on-
June 11, 1980.




the study of transonic flow became more important. In 1945, the
open groove wall was born. Subsequently, the multi-hole wall
appeared -in order to .eliminate the plugging phenomenon and thus
established the basic condition of transonic wind tunnels. .It
opened the avenues for research and development in this field. 1In

- the late 50'5, the dynamic revolution made aircraft breéﬁ-through

the sonic barrier to reach hypersonic speeds. In order to pursue
the insights in this area, many scientists were attracted to this
field; thus the study of transonic flow suffered the so-called
"hypersonic" crisis [1]. .

In recent years, the development of computers has been advanta-
geous to the numerical analysis of transonic flow. The discovery
of new wings wg;ch have good aerodynamic characteristics at tran-
sonic speed has received a lot of attention in the aerodynamie '

_socletdes acress the world. Therefore s -the study of transonic flow

once again became active. The two peaks of the wave shown in Figure
1 [2] reflect the two active periods of transcnic flow studies. The

latter peak seemed to indicate a new direction in aerodynamic research.

|
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Figure 1. The development
of transonic studies
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At the present moment, the importance  of research on transonic -

flow at high Re numbers was brought about due to the need to increase
the speed and enlarge the size of transport alrcrafts. @he "c-141"
incident indicated that the low Reynolds number in the wind tunnel
would create seriSus prehlemé._ The differences in shock wave. posi-
tion, separation point and aerodynamic force distribution at low Re
numbers and high Re numbers have caused great losses. It promoted
interest in the experimental equipment for transonic studies at
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- bhave beenvinvented, such as refrigerated wind tunnei Ladwitch tube,

—

high Re numbers. At the present moment, the-United States has

invested over 100 million dollars in this area. The wind tunnel
work group of NATO is also preparing a high Re number transonic
experiment facility for common use. Besldes the construction of |
larger dimension transonic wind tunnels, quite a few special devices

Evans tube and even shock tubes were included in the transonic expcr-
iments [3-6]. ' .

This paper introduces two new launching techniques which enable
a two-stage light gas gun ‘to launch models to reach subsonic and
transoﬁic speeds. On top of that, there 1s no support disturbance
on the model, no small wall effect and one can economically vary the
Re number. These advantages demonstrated the unique capabilities of
this ballisticﬂbange apparatus i the many aspects of transonic
studies, such_as the display of flow field, "the lengthening of the
wake, resistance coefficient, separatibn flow and stablility. It bhas
become~an impoitant tool.

II. LAUNCHING TECHNIQUES . -

In [7]), the ballistic range was described as a simulation test
apparatus which is capable of doing anything within the range between H
M 1~30 as shown in Figure 2. In the transonic and supersonic speed'
region, regular guns are usually used as the launching device both i
domestically and abroad. If it is possible to use a light gas gun
to simultaneously realtze subsonic, transonic,_supersonic and hyper-
sonic velocities, then it is & new means to make this device beceme
a multi-functional apparatus. It 1s a connector to link the classi-
cal aerodynamic trajectory target and the new super high_speciel
ballistic range. |

Subsonic launching'usiné a light gas gun can be accomplished
without loading charges, and a direct gas fill method can be used.
The principle is shown in Figure 3a. The compression tube is used
as a gas storage tube. The model is isolated by a diapbfagm. The

e o N N e "
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(1) and integrating the equation, the exit”vélocity of the model is

maximum pressure of the gas storage tube and-the release pressure
of the model are both controlled by the diaphragm. When the com-
pressipn;tube'prgpsure rises to a certain value, the diaphragm
breaks and the gas launches the model. Let us assume:

1. TThe'driving gas flows into the launching tﬁbe at sonic-speed,
2. ‘For low velocity launching, the frictional force of the

model during 1aunchihg can be estimated by the minimuni pressure

Pf of the minimal starting model. Using the equation of motion

u.%-cr.—r,)d, (1)

and the base pressure equation:

- AX\” (2)
P, Po/E(l =3 V°>
Based on the assumptionsand substituting equation (2) into

-

WV, (1—B)_ zr,A'.u]* (3)

“= [(-r— Dm, E ”
where
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Flgure 2. Schematic diagram of the trajectory target .

apparatus. _ o
1--(1ight gas gun); 2--timer; 3--(velecity measuring system);
4--(1ight source); 5--(ranges; 6—-(camera¥; 7--expansion chamber

'n-‘-(l+-"-’;!:)"f'? _ E-[1+-;-(:—1)]f5“r

Vo is the effective volume of the compression tube, lgis the length
of the launching tube, As is the cross-sectional area of the launch-
ing tube, P° is the gas pressure of compression tube, mg is the mass

y
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Figure 3(a). Schematic diagram § 200 7
- of low energy launching. | // A rzisﬁ'é»
l--diaphragm; 2--piston (m_);
3--gas fill port; 4--diaphragm; 100
5-~-model (m )
=- - - ° B 0

PARME) (10)”

; Figure 4. Curves showing the
L, | 1 relationship between model mass
_ : and exit velocity exxxm GD
Figure 3¢(b). Schematic diagram 8-~my=5.8 g; 9~-mg =16 g; 10--P, (atm)

of low energy transfer launch- 12--experimental result in tbis
ing. - work
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of the medel'gﬁg for Figure 7 the modef;P,~2—3k8/c31'. Using
this technique, subsonic launches were realized by a 13 mm diameter
1ight_gas gun. Flgure 4 shows the exit velocity vs. gas pressure
curves for two different model masses.

In the transonic velocity region, a low energy transfer launch-
ing method 1s used, which involves the use of low filling conditions
and a low pressure diaphragm~breaking technique to shatter the dia--
pbragm not too long after the piston begins to move when the com-
pression tube pressure 1s not too high. The model moves under a base
pressure which is not t6é high even before the piston reacbes the

high pressure chamber, or the .piston has already stopped; or the -

model has already exited. Therefore, the diaphragm breaking pressure- . -

and the charge loading amount become important parameters in the
adjustment of velocity. Due to the fact that the base pressure is
slightly higher than in the subsonic case, for convenience in com-

putation, it is possible to neglect the frictional pressure Pf and
introduce an average pressure Fs,

P,o= ‘ll,' S:‘ P.dx

anslinsiisiingn,




Using the above assumptions to improve the computation of
equaticn (8), the exit speed ug and ?5 can be obtained by solving
equations (4) and (5) simultaneously.

v = (244 p) (4)
", - F(gRTolﬂ)_'e:' (% . Vo):‘r';:. - (5)

(]

where _ » 7=t Tt
27, e Tr Dt (2 (P.... 1)
F’T ‘)"—l) (P.n l) Ty [(pm" ) (1'__ ) ]
Znu.'—;"._Pmu/E-P-_:_
Pmax is the maximum pressure in the high pressure chamber of the

light gas gun. For a given launching-device with an initial gas
g filling pressure Po’ piston mass mp and diaphragm breaking rressure
. P

b? Pmax can be obtained from the following equation:
‘LD . (1o = Dmup o5 6
- Peoaz P} [l + Z(L' — x,)P.A,- ' ( )
. Yy ey
P, =P, [l+—;—(r,— l)bt*]'r-*/\l—-;;‘;) (7)
7' -

— =1 ’ -

ul = 2ArP:3Lr7h{l + P°L+ DM ] ! [l —_— \l - .f—)l ']} (8)
’ m, ) co’l('fr -1 L,
where

1--{-: 7(_1_:'6[(“" ‘)""—1]

-

The above expression pro#ides the analytical'expreésion of,£hq
relation between dlaphragm breaking pressure and exit velocilty which
is not available in the usual light gas gun computation.- Figure 5
shows the Pb and ug relationship curves for two model masses. Figure
6 shows the relatton between. Pb and Pmax * It can be seen from Figure
5 that: different charge loading will reach a different launching
velocity. In addition, different from the hypersonic case, in the
transonic case it is possible to use the sensitive region of the dia-

phragm'breaking pressure with respect to exit velocity to control Pb
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Figure 7. Schematic dlagrams of the spherical model and its
evolution body launched by a light gas gun.

Figure 8.
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Comparison of theoretical and experimental results

of the stand-off distance of shock waves of a sphere.
9--calculated results in [11]; 10--experimental results of this
work; ll--experimental results of [12]; l2--experimental results
of [13]; 13--results of-[14]; 15--calculated curves from [11)

o experimental results in this work A experimental results in [12]
¢ experimental results in [13] @ results in [14]
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in order to obtain the desired Ug . This is much more economical
and simpler than the complicated change of the tubes of a wind
tunnel and altering the egperimental sections in order to realize
a varyiné.M,numbéf. - - -

. IIT. FLOW FIELD OF SPHERE o

The subsonic and transonic experiment in the small ballistic -
range are the symbols of success of the above-mentioned launching
technique. PFigure 7 gives the structure of the model. The photo;
graph 1 in the plate of Flgure II shows the flow fields around the
spherevaq varlous M numbers. In the experiment, paper diaphragm,
aluninum foll diaphragm, adhesive tape diaphragm and synfhesized
diaphragm were used and the results proved that the control of velo-
city and the design of the model are successful.

In the fesults obtained, the two pﬁbtbgraphs of sphere flow at

M=~ 1010 ang M~ 0990(Re* ~23 X 10) are very significant.  As is common-
ly known, at near M= 1 small variations in M number bhave a very
large effect on the flow field. Using the stand-off distance of
shock waves and the angle of incline of shock wave 6 as examples,

if M.»1,8—+0,06—0 but when M—1 ,0-'°°\9-'%;-., The results in
this work showed that when M~ 1010 "8/R~52,6—Z and when M=~099
the stand-off shock wave disappeared. These.results have success-
fully proved this point. For various types of transonic equipment,
it is not possible to obtain the flow field at M=~1, because of

the serious congestion~éffé€% and wall hole disturbance at M + 1.
The transonic experiment on the ballistic range can solve this prob-
lem very effectively. In addition, the photographs in the figufes’ ’
also indicate that the effect of the M number becomes more signifi-
cant in the region 1<M_ <1.l. PFigure 8 shows the compariéon between
the results obtaiged in this work and theory. 1In the region M>1.03
the results obtaimed in- this work are consistent with those in

(101, [11], [12] and [13]. At M™~1 | this work provided data

points which are hard to obtain using other experimental devices.

- "' - - N N M ﬁ'i—‘"_'.,’.\‘ 5-‘4 e : :
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The base flow of an alrcraft has a significant effect on the
aerodynamic force and aerodynamic heat. Under hypersonic and
supersonlc conditions, the base flow can be partially observed in
the wind tunnel through the reduction of support cross-section énd
tension line techniques. In transonic conditions, especlally near

M=1 , the wall hole effect and support disturbance become so -
serious that it is very difficult to study the wake in the wind
tunnel. - The variatibn of the base flow characteristics at a tran-
soniec velocity, on the other hand, is intriguing enough ta make
researchers interested in obtaining the flow pattern. Here the
ballistic range once again demonstrated its superiority. Comparing
| photograph 1 with pbhotograph 2 in the plate figure in this paper, it
shows that at transonic velocities: -

. (1) the separation point of the flow moves forward
- (2) tbe neck width diameter ratio increases, d/D=~1,
(3) at M.< 1 the tail shock wave still ‘éxists, when
M < 0.95 it disappears :
(4) the wake increases and rapidly becomes irregularly shaped.
It seems to have a large turbulent micro-circulating motion similar
to a Carman whirlpool. ..

These results provided reliable basls to the study of the esta-
! blishment, the separation flow and the wake of the transonic flow

~

model.

IV. INCREASING Re NUMBER

The success in the ballistic range transonic experiment can be .
used as a basis for the study of the effect of the Re number. Manf -
wind tunnel simulation experiments indicate that: The rellability
of the data for Re < 1x106 is very low, for Re > 3x106 the data

) vary very.smoothly, if Re .> l{xlO7 the Reynolds number- has very little
- effect on the aerddynamic characteristics [4]. Therefore, the

effect of the Reynolds number under transonlic condltions is a very

important problem. In general, there are three ways to increase
the Reynolds number: '




(1) to increase the dimensions of the model which means to
enlarge the equipment

(2)-to increase . environmental pressure which means to -
increase density .

(3) to decrease environmental temperature (increase density

" and decrease viscosity)

Using any one of the three means, it is possible to develop
independent unique transonlic apparatus such as the refrigerated wind
tunnel, a reéﬁiar transonic wind tunnel with large dimensions,
Ludwitch tube, etec.

The methods mentloned above canall be realized for the ballis-
tic range. Therefore, a simple small ballistic range can be used to
carry out experlimental studles on the effect of the Re number. 1In

.a small launcking device capable of laéncﬁiﬁg 10-15 mm diameter

models, equipped with a 400 mm diameter, 5 m long range at normal
temperature and pressure (based on the model shown in Figure 7 to
carry- out the experiment), the sphere has Re*~27x 100 and its
revolved body Re* ~ 15 X 10¢ . If the pressure of the target range
is increased to 5 atm and the temperature 1ls decreased to T
=~ 73°K

environment
, the combined effect can raise the Re¥* number to above

108. Table 1 shows the Reynolds number under three different con-
dltions. If the range is evacuated to 10~ -1 to 10” =2 atm, Re* can be
decreased to 103. Since the volume of the range 1s small, pressur-
1zation, evacuation and refrigeration can be easily realized. With
regard to the revolved body as shown 1n Figure 7 after- 1owering tem-
perature and increasing pressure, there was no unstable effect caused
by the rapid increase in flight resistance. Therefore, this exper-
imental method has a very significant meaning in the observation of
transonic separation flow, shock wave and adhesion layer interfer-
ence and the effeet of Re- number on them.™ : : : .
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TABLE 1. The Re numbers of two different bodies in flight
under different environments

RGEL u 2 * f Zj
cugl  FZRER O yEp®@)  rni
400 Rexz2.74 X 10° Rexz2.19 X 10° Re.z;s.l X 10'

400 Rezz1.51 X 10° Rex).21 X 107 Rex1.72 X 10*

Key: 2--object; 3~-=characteristic length (mm)- 4--flying velocity
(m/sec); 5--(atm); 6--(atm); 7--(atm); 8--environmental
conditions; 9--sphere; 10--revolved body :

V. CONCLUSIONS

1. The filling gas and low fill}ing, low energy transfer tech-
niques proposed in this paper are effective methods to solve the
launching of sﬁbsonic, transonic and supersonic velocltles for a '
two-stage 1light gas gun. Using varioustphérge loading and diaphragm
shuttering pressures, 1t is possible to effectively control the
launching velocity.

2. During the transonic launching in the ballistic range, it
i1s possible to simulate the full flow fleld more correctly because
the dlaphragm shuttering pressure 1is low, the initial overload of the
model 1s small, the disturbance at the muzzle 1s little and the
attitude of the model launched is stable.

3. The ballistic range can be evacuated, pressurized, cooled
and varied in dimensior 3o that the Reynolds number can be either
ralsed or lowered. 1In the study of certain phenomena rééarding phe__.
Re number, the trajectory range 1s economical, effective and eaéy to ~
realize. Compared wlth the expensive transonic equipment currently
under construction internationally, it has a persistent life.

. The experimental results in the work, as compared with ;
those obtained by wind tunnels or other apparatus, clearly indicated
that the flow field varied signifilcantly near M*# N1 (Re*~2.3X10°)
Using sphere separation shock wave as an example, when M, * 1, §/R




increases rapidly and the angle of incline for the shock wave b-'g"
When M is slightly less than 1, a separation shock wave immediately
disappears. When M_<090. (Re*=~23Xx10) the shock wave near the
wake also-disappearsl

5.' The experiment of the wake demonstrated agéin that the-
ballistic range is superior over the wind tunnel. Unlike the super-
sonic condition, thé separation point of the sphere tail flow field
shifts forward, the neck width diameter ratio increases 4/D~1
the wake increases and quickly becomes irregular in shapé with
large turbulent micro-circulating motion.
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