AD=A105 636

UNCLASSIFIED

FOREIGN TECHNOLOGY DIV WRIGHT=PATTERSON AFB OH
ACTA TCCNAN!CA SINICA (SELECTED ARTICLES). (U}
EP 8

S
FTO=10(RS)T=0706-81

F/6 20/4 -




il bt v 6. ths wnbons o - -

PP Y

- \m -

ADA105636

e

e . . % s — s &\ et By WP At ks At b

"¢

FTD-ID(RS)T-0706-81

(=

FOREIGN TECHNOLOGY DIVISION

ACTA MECHANICA SINICA
(Selected Articles)

Approved for public release;
distribution unlimited.

T’ﬁ




e

3"-««-"

-

(jzigTD-ID(RS)T;¢Z?§T8l_, <22i5 Sepsemver—i581

©

FT0-1D(RS)T-0706-81

EDITED TRANSLATION

MICROFICHE NR:FTD-81-C-000844

3TA /L/LECHANICA %INICA (Selected /;rticles)' / ’/.2‘/4’7’4'7

English pages: 44 S e

\%

Source: Acta Mechanica Sinica, Nr. 3, 1979,
pp. 199-208, 266-274, 287-290

Country of origin: China
Translated by: SCITRAN

F33657-78-D-0619
Requester: FTD/TQTA
Approved for public release; distribution
unlimited.

THIS TRANSLATION 1S A RENDITION OF THE ORIG!-
NAL FOREIGN TEXT WITHOUT ANY ANALYTICAL OR

EDITORIAL COMMENT. STATEMENTS OR THEORIES PREPARED BY:

ADVOCATEDOR IMPLIED ARE THOSE OF THE SOURCE

AND DO NOT NECESSARILY REFLECT THE POSITION TRANSLATION DIVISION

OR OPINION OF THE FOREIGN TECHNOLOGY Ot FOREIGN TECHNOLOGY DIVISION
VISION. T WP.AFB, OMIO.

FTD-ID(RS)T-ozos—Bl

Date 5 sep 1981

PRSP SPRT W R WeRe ¥ - TN SR

242400 4k

i

|
|

{
i
}

'




TABLE OF CONTENTS

On Transonic Flow in Hyperbolic Laval Nozzles, by

Jia Zhen-xue, Lin Tong-ji.......

B |

Compression Processes of Free Pistons After the Opening
of Nozzle in a Hypersonic Gun Tunnel, by Qian Fu-xing,

Xiao Lin-kui, Shi Zhen-ping......

ceestereearananess 19

Prediction of Turbulent Boundary Layer Separation, by

Wu Guo-Chuan.......c.... c e e

I ¥/

B N

SR TABim M 3 e mee e e e e




ON TRANSONIC FLOW IN HYPERBOLIC LAVAL NOZZLES*

Jia Zhen-xue, Lin Tong-j1

Abstract

Transonic flow in the throat region of hyperbolic Laval nozzles is analysed using
the conform.l curvilinear coordinute method. A solution to this type flow is given fur
the cases of different radii of wall curvature at the throat and different values of the
ratio of the specific heats, The general behaviour of the transonic flow and Mach
number distribution in the throat region are presented. This method gives fine accuracy.

It can be applied in the designing of nozzles, especially, in the designing of aerodynamic
laser nozzles, o '

This paper uses the conformal curvilinear coordinate method
to analyze the transonic flow characteristics in the throat reg-
ion of a hyperbolic Laval nozzle and gives a general solution to
the transonic flow in a hyperbollc Laval nozzle. This solution
is applicable to various radil of wall curvature at the throat
and different ratios of specific heats. Through calculation, the
relation between major parameters of the transonic flow at the
throat under various specific heat ratios and radius of curvature
as well as the typical Mach number distribution of the transonic
flow. This method involves simple calculations and gives high
accuracy. It can be used as a reference in the designing of
nozzles, especially aerodynamic laser nozzles.

r
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SYMBOLS

a speed of sound, Equation (1) z

b half height of the throat
channel of the nozzle,
Equation (1) n

f(z) conformal curvilinear
coordinate transformation

n

function, Equation (2) b
g(£) flow related function,

Equation (4) u
g. throat cross-sectional flow £

related function, Equation

(9) o
H(&,n) magnification factor of v

the x surface relative to

the ¢ surface, Equations ws

(2), (7)
Mach number, Equation ( 3)
q velocity, Equation (3)

complex variable of con-
formal curvilinear coor-
dinates, Equation (2)

conformal curvilinear coor-
dinate, Equation (2)

approach angle of the wall
surface of a hyperbolic Laval
nozzle, Equation (6)

Mach angle, Equation (5)

conformal curvilinear coor-
dinate, Equation (2)

gas density, Equation (3)
flow function, Equation (3)
max. flux, Equation (10)

w{&)function, Equation (11)

Subscripts:

r radius of curvature of throat
wall surface, Equation (7)

u veloclity component in the £
direction, Equation (3)

Y velocity component in the n
direction, Equation (3)

x orthogonal linear coordinate
Equation (2) R

y orthogonal llnear coordinate
Equation (2) n

z complex variable of the orth-
ogonal linear coordinate, £
Equation (2)

Y ratio of specific heats,
Equation (4)

é angle between the direction of
the flow and the direction £
Equation (5) -

*

critical parameters when the
flow velocity equals to the
local sound speed

parameters at the center

parameters at the polnts on
the wall surface at the throat
cross-section

position of sound velocity
point

partial derivative with
respect to n

partial derivative with
respect to §
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In the deslign of nozzles, the dimensionless radius of curva-
ture of the wall surface at the throat (abbreviated as the radius
of curvature of wall surface at the throat) Is an important para-
meter. It 1is necessary to know the relations between the maximum
flow of the nozzle, the shape of the sonic speed line and flow
velocity distribution in the transonic region with the radius of
curvature of the wall surface at the throat. But thils problem
has not been solved. After selecting the radlus of curvature of
throat wall surface, the calculation of the corresponding velocity
distribution in the transonic region to be given as the initial con-
dition for the calculation of the supersonlc section 1s also
another problem in the design of aerodynamic laser nozzles which
needs to be solved immediately.

Presently the design of nozzles primarlily uses semi-empirical
methods which are reliable to a certaln extent when the radius of
curvature of the throat wall surface 1s very large. But, with the
reduction of the radius of curvature of the wall surface at the
throat, the sonic speed line is far from a straight line. The
assumption of radial flow pattern in the throat region 1s no longer
valid. Therefore, some of the presently avallable methods, such
as the linear sonic speed line method [1-3], the method involving
the transformation of radial flow into parallel flow [U4,5], etc.,
are no longer applicable.

As for the study of the transonic flow in the throat region
of the hyperbolic Laval nozzle, some work [6-9] has been done by
now which can be applied to conditions under which the radius of
curvature of wall surface at the throat is larger. [10] used a time
related method to calculate the special example for the flow of a
hyperbolic Laval nozzle when the radius of curvature of the wall
surface r 1s 2. Because of the introduction of the time variable
and the artificial barrier term, the relation between r and the
transonic flow was not given,.
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Considering that the transonic flow in the throat of the
nozzle 1s primarily affected by the radius of curvature of the
wall surface at the throat, this paper used the conformal curvi-
linear coordinate method to provide a general solution to the
transonic flow in a hyperbolic Laval nozzle in a unified form.
This solution 1is not only applicable to various radii of curva-

ture of throat wall surface, but also to different ratio of
specific heats.

I. FLOW FUNCTION RELATIONS

Let us consider the two-dimensional steady non-rotational .
isocentropic flow of an ideal gas. Let us use the half height of %
the throat b and the central parameters a and p as the bases 1 -
introduce some dimensionless quantities. Based on the meaning of
each symbol in the table of symbols, a "-" 1s added over the
head of each corresponding symbol:

Femx/b, omy/b, ¥ = r/b, = ulags T = ¢/aes 8= ploey &= blaupet (1)

The discussion in this paper uses dimensionless quantities.
For convenience, the "-" sign over the symbol 1s omitted. Let
x,y be the orthogonal coordinates on a physical plane and &,n
be the curvilinear coordinates which have a conformal relatlon
with x,y. Based on the theory of the complex functlon, there are
the following relations between the coordinates mentioned above:

PRI S I

A at s e et e
e = 10Dy xm s+ iy, §om b+ ins HCEs 1) = |da/dT] (2)
when H(E,n) is defined as the magnification factor of the z plane
relative to the ¢ plane. Based on the definition of the flow
function Y(£,n) and the isoentropic relation of the flow, the velo-
city components u, v in the £,n directions, density p and Mach
number M have tL following relation with the flow function y [11]:




wm= P /oll, v = —y/pH, q‘.-; o+
prov - XL oy y ;,1 (4t + 4}) =0

2 H . (3)
M"Q(L;-I,—L;Iq’). .

Let us consider that the streamline of a compressible flow in
the nozzle 1s approximately the same as that of an incompressible
flow. When the streamline and the equipotential line of the

incompressible flow are chosen as the conformal curvilinear coor-

dinates £ and n, then the velocity component |u|>>|v|. From the

first equation in (3), we have lwn|>>|w€|. Using this condition,

as an approximation, we are going to neglect all the terms con- ‘
taining the small quantity wg in the flow function under the con- .E
formal curvilinear coordinates to obtaln a simplified equation

for the flow function under the conformal curvilinear coordinates.

The solution to this simplified flow function has the following

integral form [11]:

o= (I g [ [1 - 2500 T,

7""“ 1-1‘(5,11) (u)

where H(£,n) 1s a known function of the chosen coordinates (&,n),
g(£) is a function to be determined by the boundary conditions.
For convenience, g(g) is called the flow related function.

In the curvllinear coordinate system &£,n which has a confor- ;
mal relation wlth the orthogonal linear coordinates x,y, the forms
of the equations of characteristic lines are invariant. It can
be written as:

et AT - o H b

55 =g (8 p), 8= —tg " (de/y)s &= sin=(1/M) (5)

Based on custom, the "+" in Equation (5) represents the first
family of characteristic lines and "-" represents the second
family of characteristic lines. Thus, from Equation (5) we can
calculate the influence line which is the second family character-
istic 1ine that passes through the wall surface point at the cross-
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section of the throat. The extremum characteristic line 1s the i
second family characteristic line which passes through the sonic

speed polnt on the center line. The branch line 1is the first

family characteristic line which passes through the sonic speed

point on the center line [11]. Notice that 8§,y and M in Equa-

tion (5) are all functions of the flow function v(&,n).

II. TRANSONIC SOLUTICN OF THE NOZZLE
The solution of an incompressible potential flow in a hyper-

bolic nozzle 1s [12] semcsnshl, sms+iy, L=&+in / (6)

where the coefficient csec Ny is to make b :
be 1. Let us separate the real and the imaginary parts of Equa- |
tion (6) to obtain the relations between the orthogonal linear
coordinates x,y and the curvilinear coordinates &,n. Through the
use of differential geometry and the definition of H(E,n) in
Equation (2), we obtain the expressions for the radius of curva-
ture of the wall surface at the throat and the magnification fac-
tor H({,n), respectively, as:

x = csc 7 sh Ecosn,y == csc my ch Esing, r = ctgny, H(E, 7) == cac n,(sh? § +cosip)t (1)

From the third equation in (7), we can see that corresponding
to different n, we can get a series of different hyperbolic nozzles
shown in Figure 5. Substituting H(E,n) intc Equation (4), we get

the solution of the flow function Y(&,n) of the hyperbolic nozzle
as

oE, m = (£ ‘)T‘T #® {1 - L5 porum :,.I(m';+co.'n)]’1'1 “
when £ = 0 and n = n,> Equation (8) gives the flow ¥, passing
through the cross-section of the throat. At this time, wb is only

a function of g(0). In the supersonic flow in the nozzle, 28 should
satisfy the condition of the maximum cross-sectional flow at the
throat, i.e., [8¢,/83(0)) =0 [11]. Therefore, from Equation (8)

we get

A, 8 ot s e i T Vaiak by od W




r‘ [1 — g%(0)sin’y, sec? 7] [1 —-r=! £'(0)sin’y, sec? q]H dy =0
" vl (9)

The minimum real positive root
is the flow related function of supersonic flow 1n the nozzle

which 1s expressed as Bg: From Equation (8), we can get the

selected n by substituting g into 1t and letting £ = 0 and the
upper limit of the integral n =

corresponding to the selected r.

where g(0) has multiple values.

U This is the maximum flow ws

Based on the boundary conditlion s, when n = Ny wb = ws. Let
us bring this relation into Equation (8) and obtain the relation

to determine the flow related function g(£) of supersonic flow

in nozzles:
1

(‘%")h" g5 j:' [l -3 _';_' ;E'(E)@'Th/(sh’ §+ ':m”z)]'_!T =4, (10)

In Equation (10), g(&) has multiple values. For a given &,
the choice of g(&) is as follows: when § < 0, g(&) is the minimum
positive real root corresponding to the flow in the contraction
region; when £ = 0, g(&) is the minimum real multiple root corres-
ponding to the cross-sectional flow at the throat; when & > 0, g(&)

is the second real positive root corresponding to the flow 1in the
expansion region [11].

Based on Equations (3), (5), (7)-(10) and by choosing y = 1.4,
this paper has calculated the flow characteristics of several con-
ditions with r equal to 10.6, 5, 2.1, 0.5 and 0.22 respectively.

In addition, the Mach number distributions, influence line, extre-
mum characteristic line and branch line under the conditions that

r is 2 and y is 1.667, 1.4 and 1.2 are also calculated, The results
are shown in Sections U4-9.

Besides, the condition that y is 2 corresponds to the simulated
gas motion using the free surface flow of water [13]. Under this
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condition, based on Equation (8), the flow function y(£,n) can be
integrated into the following simple analytical expressions:

B(E,y 1) = % ng(§) — -;— siny, csch 25_ 187t §1g 9)g*(E) (11)

g(8) = (2 csc ny (np ctg )/ 0(§) 1 cos % {ntcos™w(5)]
w'(§) = 2ctg mp esch 25 157" (th S g 9)

Under such conditions, the maximum flow ws’ the cross-sec-
tional flow related function 8 at the throat, the wall surface
point velocity q(O,nb) on the cross-section at the throat and the
center point velocity q(0,0) have the followlng simple relations

with r:
&, = ri1 + Dagrdi

& = rt(l + i(agrhHt
q(0, 7)) = r~4(1 + r)*(ctg"r‘)* (12)
q(0, 0) = r*(ctg"r‘)’ :

ITI. MAXIMUM FLOW

The flow discussed in the section is the dimensionless flow
expressed by the critical parameters Ps>4d¢ and the half height of
the throat channel b. It 1is also generally called the flow coeff-
icient. For nozzles with a given wall surface pattern, because
of the limitation of the cross-section at the throat, there is a
maximum flow value permitted to pass through the cross-section of
the throat which is the maximum flow ws. The maximum flow ws is
an important parameter of nozzle flow and it 1s a necessary condl-
tion of supersonic flow in the nozzle. It is also the necessary
condition for the assurance of the continuous transfer from sub-
sonic to supersonic in the transonic flow in the throat region.

In the study of the transonic flow 1in the nozzle, there has been

no good solution to the problem of the maximum flow passing through
the cross-section at the throat. For example, in the relaxation
iteration method, because the maximum flow ws is not determined,

it was assumed to be 1 [14]. This assumption can only be applied
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approximately when r 1s large. [9] gaQe the maximum flow 1in the
form of an infinlite seriles which has ponr convergence and it
showed vibration.

This paper carried out calculations based on Equations (8)
and (9). In Figure 1 the curves of the maximum flow b are shown
versus r when vy 1s 1.2, 1.4 and 2.0, respectively. From the
figure, it was found that when r 1s larger and approachling 1, ws
is basically not affected by y at thils time. With decreasing r,
¥, becomes smaller. For example, when y is 1.4, r = 1.0, by =
0.987; r = 0.50, v = 0.9705 v = 0.1, ¥y = 0.883. For a given r,
if vy increases, then ws is decreased. The smaller r 1is, the
larger the effect of vy on ws.

IV. SONIC SPEED LINE

Sonic speed line is the boundary line between the subsonic
region and supersonic region in the transonic flow. It 1s also the
intersection of the elliptical equation and the hyperbolic equa-
tion. Therefore, the determination of the shape and position of
the sonic speed line has always been the major polnt in the study
of transonic flow in the nozzle.

Based on Equations (9)-(11), Figure 2 gives curves showing
the relatlon between the sonic speed point position Vg and r for
the conditions when y is 1.2, 1.4 and 2.0, respectively. Vg de-
creases with increasing y which is that with increasing r the posi-
tion of the sonic speed point at the cross-section of the throat
moves towards the center line. When y lncreases, then Vg also
increases which means that the position of sonic speed point at the
cross-section of the throat moves towards thg wall surface.

Figure 3 gives the curves showing the relation between the
sonic speed points on the wall surface as well as on the center
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line with r when y 1s 1.2, 1.4 and 2.0 respectively. The sonic

speed polint on the wall surface 1ls located upstream to the cross-

section of the throat, i.e., x_ < 0. When y is 1.4, Ixsl has a max- !

imum value of 0.267 at r = 1.1. With increasing y, the sonic
speed polnt on the wall surface moves upstream(that 1s the value
of |xsl increases ). The sonic speed point on the center line is

located downstream to the cross-section of the throat, 1i.e.,

xg > 0. When y is 1.4, x, has a maximum of 0.295 at y = 0.18.
] With increasing y, the position of the sonic speed point on the
;. center line moves downstream.

r=021 05 17 2
y S
10467
‘ 10
: Figure 5. The shapes
? of the sonic speed lines ,
.‘ re0.22
L‘ =05
os} re=]
rm3
re§
re=10.6
L} 0 ABCDEF %5 PRV Z
¢
Figure 5 shows the shapes and positions of the sonlc speed {
i lines under the conditions that r is 1.4 and y is 10.6, 5.0, 2.0, H
1.0, 0.5 and 0.22 respectively. From the figure, it shows that H
3 .
when r > 1.1, there 1s only a turning point on the center line. g
But when r < 1.1, there 1s another turning point appearing near s

the wall surface. With decreasing r, the curvature of the sonic
speed line becomes larger. Referring to Figure 3, it can be found
that the variation of the absolute value of the position of the
i sonic speed x_ on the wall surface. Starting from r = 10.6, lxsl
‘ gradually becomes larger, When r = 1,1, IxSI has the maximum
; value. When r continues to decrease, Ixsl gradually becomes smaller.
Another turning point appears near the wall surface. In the range
where the sonic speed lines were plotted in Figure 5, the position

11
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of the sonlc speed point on the center llne Xg monoclinically
decreases with 1ncreasing r.

V. FLOW VELOCITY AT THE CROSS-SECTION OF THE THROAT

In the flow in a nozzle, the flow velocity distribution at
the cross-section of t: - throat is malnly affected by r and vy.
When r 1s very large, the gas flow velocity can approach the sonic
speed at the cross-section of the throat. But with decreasing r,
the 1nhomogeneity of the flow at the throat rapidly increases.
The linear sonic speed line assumption (2] is no longer applicable.

Figure 4 shows the curves showing relations between the Mach
numbers at the center point on the cross-sectional surface of the
throat as well as at the wall surface point with r when y is 1.2,
1.4 and 2.0, respectively. From this figure, it can be seen that
Me <1 and Mg > 1. The smaller r is the larger the difference
between M, and M, becomes. The increase in y causes further inhom-
ogeneity of the distribution of Mach number at the cross-section
of the throat and the difference between Mgy and M, increases.

Vi. FLOW VELOCITY OF THE CENTER LINE

In order to explaln how r can quantitatively influence the
flow velocity distribution on the center line of the nozzle, Figure
6 gives the Mach number distributions for the conditions that y 1is
1.4 and r is 10.6, 5.0, 2.0, 1.0, 1.5 and 0,22, respectively. The
figure shows that when x 1s approximately 0.37, for different r all
the center line Mach number distributlon curves intersect approx-
imately at one point. The Mach number M at this point 1s 1.08.
This intersection point is the turning point of the center line
Mach number distribution curves. Near this turning point, the
acceleration of the flow is the fastest., The distribution of the
Mach number near the turning point 1s approximately a straight line,

12
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Figure 6. Center line Mach number distribution
Key: 1--distribution of center streamline Mach Number M

The larger r 1s, the approximate straight line region 1is also
larger. When r decreases, the slope of the approximately straight

line increases which is that the acceleration of the flow in-
creases.

VII. TRANSONIC FLOW

Based on Equations (8)~(10), we obtaln the transonic flow in
the throat region. The results are shown In Figures 7-10, When
r 1s larger, the distribution of the equli-Mach number lline in the
throat reglon is relatively homogeneous. With decreasing r the
curvature of the Mach number line becomes more severe and the more
inhomogeneous the distribution of the flow veloclity in the flow
field becomes. The smaller r is, the more concentrated near the
wall surface at the throat the acceleration of the gas flow becomes
and the flow velocity near the center point becomes slower.

Figure 8 shows the equi-Mach line distribution in the throat
region of a hyperbolic nozzle where y is 1.4 and r 1s 2, As a com-
parison, in the same figure, the results of Cherry [8] and Serra
(10] are also plotted. Cherry used a potential iteration method to
obtain the precise solution of flow in the nozzle wlth an approxi-
mate hyperbolic wall surface for vy = 1.4 and r = 2, and Serra used

13
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Figure 10. Distribution of Equi-Mach number llne at the throat
of the nozzle

a time related method to obtain the distrlbution of equi-Mach
number line in the throat region of a hyperbolic nozzle when y
is 1.4 and r is 2. From Figure 8, it was found that the results
of sonic speed line in this work coincide with those obtained by
Cherry. For the equi-Mach lines when M 1is 0.46 and 1.90, our
results agree with results of Serra. When M 1s 0.75, 1.32 and
1.68, our results are situated between the results of Cherry and

Serra.
VIII. THE EFFECT OF vy

In order to study the effect of y on the flow in the nozzle,
we carried out calculations corresponding to the situation that y
is 1.2, 1.4, 1.667 and 2.0, respectively. Figure 1 shows the rela-
tion between the maximum flow by with r under different y. The
results indicate that when y increases, ws decreases. When r is
larger, the effect of y on Vg is small. When r is larger, 1t can
be approximately considered that ws is not affected by y. From
Figures 2 and 3, it can be found that when y increases, the sonic
speed point on the cnoss-sectional surface at the throat is moving
towards the wall surface and the positions of the sonic speed point
on the wall surface and the center line move toward upstream and
downstream, respectively. That means the absolute value of Xg is

increasing.
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Figure 12, The effect of ratio
of specific heats on the flow at
the throat
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From Figure 4, it can be found that M increases but M
decreases with increasing y. This means that the increase in y
makes the distribution of Mach number across the cross-secticn at
the throat inhomogeneous. When r 1is smaller, the effect of vy is
larger. When r 1is larger, the effect of y 1s smaller. From Fig-
ure 11, we can see that, with lncreasing y, the equi-Mach number
lines both upstream and downstream move towards the throat region.
In addition, as the flow speed approaches the sonic speeds, the dis-
placement gradually decreases. The effect of y on the shape and
position of the sonic speed line 1s small. PFigure 12 shows thgz
positions of the sonic lines, influence lines, extremum character-
1stic 1lines and branch lines when y is 1.2 and 1.667. The varia-
tion of y bas very small effect on the shape and position of the
sonic speed lines and the extremum characteristic lines but it has
a large effect on the influence lines and branch lines. The
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influence region Increases with increasing y which is located
inside the expansion section. The increase in thils region is
not affected by the streamline pattern of the wall surface in
the expansion section.

IX. CONCLUSIONS

This paper used the conformal curvilinear coordinate method
to analyze the characteristics in the transonic flow region of
hyperbolic Laval nozzles and gave a general solution in a unified
fashion to the transonic flow in hyperbolic nozzles. This solu-
tion is not only applicable to various radii of curvature of the
wall surface at the throat but also to different ratios of specific
heats. Through calculations, we obtained the typical curves of
the variations of the characteristics of the transonic flow at the
throat with the radius of curvature of the wall surface at the
throat under different ratios of specific heats. It included the
maximum flow in the nozzle, sonlc speed line and the Mach number
distribution on the center line, etc. It also gave the transonic
flow at the throat with typical radius of curvature of the wall
surface.

We have carried out a comparison between our result and those
obtained by Cherry [8] and Serra {10]. The nozzles they dlscussed
correspond to the same situation as r is 2 and vy is 1.4 in this
paper. The results indicated that there 1s good agreement in
terms of equi-Mach number lines. Thils explains that in addition
to the capability of selecting the radius of curvature of the wall
surface at the throat based on the need and of adjusting the ratio
of Specific heats r, as well as ease of calculation, the conformal
curvilinear coordinaté method has fairly high accuracy.
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EXPERTMENTAL TECHNIQUE AND EXPERIMENTAL METHOD

COMPRESSION PROCESSES OF FREE PISTONS AFTER THE OPENING OF
NOZZLE IN A HYPERSONIC GUN TUNNEL * 1)

Qian Fu-xing, Xiao Lin-kuil, Shi Zhen-ping
Institute of Mechanics, Academia Sinica

ABSTRACT

The report is concerned with compression processes of free pistons after the
opening of nozzle in a hypersonic gun tunnel. The nozzle flow will atart at the time
when the primary shock running shead of the piston, reaches the diaphram at the
entrance of the nozzle and the piston starts to decelerate at the time when the shock
reflected from the nozzle strikes it. The momentum equation for the motion of the
piston and the continuity equation of mass of the gaa are derived respectively, and
the finite-difference calculations are carried out by computers.

According to the results obtained, piston deceleration, overrush, rebound, oscilla-
tions, equillibrium running and peak pressure are discussed for various given initial con-
ditions. Tt is shown that compression processes of free pistons after the opening of
nozzle in a hypersonic gun tunnel are significantly different from those for a closed
nozzle. The results are compared with those obtained with equilibrium technique based
on closed nozzle and with some experimental data, and furnish jmportant information
for the operation of hypersonic gun tunnels. :
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This.paper considers the compression processes of free plstons
after the opening of the nozzle in a gun tunnel and establishes
the equation of mctlion of the piston and equation of flows 1in the
nozzle. Furthermore, it uses the finite difference method and an
electronic computer to carry out a calculation. Based on the cal=
culated results, 1t discusses the related problems, such as the
overrush, rebound, oscillation, equililibrium running and peak
pressure, etc., of the piston after the opening of the nozzle
under various initial conditlons. These results are compared with
those obtained with the conventional equilibrium piston running
technique based on closed nozzle and with some experimental
results and furnished some meaningful reference data for the
operation of gun tunnels.

SYMBOLS
ai.--speed of sound in region 1 S _--reflected shock wave
(1=1,2,3,4,5, represent the 1
various regions in Figure 1 --time
same below) T, --temperature in region i (°K)
aF-n-speed of sound in the rear u_, --equilibrium piston veloclty,
region when the piston is also the flow veloclty 1in the
in equilibrium stationary chamber in equili-
A -- cross-sectional area of the brium
driven section (cm?) u, -= flow velocity in region i
A* —- cross-sectional area of the y_--piston velocity in uniform
thrgat passage of the nozzle motion
(cm u_ -- velocity at the point the pis-
g =-- gravitational acceleration Py ton starts to decelerate
M -- mass of the piston (kg) x --length coordinate which orig-

inates at the entrance of the
nozzle (Figure 1)

X,;-- x coordinate at the time the
piston starts to decelerate

M, -- equilibrium piston mass (kg)

M -- Mach number of the main shock
. wave

P,,P,,P_ ,P, - represent the gas _
A’ B r&ssire in front of the pis- P~ gas density

ton, behind the piston, in v - experimental gas ratio of
equilibrium and in yegion 1, specific heats
respectively (kg,/cm”)

f -- peak pressure (kg/cmz)
S -- main shock wave

’,0

2




I. INTRODUCTION

Figure 1 1s the trajectory of the plston motlion in an equi-
cross-sectlon hypersonlc gun tunnel and the x-t wave series dia-
grams. When a diaphram breaks, the high pressure drives the gas
to suddenly make the stationary piston to accelerate and move
rapidly forward along the driven section. After a period of
accelerated motion, the piston reaches the maximum velocity and
enters the uniform motion state. In the accelerating process, a
serles of compressed wave is formed in front of the piston. They
further concentrate and form the main shock wave S. The shock
wave S moves toward the inlet of the nozzle at a velocity bigher %
than that of the piston. When 1t reaches the entrance of the
nozzle, it on one hand breaks the secondary diaphram which seals
the 1nlet to make the experimental gas to begin flow into the exper-
imental section through the nozzle. On the other hand, it is
simultaneously reflected at the entrance of the nozzle. The shock
waves which follow are repeatedly reflected between the piston and
the nozzle entrance. When the first reflected shock wave S, meets
the piston, 1t forces the pilston to decelerate. But because the pis-
ton has a certain kinetic energy, 1t still moves forward. In the
process of repeated reflectlion of shock waves, under general condi- :
tions the piston will "oscillate" near the end of the tube which i
1s the oscillation motion. It also produces a high pressure peak f :
in the experimental gas. Only after damping over a certaln period :
of time, the oscillation will disappear. Afterwards, 1t reaches a !
stable equllibrium state. The pressure of the experimental gas is
Pe. The pressure peak P and equilibrium pressure Pe of the exper-
imental gas as well as the corresponding temperature rise are pro-

duced due to the adlabatic compression of the piston and the non-
iscentropic compressibh of multliple shock waves. In the piston
decelerating process, a series of compressed waves 1s produced in
the driving gas behind 1t. They will concentrate to form a
reverse shock wave SR which moves towards the driving section.
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Figure 1, Trajectory of piston motion and wave series

l--primary diaphram; 2--piston; 3--shock wave; U--second diaphram;
5--nozzle

In the developmental process of the hypersonic gun tunnel,
piston motion dynamics has attracted a lot of research interests
both theoretically and experimentally. The work performed in this
field has been described in detail in [1-5]. But all those studies
were carried out under the condition that the nozzle is not open.
Actually, as described above, when the main shock wave reaches
the entrance of the nozzle it breaks the secondary diaphram and
starts the flow in the nozzle. However, these studies did not con-
sider the effect of the flow in the nozzle or the piston compress-
ion processes. * WARL%. et al,[6,7], measured the trajectory
of the pilston motion using the microwave technique and obtained
the following under the conditions with and without the flow in
the nozzle. Under the same initial conditions, the flow in the
nozzle has a relaxing action on the overrush of the piston. Kndés
[8] theoretically treated the isoentroplc compression processes
which make the driving gas in front of the piston reach the peak
pressure In the driving section of the shock tube in a free piston
drive. The analytical results indicate that the sonic speed hole
at the primary diaphram has a relaxation reaction to the motion of
the piston under certain conditions. But the hypersonic gun tunnel
situation is completely different because the gas in front of the
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piston ol the gun tunnel has the non-lsoentropic processes due to
the presence of shock waves. 1In addition, in the treatment of
Kn6ds the pressure of the driving gas behind the plston can be
neglected. It cannot be neglected for gun tunnels. It 1is espe-
cially true when using the equilibrium piston technique.

This paper will attempt to treat thils problem theoretically
by considering the compression processes of the free pistons after
the opening of the nozzle in a gun tunnel and then to establish
the related ecguations and followed by choosing some typical con-
ditions to carry out a computational analysis in order to explailn
the effect of the existence of the flow in the nozzle on the com-
pressicn processes of the piston and other relented parameters.

In the meantime, the calculated results are compared with some
experimental results to obtain some meaningful conclusions.

IT. COMPRESSION PROCESSES OF FREE PISTONS AFTER THE OPENING OF THE

PISTON IN A HYPERSONIC GUN TUNNEL

From the above description, it can be found that 1n a gun
tunnel from the start to shut-down the piston has experienced the
processes of acceleration, uniform velocity, deceleration and
oscillation as well as reaching the equllibrium state. From the
instance that the primary reflected shock wave S, meets the pis-
ton and make it decelerate, the motion of the piston may have the
following two conditions: 1) because the piston has a relatively
large kinetic energy, the piston may overrush to a distance very
close to the entrance of the nozzle to produce an extremely high
peak pressure. It then rebounds, oscillates and finally reaches
the equilibrium state; 2) if the mass of the piston, the ratio of
the initial pressuresnin the driving and driven section and initlal
parameters, such as A*¥/A can be properly selected, the piston may
not have overrushing and oscillation and it may stably enter the
equilibrium state. In the equilibrium state, the pressures on
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both sides of the plston are equal. The piston moves at a uniform |

velocity U, which 1s determined by the steady flow in the nozzle
towards the inlet of the nozzle. Under this condition, the pcux
pressure 1s eliminated and the experimental time is lenpgthened.
This 1s the equilibrium piston technique in considering flow in
the nozzle. The gun tunnel should avoid the first situation to

the extent possible and attempt to operate under the second condi-
tion.

As described above, the experimental gas in front of the pis-
ton has experienced non-iscentropic compression by multiple shock
waves before reaching an equilibrium state. Also in the piston
deceleration process, there is a series of expansion waves orig-
lnating from in front of the piston. These expansion waves will
surpass the shock waves reflected from the piston. Beslides, due
to the deceleration of the piston, the pressure behind the piston

is also varying. All these make the analysis become more com-
plicated.

The following is a concsideration of these factors in sequence.
The analysis by Evans et al.[9] and Winter has already indicated
that after being compressed by the third order shock wave s, or
the fourth order shock wave S,, the entropy of the experimental
gas can be neglected. However, in reality as Stalker [1] has
analyzed that by neglecting the entropy variation after §,, only
very small error is created. In additilon, Courant and Friédricks
verified through calculation of a real example that because the
sonic speed of the gas behind the third order shock wave Sy, is
higher, when the expansion waves in front of the piston surpass
that shock wave, it is drastically reduced to near the Mach wave.
Therefore, we treat the first and second order shock wave com-
pressions of the experimental gas as non-isoentroplc processes but
consider the variation of the state of gas after it (i.e., after
region (5)) approximately as isoentropic processes. Therefore,
the pressure in front of the piston can be written as

3 .
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Pyw Ps(P/i’s)' (1 )

As for the preacure variaticn behind the plston, we can make
this analysis. In the deceleration process, the slope of the
compression wave (di/ds =1/Cu— a)) produced behind the piston
beccmes stecjuer and finally it forms an enveloplng curve. When
the deceleraticn of the piston is constant, this enveloping curve
is a parabolic curve which 1s the shock wave curve formed behind
the piston. Ttz starting point 1s located on the negative char-
acteristic line created at the beginning of the deceleration of
the piston. The larger the deceleration, the closer thils starting
point of the enveloping curve is to the starting polnt of deceler-
ation. In the piston deceleration process, its back pressure 1s
determined by the motion of the plston and the compression generated
by it. Therefore, when shock waves occur in this series of waves,
it is not possible to find closed solutions to the motion. Let
us assume that at any instance thls pressure 1s equal to the press-
ure created by the piston moving at constant velocity (equivalent
to instantaneous piston velocity), this pressure p, can be obtained
from the normal shock wave equation: ’

""+dt (7+Q“"‘+dl L 4 & M\r ds ;

= 1 2 H
The equation of motlon of the piston 1s i
M dx {
—==pPy—P 1
g4 ao i ' G) §
Let us introduce these dimensionless parameters
- = P P T [
s P Py’ 4 Ps’ . Ts’ Tx

and substitute Equations (1) and (2) into (3), then we can obtain
the equation of motion of the piston during the deceleration process

(o 4 B 9E re di
J_";-i- p:{l + I-(““’-"di)[f +1 (“‘+fxdi)
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(1+1)’(u, +xK ‘;’ } (4)
When the piston overrushes to reach the peak pressure and then
rebounds to point A in Pigure 1 (maximum rebounding speeds), the
compression waves behind the piston will concentrate into shock
waves. After passing point A, the pressure behind the piston 1is
replaced by the pressure produced by the unsteady motion of piston
based on the equilibrium state, which is

- y — l dx —’_l-
Py P, 1 4+ Zar (dl _'f.'ll,)]' 1 (5)

Therefore, after passing point A, the equation of motion of the
piston should be changsed into

Yy — l(xxd’- )]'r'—:T-a v

LZrprert = tu)[T=p

Tk ﬁ (6)

The continuity equation of the flow passing through the nozzle 1is

R (i YHM')’ (7)

where

3—!5, Ty - M xx f—(u%)'!{;;l _x_'!.
T IA [ ALY asat

Equation (4) or Equations (6) and (7) are the equations of
motion of the piston and the continuity equation of the flow in
the nozzle after the opening of the nozzle in a hypersonic gun
tunnel, )

When the flow in the nozzle 1s not considered, € = 0. At
this time we do not have to consider the continuity equation and
the p in Equations (4) and (6) should be replaced by 1/X.

The above 1s derived under the condition of equal cross-

section. For the condition that the driving segment and the driven
segment do not have equal cross-sections, we must also consider the

-




effect of area variation. Th.s offect 1s primarily shown in the
varlations of parametrs such as Fﬁ@,;Pux‘ and x . It should
be pointed out that the mass of the rlston has some effect on
the accelerationr process and consequently on the parameters such
XgsTys etc. Work in this area has been done by several people,
it 1s not going to be discussed here.

ITI. NUMERICAL COMPUTATION

Starting from the point K at which the piston begins to
decelerate, we use the finite difference method to carry out a
numerical calculation. For all the parameters before polnt K, we
use the numerical values of those In the shock tube related flow
analysis. The parameters at point K are also used as the initial
parameters of the computation. The related parameters in region (5)

have already taken the effect of the flow in the nozzle into con-
sideration.

When the initial condition is ¥ = 0,

;"'lo. 'd'.‘: ' "ff'ln'Pl—l ;

di

(8)
Using the Runge-Kutta method, we change the second order differ-
ential equation into a set of first order slimultaneous differential
equations and use the integratlon progressing method to obtaln the
numerical solutions for various initial conditions,

The piston begins to decelerate from point K, 1t goes through
overrush to reach the peak pressure and then rebounds. When 1t
reaches the maximum rebound velocity point A, 1t beglns to decel-
erate again and then starts the oscillation process. From point K
to point A, we use Equations (4) and (7). After point A, we use
Equations (6) and (7) to carry out the calculation. In our calcu-
lation we assume the gas 1s an ideal gas and the driving and the
driven gases are all air or nitrogen. The ratio of specific heats
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is y = 1.4 and the initial temperature To = 300°K.
IV. RESULTS AND DICZCUSOIONS

Let us choose that the length of the driven segment 1s 10 =,
and inner diameter is 10 cm. Based on the varlous initial para-
meter combinations, listed in Tables 1 and 2, we carried out the
computation.

TABLE 1. Initia) parameters of open-ended nozzle

B EIER M (ke) 0.05 0.10 0.20 0.30 0.40 0.50 0.70 1.0 1.5 2.0
2 A nR T 4%/ 4 0.05 ©0.10. 0.15 0.20 0.25 0.35 0.50

D MM M 20 2.4 2.5 2.8 . .
T WinEH Pu(kg/em') | 300 500 D

TABLE 2. 1Initial parameters of closed nozzle CA*/A=O)
* ERER M(kg) 0.05 0.0 0.10 0.15 0.20 0.25 0.30 0.35

0.40 0.45 050  0.60 070 1.0 1.5 2.0
b ERM I M 2.0 2.4 2.5 2,8
7 wHES Pikglem') 300 :

Key: 1l--piston mass M (kg); 2--cross-section ratio of throat
channel of the nozzle A*¥/A; 3--Mach number of the main shock wave
Mg; 4--driving pressure P, (Kg/cm®); 5--mass of the piston M (kg);
6=--Mach number of the maig shock wave M_; 7T-~driving pressure Py
(kg/cm?) S

The computational results are plotted in Figures 2-4. Figure
2 1s the typical situation of the variations of the dimensionless
piston trajectory x and the dimensionless pressure p with the
dimensionless time t after the piston begins to decelerate from
point K for various ratios of the nozzle throat channel A¥/A and
piston masses M. For their Ms and Pu values, the results qualita-
tively have the same trends. Figure 3 shows the relations bEtween
the ratio of the peak pressure and the equilibrium pressure P/Pe
and A*/A as well as M for various MS values under the conditions
of both open and closed nozzles. Figure U4 shows the effect of
throat channel ratio on the equilibrium piston mass.
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Fig. 2 Cont'd. The typical situation of the variation of the

of the dimensionless piston trajectory x and the dimensionless
pressure p with the dimensionless t after the piston begins to
decelerate from point K under various throat channel ratios of the
nozzle A%/A and piston masses M.

Key: 1 - piston mass M(kg); 2 - ration of throat channel.
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pressure and pilston mass.

The relation between the peak
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The calculated results, after considering the compression
processes after the opening of the nozzle and comparing with those '
obtained usins the conventional analysis of compression processes
of the piston on the basis of closed nozzles, indicate the follow-
ing characteristics:

1. From the variation of x with time shown in Figure 2, it
was found that the existence of flow in the nozzle has a relaxa-
tion effect on the rebound of the piston. This coincides with
the results obtained using the microwave technique in [7].

2. From Flgure 3, it was found that, regardless whether the BT |
nozzle 1s open or closed, the ratio of the peak pressure and the '
equilibrium pressure i\’/Pe increases with increasing piston mass M
for a given Mach number Ms' For the open nozzle condition, the
larger A*/A 1s the more serious this situation becomes. Under
the condition that there is a flow in the nozzle, due to the effect
of gas flow 1n the stationary chamber on the piston motion on one
hand and the main shock wave at the entrance of the nozzle cannot
be totally reflected causing the weakening of the reflected shock
wave §,, on the other hand, the deceleration of the piston at point
K (1.e., the loss in kinetic energy) becomes smaller. Thus the
opening of the nozzle has a relaxing effect on the rebound of the
piston which corresponding less makes P/Pe become larger.

WA ) Lo AAY b BB e B

3. From Figure U, it 1s clear that if we take the piston mass !
at I;/Pe = 1.05 as the equilibrium piston mass Me and then plot the 1
relations between the equillibrium piston mass S and the ratio of |
the throat channel of the nozzle for various Mach numbers of the 1
initial shock wave, we can easlly see that the effect of the exist- !
ence of flow in the negzle on the equilibrium piston mass 1s appar-

ent. That is for a certain Ms’ the larger A*/A 1s the smaller Mc
becomes,

13
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Besldes these, the calculated results also Indicate some other
regularities in the compression processes of the plston:

1. From Figure 2, 1t was found that for given MS and A¥*/A,
the tendency for the piston to osclllate increases as M increases.
But the time of exhaustion of the experimental gas flow is indepen-
dent of M. Of course, the longer A¥/A or Ms is, the shorter the
exhaustion time is. The calculated results also indicate that for
the same A*/A and M, the larger MS is the higher the tendency of
piston oscillation becomes. For the same Ms’ the higher P 1is,

the weaker this tendency of oscillating motion becomes with A¥/A
and M unfixed.

10 oo Py S0kg/cmt
ost \
~ o8 t‘\ Py=300kg/con?
Figure 4. The effect of =
the throat channel on the =
equilibrium mass of the §°6
piston. 5 0s
Key: 1l--equilibrium piston ¥ 04
mass M_(kg); 2--ratio of 03
throat channel A¥*/A 02
01
0

61 02 03 .04
2 winie4°/A4
2. From Figure 3, it was found that the piston mass which
satisfies the f’/Pe € 1.05 condition has a finite region which
indicates that the requirement of piston mass in the equililibrium
piston technique 1s not very stringent. It 1s especially so when
Ms is lower.

3. As described above, after the piston rebounded beyond
point A (Figure 1), the pressure behind the piston PB should be
replaced by Equatiog (5) instead of Equation (2). However, under
the condition that P/Pe € 1.10, the piston almost did not rebound
from Figures 2 and 3. Therefore, the replacement 1s not necessary.
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Under the.condition that §/Pe $1.10, if the piston mass is not too
large, usually equilibrium can be reached after one rebound. The
calculated result for this condition indicates that the use of
Equation (5) beyond point A does not make too much difference 1in
the calculated results. If the oscillatlon motion of the piston
1s vigorous, then Equation (5) must replace Equation (2) to carry
out the calculation.

V. CONCLUSIONS

Similar to other treatment carrled out by other people, we

established the equation of motion of the pilston and the flow equa-

tion 1n the nozzle using the assumptlon that the compression pro-
cesses beyond region (5) are isotropic processes. Through calcu-

lation and analysis, we discussed the problems related to the over-

rush, rebound, oscillation, equilibrium running, and peak pressure
of the piston after the opening of the nozzle under various condi-

tions of gun tunnel parameters. We compared our results with those

obtained using the equilibrium piston motion technique based on
closed nozzles and those from experiments. The results indicate
that the effect of gun tunnel nozzle flow on the compression pro-
cesses of the piston 1s obvious. These results have also recelved
some experimental verification.

In the numerical computation of this work, we have received
tremendous assistance from comrade Ho Ni-Tei. We wish to express
our thanks here,
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PREDTICTION OF TURBULENT BOUNDARY LAYFR SEPARATION*
Wu Guo-chuan
(Nanjin Aeronautical Institute)

In order to define the velocity distribution which is
closely related to the pressure gradient, A. Buri introduced

the velocity distribution shape factor F[l].

¢y

where §%¥¥ is the momentum thickness ("Lg(l “5‘)"7); U is the
velocity in the main flow; u is the velocity in the boundary
layer; v is the kinetic viscosity; x 1s the coordinate along
the direction of the flow; m 1s a constant. When I'>0, it
corresponds to an accelerating flow. When <0, it corresponds

to a decelerating flow.

In the gas inlet model experiment participated by the
author, the result of the measured velocity distribution of
model U4 near the separation point in the boundary layer is

shown in Figure 1. Based cn the measured velocity distribution

in the boundary layer, the shape factor was calculated to
be ' = ~0.062. Based on the result measured by Nikuvale,
separation began when I' = 0.06 or T < -0.06. Let us use T=
~0.06 in equation (1) and make 8¥%* (u8**/v)Y™ _ 2'  then we

obtain
Z_:-.~g_t-o_6.
.. v g (2)

Finding the derivative of equation (2) with respect to
x, we get

—
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A dz’ : .
dl -~ - ryye v
_Q) - Uiy —2 U) 0.06U"
-
dx
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Figure 1. The velocity distribution near the separation
point in the boundary layer of gas inlet model number U,

Buri has assumed that the shear stress on the wall sur-
face in the turbulent boundary layer and the ratio of the dis-

placement thickness to momentum thickness H(=&%/8*%) are
functions of the shape factor [ '
._';l!_.- U&‘. -- ;I u‘
= b0/ (B=) = e ()
8* ' (5)
H= =1

where p 1s the density of the fluild and R** = ys**/,

Considering equations (4) and (5), we can obtain the
following from the momentum equation of the turbulent motion

d_ [ are; peeyn) m

where F(MD (0 +m) (M =[24+m+Q+mf(Ir . F(I) 1s very
close to be a stralght line (see Figure 2) and it can be
expressed as F(I')=¢—ir' . Burl used the measured results
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Figure 2. The function F(I') = 0.017 - 4.15T

of J. Nikuradse together with the assumption that m = 1/4 to

calculate the parameters ¢ and k. For a decelerating flow,
1

he obtained that C = 0.017 and k - 4.15012,

From Figure 2, it was found that when T == —0.06 F(TI") == 0.26,

Plugging this value into equatio.3

nand then using equation (2),

we can get

4'4 (%) / dr = 032/U )

Compare equation (3) with (7), we get

The above analysis indicates that when @>333 | the
boundary layer will not separate. But when ¢<533 , the
boundary layer will separate. o¢=533 then is the condition
under which the boundary layer 1s near separation. From this
we can qualitatively determine the conditions under which the
boundary layer will not separate and also the shape of the
velocity distribution in the main flow.
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From cquation (8), we know that in order to satisfy the
condition that ¢>533 1t must be that u”>o0 In other
words, the necessary condition for no separation in the
boundary 1layer 1is

U">o0 (9)

Therefcre, the following conclusions can be reached: 1.
If the velocity variation curve in the main flow region after
the maximum 1s concave downward (U"<0) (see Figure 3), the
If the velocity
variation curve in the main flow region is concave upward

boundary layer separation must occur. 2.

(U”>0) , then the boundary layer may separate or it may not

separate. When 0<,0<533 , it separates and when ¢2>5.33

it does not separate. 3. If the boundary layer does not
separate, then the velocity variation curve in the main flow

region must be concave upward, i.e. U”">¢ -

These three conclusions are used to analyse the experi-
mental results obtained frocm the experiments of the eight gas
inlet model the author participated in previously. Figures U4
and 5 are the .distribution curves of the theoretical axial M
number (neglecting flow loss) in the main flow region of the
symmetrical flow surface (the plane slightly below the hori-
zontal dividing plane) in the gas inlet model experiments. The
ordinate is the axial M number and the abscissa 1s the distance
z away from the 1lip.

The axial M number distribution curve reached a maximum
very near the l1lip for model No. 1. After the maximum, the
curve apparently is concave upward. Experiment proved that
there was no separation region in Model 1 which agrees with the
third conclusion discussed above. The distribution curves of

the axlal M number in the main flow region more or less appear

e

A e s = = e e oL

-~ - - mer ot g a e -



h@)’ '..:.

U"<o

Figure 3. Velocity variation in the main flow region with and
without separation in the boundary layer.

150 2(mm)

Figure 4. Figure 5.
Ono. 1xno. 3 o no. 6 a No. 2 e no. 4§ O no. 5
®no, 7 ano. 8

to be concave downward. Based on the first conclusion, the
boundary layer séﬁaration must occur. Thils was verifled
experimentally. Comparing the axial M number distribution
curves in the main flow region for models 2, 5, 6, 7, and 8,
it was found that the curve of model 2 had a very short region
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which was concave downward after the maximum. It was immedia-~
tely followed by an apparent ccncave upward section. 1Its
separation region 1s the shortest. The curve for model 8 has
a lcng ccction concave downward, therefore, the separation
region drags for very long. The curves {or models 5, 6, and 7
are in the middle. The first portions of the three curves all
are ccncave downward to more or lecs the same extent. As for
the concave upward portion which follows, curve no. 5 appears
the earliest and it is also the most apparent. Its separation
region also ends the earliest among the three models. The
concave upward section in the latter portion of curve no. 7
appears last and it is also the least obvicus one. Therefore,
its separation region is the longest among the three models.
Model 6 is situated betwezen the two mentioned above. The
axial M number distribution curve in the main flow region for
Model U4 appears to be obviously concave upward in a relatlvely
long region and immediately it appears to be concave downward.
The downward region is smaller. It is predicted that the

separation region begins later and its range is smaller. Experi-

mental results completely verified the conclusions of the above
analyses. The distance between the starting point of the sep-
aration region and the lip for model 4 is larger than those

for other models. It is 4 m while for other models it is 0.5 -
2.5 m. Curve no. 3 obviously appears to be concave downward

in the beginning section. Based on the first conclusion, the
boundary layer must separate. Experimental result indeed
showed separation.

Table I 1lists the theoretical analytical predictions and
experimental results. It shows more clearly the consistency
bewteen theoretical and experimental results.

The above analysis indicates that based on the variation
of velocity in the main flow region we can predict whether
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Table I

Benm y X R A1
may diph it mame L ARTEARTON | HRZAAARSan
5 WA a(em) 2 R slem) 3
! EHM O ’ 0 : 0
2 ,5,6,7TH8SEEhIREXRE 7 1.0 : 5.2
3 uNX o <1, . 5.7
4 AW FFLEB, aHEh 9 4.0 8.7
s S, M7 U=Rha RN 10 0.5 9.1
6 s, 67 8=gtgm 1L | 1.0 j 9.2
7 S, 67 8= RPN NEREGAK 12 1.3 12.3
8 2,5,6 TRIBGHE Do NLNMAK 13 ‘2.4, 12.3 °

Key: 1. Experimental results, 2. The distance from the starting
point of the separation region to the lip Xl(cm), 3. The

distance from the end point of the separation region to the 1lip
x2(cm), 4, Predicted situation in the separation region based on

theoretical analysis, 5. Model number of gas inlet duct, 6. No
separation, 7. Shortest separation region among Model nec. 2, 5,
6, 7, and 8, 8. With separation, 9. Separation region starts
late and has a small range, 10. Separation region ends the
earliest among model no. 5, 6, and 7, 11. The middle one in
models 5, 6, and 7, 12. Longest separation region among models
5, 6, agd 7, 13. Longest separation region among models 2, 5, 6,
7, and 8.

boundary layer separation will occur or not to a certain extent.
It provides basis for the design of gas inlet duct with good
flow characteristic and small stagnation pressure loss. Or,

it can predict the quality of the gas inlet duct already
designed. It can be envisioned that the velocity variation in
the main flow region can first be defined during the design in
order to select a variation which corresponds tc a flow with
good behavior and no boundary layer separation. The dimensions
and the geometric shape of the cross-section can then be deter-
mined based on the:-velocity variation.

The necessary condition for no separation in the turbulent
boundary layer obtalned in this paper is actually not related
to the parameters associated with the gas inlet duct itself.
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Therefore, this conclusion is not only applicable to s inlet

ducts, 1t also applies to the turbulent flow laside corprecror
and cascades.
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