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\ + steady conditions.

The performance of a helium driven shock tube, 15.25.cm in diameter

r

and 7 m long, is investigated experimentally for its abiJity in providing
uniform flow for use in testing supersonic flow in compresso;%Lcasgades. At

the downstfeam end of the shock tube, a 5 by 10 cm rectangular tube, 2.4 m
b ‘ t ?
long, was mounted to allow two;dimensiona'l flow visualization in the

test\section which was desigqed to hold the ‘éascades at various angle of

v‘ LY
" incidences to the incoming flow direction. ~

¥
a
(: sy
H .

The uniformity of the flow entering the test section was examined via

spark, schiieren photography and the use of a wedge and a blunt body of
<

revolution. Pt?‘ass'ure measurements were performed downst\eam of the shock.
,*i;ube to determine the duration of the uniform flow. The results show the
presence of a constant pressure period of-about 1.0 milliseconds. Ouf. of .
't‘t'n's period the total data acqu'isitioQ time was mathematica‘l]y found to be‘
\ ai*ound'ﬂ.SS milliseconds, which is large enough for the flow to achieve

G .
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. were clearly observed. By placirg small disturbances along the suction an
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'. " Compressor cascades were mounted in thc test .section. at vari\ou angle of

incidences to the uniform supersonic flow at a Mach nunber of 1. 5% nd the

flow was exami n¢d via spark schlieren photography and pressure Measu ements
Using three blade system, nounted on tuo_plexyglass wjndows, similari ‘ in_ i "
the flow was easily achjeved, provided that two extension ‘phtéswar_'e pfesent ¢ {

|

downstream of the first and.the Tast blades. \

"The flow conditions and pressure ratios across. the.cascade’s were varied ) .
by means of a damper placed at the end of the extension plates. With th
damper absent, supersonic flow is’ naintained inside passages The contact of

discontinaity at the trailing edge and associated oquue shock waves system

pressure surfaces, additional Mach waves were ‘formed in the flow. The expé i-

mental Mach number v‘arn‘ ation along both surfaces, wege theh determined by

measuring t.he Mach angles from corresponding schlieren pictures. They wer/é

found to be in c]ose agreement with those obtained the,prehc‘ally by the / ) - b
method of éharacter’istics and ‘n'th those provided by PWAC using Time Dependent’ ,

Finite Difference Scheme with artificial viscosity. With damper partially

- closed, strong shock waves were observed and the flew behind those shbcks'

- .
become subsonic. : ‘ . T
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" ment on compressor hdas always been expensive and time consum1ng, in large

few, the Sope}sonic Wind Tunnel, the combusted Ludweig Tube and the MIT

~ ” - /’,

, o . >\ . CHAPTER I -

| - -/ INTRdouFLIK?h S a1

v

:'The design of‘sﬁﬁérsonié compressor cascades has been hampered in the

\

past ‘due to the difficultdes in simu]atind the f]ow conditions which® they
uridergo in actua1 f11ght exper1menta11y as wel1 as‘analyt1ca17y Due to

the fact that mathemat1cal treatment of the supersonic flow about an afrfoil

is so involved, experimental investigation may therefcre be needed, espgcial]y
in those cases where theory cannot' predict the rea1-performancé of compressors e
under some specific operatkﬁg conditions. Experimenta]]y, research and deve]op-
partly .because simulation of both Ma;h number and Reynolds number has

ngcessjtated research on fu]l sized, full speed test rigs, with problems of

large mechaﬁicé] stress and high power comsumptions.

tpeqéyare many testing facilities which are currently used, to name a. §
Blow Down Compressor [1-2]. Although these-apparatus enable one to obtain
the desired flow conditions, the operating costs, maintenénce‘and power
limitations have restricted the Continuous use of those facilitigs.
For the above reasons, it is the objective of this research to-
eliminate some of these restrictions and make possible fundamental studies
of aerodynamics, with full flow conditiohs simulation at modest cost. This

led to the conception.df this exberiment to be discussed here, in which a

L

[ 4 . .
.shock tube is used to drive a test gas, through the proposed compressor

~cascade, at a supersonic uniform flow.

\ )
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The type of shock tube employed is unigue in a way that the test section
s located downstream of the expansion chamber and open to ;mbient This
arrangement offers sever#ﬁ advantages [3]. First it elimipates the problem:
of leakages, second, it offers simpler wéys of installing the test object | i

and in altering the design as compared to the test section located inside

the expankion chamber. The downstream end of the shock tube (driven

P . . !

“section) is separateg}from ambient air by a thin diaphragm while the driver
section, which is separated from the driven section with another diéphragm,

1

is fi11ed with helium at a specifgc pressure. .
- ~N <

¢

»

The driven isctioﬁ/;§ evacuated to a predetermined pressure, such that
when the diaphragm is bursted the incident shock ]eaves the shock tupe,“
followed by th; supersonic flow$ During the passage of. this supersonic
flow, aerodynamics data are acquired via schlieren photography and pressure
measurements.

Different flow Mach humser could‘be obtained by vafying tﬁe diaphragm
thickness separating the driver and driven chamber and/or varying the .,
pressure ratios across the two chambers. The duration of uniform super-
sonic flow in the teét section could be varied by varying the length of
the driven section.

The advantages of using the pﬁféent techniques over those of the Combugted

Ludweig Tube are the ommission of the required nozzle and choke plates

" designed specifically for a given flow Mach number and the elimination of

_ the combustion process which did lead to flow non-uniformity. The.factors

o

contributed to the low cost of the present design are the small amount of .

-
!
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the.test gas used and various different gases that could be employed depending

-

~ % on the flow Mach number desired. Finally this apparatus could be used not

only for investigat1ng flow behaviour about compressor or turbine airfoils.

& ‘but also, if proper mod1f1cations are made, for other types of aerodynamic.

o \testings, i.e. for 1nvestigat1ng the stab111ty of converging shock wave [4T.
. ¥
W S
' In the fol10w1ng chapter, the theor1t1ca1 analysis of the shpckxtube
and the method—uf\characteggstics which is used for flow calculating inside
A ‘ the cascade passage, are presented. The experimental apparatus and its
secondary units, followed by discussion about the experimental grocedures

N

and techniques are presented in Chapter 3.

2 ’

-§ . Experimental results and dscussions are described in Chapter 4.

Fina]]y, Chapter 5 completes the reports with the concluding remarks and

points to be improved for future study.
Y,

In the appendix detailed derivations of shotk tube equations are

included.
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* produced by means of rugturing the diaphragm separating the high pressure

CHAPTER 11 b v

. . THEORETICAL ANALYSIS
)

A A shock tube is a device in which~high speed flow and .shock waves aré o

2.1 Theory of Shock Tube

., fegion (driver) and Tow pressure region (driven) [5]. ng. la shows a

schematic of a simple shock tube while Fig. 1b shfrs fhe'pressure distrib-
ution along the shock tube prior to and just after'thg fdpture of the »
diaphragm. ‘

»

hhen the diaphxégm is caused to rupture by simply incrgasqng the driver

chamber pressure, a shock wave travels into the low pressure chamber and a

raqpfraction waves travel back into the high pressure chamber.

The region bounded by-the sﬁock front and the tail of the expansion
waves is a region of constant pressure and uniform velocities. However,
the temperature and densities in.these regions are not uniform. The
regions, of different temperatures and densities are separated by broken
tine (Fig. 1c5 which is called contact surface [6]. Tne broken line in
Fig. 1c denotes the position occupied by that gas which was origina1f§>
at thg di?pﬁ;agm, the gas on the right side 6f the contact/ﬁurface has been

heated and compressed by the" shock wave and hence has lower densities than

“the one iocated on the Teft of*the contact surface which has been cooled by

-
the expansion waves. ) ,
. / _
| ) ‘ °
Fig. 1lc shows the X-t diagram of'thé‘processes oﬁcuring in the shock

#

- ‘
tube after rupture of the diaphragm. Region 1 contains the gas that




y

v

A

originally occup1¥s the driven chamber whereas region 4 contains the gas

that originally ‘occupies the driver chamber. The shock front is represented

by 1ine OA which has the slope of gﬁ = Gl . '
s

_ i / 3

“

, s
. When this shock reaches the end of the expansion chamber; it reflects,

thus creating a pressure build up behind thié reflected shock. At one .
poin§ of the progess the pressure becomes excessive and causes the ;ecoﬁd
thin diaphragm to burst. This will r;sulf‘in the formation of ; transmitted
shock and a reflected wave. The transmitted one diffracts and causes the
pressure at the downst}eam end to drop monotonically, resulting in a system A
. of expansion waves to travel upstream catching up Qith the reflected shock v

and make it dhapge its direction to leave the shogk tube as demonstrated

in Fig. 1c.

A}

\

time interval between the arrival of the reflected shock wave and that of

1

\\ « uAccordingly, the experimental data should be obtained during the

\ihe contact surface to the downstream end of the shock tube. In Fig. 1lc,
. ; .

the contact surface is represented by broken-line 0B whose slope is 1/u2.

) It\wi]] be demonstrated later that this test time inte;val is a function of
\ i

driven chamber ]g?gth and to ; certain deg}ee to the thickness pf diaphragm
DZ' }onger test time interval should be produced by extending the expansion
chambér length and for the sake of this time interval it will be advantageous
to emp]?y diaphragm 02 as thin ;5 possib}é. However, excessively*thin

dfaphragm might probably fail during the process of evacuaton the driven

chamber pq:or to ‘each experiment.

\

'
.
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The performance of a simple shock tube can easily be made by assuming

d

that the gases in the driver and drivgn-sectionSv(denoted as gases ''4'' and

‘'1'' in Fig. 1c) to be ideal gases having constant specific heats and by “
assuming that the diaphragm plays no part in the processes. once it has

shattered and the 2-dimensional. shock and rarefraction waves are formed
o A

- immediately.

The parameters which determine the shock mach number or the flow
mach number behind the shock are the ﬁressure ratios across the driver and
driven chambers, the specific gravities of the gases and the initial

temperature of the gases.

The equations that determine the per?ormance of a shock tube in terms

of .the above parameters are given in appe\dix I.

2.2 The Choice of the Driver Gas

L]
It is the objective of this section to demonstrate the advantage of

using different driyer gases to get stronger shock wave at a specified
pressure ratio. The equation which relates the shock strength to the

tube parameters (i.e., P4/P1, a4/a1, y4/y1) has been deriveé in ippendix I,
namely equation 21. It could be proven using equation 21 that wjth air to
air shock tube, the maximum theoritical shock mach number is only approxi-
mately 6. F&r this reason it is sometimes necessary to apply different gases
to groduce higher flow Mach number. ' Examining equation 21, it follows that

to increase the flow mach'nuMber it is necessary to make the sound of speed

ratio a4/a1 as high as possible and to choose the driver gas with the

molecular weight as small as possible. To demonstrate this phenomena we

make use of equation 21 for three different types ot)gases namely air,
.

e

P —. e
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helium and hydrogen. Assume that both chambers are initially at T = 259C

and the following are given

. Fok Afr . y=140
R = 0.287 kJ/Kg°K
For Helium "y = 1.67
. : R = 2.079 kJ/Kg°K
For Hydrogen vy = 1.41
| R = 4125 KkJ/Kg°K

The general equation for simple shock tube is

i Yp - 1
Z ‘1 P 2y
a Yy, +1 2y M~ =y, - . :
4., °1 S 1 4 1
( )71 - {( () . J=EM_ - & (21)
a,"" Y, lg! y1+1 Py’ s M
Substituting the data into the above equation, we obtain.
Py 2.8 M7 - 0.4
For Air . Poc
1 T
' MS":/HS 7
2.8[1 - (=)
‘ 2
P4 2.8 Ms - 0.4
N For Helium P = 0
) 1 —
' ( Ms - Ms) 5 .
2.4[1 ]
10.5?
, 2
P4 2.8 Ms - 0.4
T’or Hydrogen P - 1
- 1 M - F-) 6 9
1 - ( S - 8§ .
. (24101 - T

°
Using ythe above three equations, every ,Ms will yield a required value of
P4/PI. ’The corresponding graph of Ms versus P"/P1 for three different

gases is shown in Fig. 2. It clearly shows the advantages of using hydrogen
and helium instead of air. However, t;\e safety hazard of using hydrogen

prohibit the use of this gas, hence throughout this experiment helium will be

used as the driver fluid.



A further gain of shock strength can be achieved by increasing the
sound of speed ratios, one way of accompﬁshing this is to heat the driver-

gas, as in the case of Combusted Ludweig Tube [7].

2.3 Two-Dimensional Analysis of Supersonic Flow Around an Airfoil

r

Thg exact solution of the supersonic flow inside the cascade passages'

[ 4
is obtained by the method of characteristics. The full discussion of the
method and the_equations relating v and 6 for the case of steady two-

dimensional, nonviscous, irrotational flow has been outlined in appendix II.

Given the blade surface coordinate;, it would then be poésib]e to draw
the blade profile by joining these coordinate_points by straight lines. .
Hence the blade surface consists of these hsmaH straight line ''segments''.
The angle of incidence of each ''segment'' to any flow direction could be
figured out from its slope and is used to be the boundary condition to the
wave diagram. Tablﬁe‘m lists the coordinate points of the pressure and

suction surface of the airfoil that was proposed by PWAC.

The flow Mach number and pressure upstream of the comp';‘essor cascade
was obtained experimenta]"ly ;’md the wave diagram of the supersonic flow
across the cascade has been drawn for two different cases, one for zero
angle of incidence and another ;)ne for 4 degrees angle of incidence.
l.infortunate]y due to the advanced nature of the problem and the scope of '
the present research, it would be impossible to répre,sent accurately the
flow behaviour at the entrance vicinity of the cascade system. For this

reason it would be appropriate to assume that we have a finite thickness

airfoil. Accordingly this assumption will eliminate the blow shocks

-




~

which were observed, standing upstream~ef airfoils. Since the axial

!

entrance flow Mach number in this case is greater than urﬁty, this
. “ ‘
assumption will not lead to large errors, as was proven by [8]. Let us
I

demonstrate the use of the method of eharacteristfcs to solve a two ~

dimensional St‘nper'sonic~ flow inside a series of compressor blades. Suppose
we have two compressor blades in series as shown in Fig. 3a, oriented at

a 4 degree angle of incidence to ‘the incoming flow direction.

L

&

Knowing the Mach number and static pressure upstream of the system,

« J
we could represent the flow by a set }f R and Q waves

N

- Mupstream 1.528 . -
y )

" Pupstrean = 12-82 Psi 4 ;

|

N
From 1§ergn-op1c flow table (appendix A of [9]), the total upstream pressure,

N

1.e P,. was found.to be 49.16 Psi. .

ti

LY

—~

With the help of Prandti-Meyer table given in reference [9], it was

found for M = 1,528 that v = 12.79.

- L]

Then o .
) y

-Characteristic Q=v +6

12.79 + (-23.65)

-10.862

v-©5

S Characteristic R

12.79 - (-23.65)
[}
= +36.44°

. Note that for convenience, the horizontal di?'ectioyb is set to be -23.65° .
. =

from positive x-axis (clockwise direction is negative).

»

.
. \ e . e -
v ' o
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These sets of characteristic waves could bq\drawn through the fact that

Q and R characteristics are makﬁng‘angles of (6 - p) and (8 + u) to hori-

zontal direction, respectively.
-} -

¢

1

flow up to the entrance region of blade 1,'§?ere there is a §:aden

Ad;égétive‘def1ection anbﬁe of 2.2 degrees. Since we ignored the blade

thickness thg;g\wil] Be a simple Prandtl-Meyer expahsion wave originéting

’

at the upstream end of the suction surface.

These characteristics could be used to !'simulate'' the supersonic

The flow properties behind the tail of thesé expansiorf\waves would be

)
found as follows (see Fjg. 3a for location of the subscript numbers)

V. =-12.79° ; from Prandti-Meyer table with

.21
r
M 1.528 ’
V32| = V21 + 2.20 . W"
= 14.92° _ :
, N,
[' M3y = 1.603 ; from Prandtl-Meyer table with
t o ' | V32. = 14.92
p32| = "38-60° 6

*

Al otheﬁ’properties behind the expénsion waves could be fogbd by the he]p

~.5
'

of isentropic flow table.

v

To find the flow properties of point 42, the boundary:conditions given

in table 1 will be used. “~

' : — oo o a
— Qyy = Qgpr = -10.90 .

) Point 42 falls on region (segment) 3 of'tlie suction surface. Hence?

04y = 2?.96 H from table 1

! ‘ :ﬂ\t _' ' . |
Q) \

A

¥
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{

T .
* -11- ~
Then B Vgp = -%9.90'- 642
€ e ‘= -10,90 + 25,96

© " =15.06° Lo N\

Ry, =V

42 -8

a2" %42
= 15.06 + 25.96

= 41.02°

~

Properties of~point 43 will be found as follows: . '

-

R = 41.02

a3 = (V7 8)43 = Ry
. Q3=+ 1005 = Qg = 10.90
S .

So]ving thése_two equations simﬁﬁtaneously,,all properties of point 43 could
be found and’ﬁfe tabulated in table 2a.
_ e ‘ .
- In this fashion"the wave.d1a§ram could be constructed mesh by mekh
until the formation of the shock.wave. from tie pres§hre surface, due to a

sudden positive deflection of 4° (see table 1). A1l flow properties ahead

‘of the shock are known, together with the known geometric def1$gtion anglé§

they can be used to find flow properties behind the shocF wave, -
The intersgs;don of the characteristic and shock wave could be '
constructed only by trial and error method. It is customary to assume gﬁg

flow directions behind the shock and check the va]iditj of the assumption

using the boundary condition on the pressure surface. ' . .
— — . ) . - \ '
. .
L N ‘
e . .
[ ' . “ o .
. ) 4

@ -~
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: ' However, this method is necessary only .when the oblique shsck Qresent
id a strong one, obviously this is not the case here. Furthermore the
obl?que:shock) further &owpstream 1s'wéakened by: the arrival ?f the
eipansion"waves from suc%&on surfpce. Fér this reason, it is‘sssumed
P :

that R waves are constant across the shock. The Q waves behind the

shock are found by trial and error method, if the assumed Q wave meets

the intersection ‘between R wave and the shock, we found the right value 2§¥ .
';of ?'f cherwise vary Q until, R characteristic, the shock and Q N
™ ‘ characteristic fﬁterigft at one point. The slope of the shock further
down;tream_is obtained by averaging Q characﬁéristic before Snd after the
' | ' i

' shock, better value is obtained by évgraging the above value with the ome

P

obtained from the next mesh. -

’

Assume 9i41 =“-18.80 ; beiweeh'the values of
Q129 and Qy3p-
. [, )

It is found that the R wave of point 139, G wave from point 141 and the

average slope of the shock wave oﬂ point 128 and 129 coincided at one point.
) ¥ ]

This condition implied that the assumed value of. Q141 is the right chdice:

Further point proﬁirties are to be found in table 2a and the wave

-

~,_ diagram itself is shown in Fig. 3a. The presstufe surface distribution atong
~ ¢ ' ' - - .

—

the suction and pressure surfaces were plotted in Fig. 26a. Similar wave P

- - diagram but for the case when the uﬁper"portion of the blade is oriented -at 0°
)

of incidence to the incoming flow direction, has been constructed, see Fig. 3b.
The resulted pressure variation daléng Both surfaces is shown in Fig. 27.

]
x "
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Detaileg discybsion of the results will be given in Chapter 4, where

a comparison of the experimental results w?th the theoritical values . ’.
obtained by method of characteristics and results provided to us by \\
- . A TN '
PWAC is presented. . <
4 et . .
2.4~ Process Occuring at the Shock Tube Exit ) ) e

Fig. 4-demonstrates the diffr;ction procefs qf the transmitted shock,
where the shock wave originating at the iocation of the aiaphragm travels
radially outward creating a coﬁt1nupus preésure decrease at the entre of
shock tube exit. Tﬁe fluid ﬁart1c1es upstream are given the messages about
the presence of this low pressure region by means of expansion waves
’orginétiqb at downstyeam'end with the head travelling back into the tube.

-

These waves of expansion interact with the reflected shock brought

- about when the incident shock hit theosecond diaphragm. The lattee

becomes weaker 'so that. its propagation velocity decreases. The

abso]hte propagation yelocity becomes zero when the shock maep number
bECbmes"equal to that of the incoming supersonic flow (ahead of the shock);
upon fyrtheﬁ weakening, the shock is no \dnger capable of.advancing upsﬁkeam
and.is swept downstream. F%nal]y when it reaches thg exit of the tybe,

the initial flow is reestablished. &

| )

-

It is necessafy to find how far upstream does this disturbance (shock
. . o> ¢ -

wave reflection) travels bd¢k into the tube and after what time interval .

-

is the initial flow reestablished.

.
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;_*_____Ingﬁggg@jg;ﬁigg_ggglg_ge made possible by\constructing a wave diagram
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The§e answ;;s are crucial in the sense that the time interval of data
acquisition is very limited and it is imbortant that the in1t1§1 §uper§gnic
4 flow has been recovered before the contact of discontinuity reaches the test
‘section. .
. (]

+

)

simulating the 1nieraction between the shock wave and the expansion waves;
from this ft is possible to predict the net total expériment time available
) ) *

and hence the delay time given to the process, after the second diaphragm

is shattered, the experiment data is acquiréd.

t \
*

A wave diagram is constructed and the details are presented in

Chapter 4. e
. . . /
0 .

14

2.5 Different Methods of Obtainﬁng Supersonjc Flow Mach Number 1.53

.There are several methods that could be used to obtain higher flow
- y )

Mach, number than that obtained by simple shock tube for the same initial

‘ AN
pressure_ ratio.

One of the possibilities, illustrated in Fig. 5, is to employ two
high pressure chambers 3 and 1 in series, constituting the driver sections
« with an initial'pressure difference-acrbss the diaphragm. f.e, P3/P1 and

‘P1/P2 are greaﬁer than 1. In operation, aiaphragm D, is bursted by any

1
convenient means whereupon resulting shock S1 moves into quite gas (étate 1)

which is thus accelerated, heated and compressed into uniform state 5 Upon

arrival of incident shock S1 to the location of diaphragm D /_It is

2
reflected, thus thg'driver gas (state 6) is further heatédfsjg, it also

brought to rest, i.e. U6 = 0.

4
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" After time delay t q° the pressure at state 6 js™arge enough to break:

20 resulting shock Sz to move to driven champer 2. The fnitial channel

2 then resemble thft of the conventfona'l shock tube. éxcept

th‘at.the driver state 6 is at increased temperature Ts > Tz. The resulting

mach number M,, of shock S, is greater than ‘that obtained for, single

|‘diaphragm operating at overall pressure ratio P3"/P2 and overall temperature

|
ra_tio T:‘,/T2 s 1.

" .Although this method sounds quite reaay t'q‘ be adapted’ presently, it
will nmot be employed for the following reasons. Its use 'o'f 2 driven -

chambers required much longer total tube length than square shock tube.does,

that in turn required longer 1ab space whicﬁ we are not equipped with.

Secondly, its diffe‘rent nature of conftruction from sduare tube, required
different steps of debugging and types of pre'liminar;\ll tgstings from those
already been done ‘for the case of simple helium dr'(v‘en sh(;ck tube. Finally
financial support 1imitation of the present stage \qi;ll not tolerate us to .
consider such a‘a compiex design. ‘ ~

x .
Fortunately a much simpler technique but produces only a sii pﬂy”
s 4

/ v K]
" “increase.sf flow Mach number could possibly be done by adjustin§ the simple

shock tube driven chamber pressure in such a way to produce™an underexpanded

jet. Further dfscussion of .this technique will be presented in Chapter 4.
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S CHAPTER 111
EXPERIMENTAL APPARATUS AND PROCEDURES
- N
’Preliminar‘y tests.were carried out during year on; ‘of the present two
year; project tp determir;e the ability of a helium dr;iven shoclf tube in
providing uniform supersonic flow for few milliseconds and in visuﬁ'liz-ing the
flow in the cascade passage. The shock tube used for this phase‘of the work

~

was the 52 by 52 mm square shock tube. B .

3.1 The 52 ‘'mm Square Shock Tuhe
“u

The 52 mm square shock tube used in the preliminary testing was

.constructed from seamless structural steel tubing with a 6,35 mm wall thick-

|~

ness and consisted of-a driver section of 1.524 m long followed by a driven
f:ND
section of 4.57 m long. Single mylar sheet of 0.50 mm thick was used,

separating the helium in the driver section from the air in the driven

section. Also a single mylar sheet of 0.0254 mm thick was used to separate

. |

the partially evacuatéd driven section from ambient conditions. The
compressed helium in the driver sectfon was supplied from a reusable helium
cyHﬂder)whi’le the driven section was kept to a vacuum pressure of 640 tof

700 mm Hg. A schematic of the shock tube together with its facilities is

shown in Fig.’)s. The test[xection is located downstream of driven section
1

inserted firmly into the flange at the end of thegshock tube. . The design ‘fof

this test section will be discussed thoroughly in section 3.4.

——

1

'

|

=
- 4

3.2 The 15.25 cm Nominal Size Circular Shock Tube

~

J
The apparatus used to obtain the final results i1s the-15.25 cm nominal

size circular cross section shock tube, which has bigger and Tonger, J
|

I

dimensions than the squ'a're one, hencé'gives Tonger test time duration: ‘

. . 1
N t

e— B
¢

ra

P




" cross section (10.

" tube. The driven section simi‘!ar]y consisted of a'3.81 m long cylindrical

. 4

and prpvides larger area of uniform flow in the test section. This shock

N -

-tu'be is constructed from a cylindrical 15.20 cm I.D. seamless steel pipe of

5.60 m Tong with 7.11 mm wall thickness. An additional 1.22 m long rectangular

§
The design and function of this extension tube will be discussed in a later

@

16 x 5.08 x 0.472 cm) tube has been added to the main tube.’

section.

4

l"u - Ll
£

The driver section cbnsisted of 1.80 m lTong cylindrical cross section

cross secfion tube followed by 1.22 m long rectangular cross section' aluminum
tube. As discus’éeé, before, this dri‘;en section length is necessary to delay
the arrival of the contact surface into the test section.

The test section, as Fig.‘ 7 shovfs, is inserted firmly into t;he flange at
the end of the extension rectangular tube. This '{nsertion 1sln.esessary to
ensure the S]ignment of the test section to /the ﬁuﬁn tube and t:o p;event any

flow leakage.

\

o

.

The shock tube was mounted on four suppor;ts, two for the driver and the

"

other two for driven section. Each support consisted of an adjustable height

roller mounted on a steel column. At the end of each section a 68 Kg forged

\steel, slip-on flange was attached with full circumference weld and an 0-ring

. groove was cut in the raised face of the flange.

Some cares were taken in the design of the shock tube as a vacuum systenm.
The number of instrumentation access hole in the driven section was kept to a

minimum. Neoprine O-ring seals were used on both flanges connecting the
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driver to the dfiven sections and on’th& flange at the end of driven chamber
to assume good grip on both sides of the-diaphragm and to reduce any leakages.
Vacuum grease was used on every connécting flange.

(/

3.3 Design and Function of the Rectangular Cross Section Extension Tube

7

As it was mentioned in the preceding section, an extension of the shock
tube driven section was needed because its optimal performance was based on a

predetermined length.

The employed extension tube was manufactured from a rectanguiar cross -
section aluminum tube with good surface finish, to minimize any flow inter-

ference. The extension tube was connected to the main tube via an aluminum

flange which was welded on the rectangular cross section tube at its mid-span.

The purpose of utilizing the two dimensional cross section tube was to
convert the axisymetric flow generated from the main tube by the rupture of
the diaphragm into a two dimensional flow. The insertion of half of the

rectangular tube into the cylindrical tube and the choice of its length was

to ensure the recovery of the flow due to the extension tube inlet disturbance,

before entering the test section. Both ends of this extension tube Qere
carefully chamfered. For instance, the upstre&m“éna was chamfered from-all
sides to gbout 5° inﬂorder to minimize the flow disturbances-at the inlet
region. At downstream end, an aluminum flange was welded to sefve as a
clamping base for a second flange. These flanges were used to héld a thin
diaphragm which isolate the ;ir inside the driven chamber from ambient air.
To preveﬁt any leakage, an O-ring seal was installed on the base flange. A

schematic view of the described extension tube is presented in Fig. 8.

v
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‘3.4 Test Section |

. inserted in holes of the plexyglass windows so as to stay firmly 11’3posit16n;

PA— LA 4 ] LY "

The test secti})n used is located downstream of the driven section and

'co'nsists of't‘ho paraJle] plexyglass windows inserted firmly into parallel

-aluminum plates. A number of secondary fasteners were located on the

\ ‘ , R
convection between the wi ndows and the aluminum plates, to ensure the ;

allignment of this connection, not to introduce any disturbances to the flow,

The plexyglass windows were used to anow the aerodynamic visualization
of the events within the blades using Sch]ieren phcftography systenm,
{
The blades are held in positions by m pins on each side which are '
These windows were allowed to be rotated to vary the airfoil 'angwe of 1nc1<‘i‘ence
to the incbming flow direction. The two a’lun?inum parallel plates were mounte‘d

I

on a horizontal’ a]uminum base by means of screw fasteners and the whole test.

section was sitted on top of an adjustable stand which permit the test sect1on )

, movement ’Iongitudmaﬂy as weH as verticaﬂy The test section a'lignment

»
to.the: main’tube was done by inserting the paraliel.aluminum p]ates ﬁnto two

parallel grgves at the end flange. - ( )
o . . T

-

- During the experiment the plexyglass windows were secured by clamps to

prevent ﬁhe expansion of the windows under loading. The described test

4

section is shown in Fig. 9.

e

" 3.5 Schlieren System

Top view of the schlieren system is shown in Fig. 10. S, is a continuous

light source located in front of a AOndenser Tens L1 and 52 is a spark light

S
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source situated between l.1 and "2‘ Either 1ight source praoduces an effective
light source /Sgrthe size and shape of which are controlled by knife edgé Kl‘

J«l'h‘a’s/fo be positioned at the focal point of a spherical mirror to M1 to give
A a.parallel 1ight beams, gaﬁssi‘ng through the test section and \sh1ning on another "
spherical mirror M2. ‘
"2 converges the 1ight rays to the focN point 54. Another knife-edge KZ -

is used to cut part of 5-4, producing the schlieren effect, in such a way'that .

only a certain fraction (often about half) of the light enters the .camera. ~ .

Continuous and spark light sources are used. The continuous 1ight is
required for alignment and adjustment of the schliefen components and the
: . o . i .

spark light source supplies a 1ight pulse of 5 to 10 microseconds for

instantaneous photography'of the flow phenomena.

The continuous 1ight source is an air-cooled 100 watts concentrated Arc

lamp connected to a (ENCO) power supply unit.‘

"

.
1

® !
To obtain an effective 1ight source, two optical condensers of 17.5 cm
focal length are used. The two spherical mirror of 15 cm diameter (made by
Unertl Opticfl Co.,,Pittsburgh)' have 1.232 m focal péint each. The plane

square mirror of 5.cm wide, is used to fold, the beams so as to give a compact ) ,

arrangement. The K fe-edge component for 1ight, interception consists of
razor blades held 1n‘p051t10n by four screws and framed on a stand with

sliding adjustment. . ‘

A polaroid MP-3 land camera, without lens is used to hold the polaroid

film (type 47, ASA 3000). The cpmer’a sits on a stand which is adjustable for




setting the right distance between the film.and the spherlica‘l mirror "2’ a

critical requirement for obtaining a sharp photography.

4

®

. ¢
The ratio of the size of the image on the photography plate to that of .

the object in the test section is defined as magnification factor; m [11). -

.
This factor is given as the ratio of the distance to the. image from mirror Mz
: ’

and the distance to the object from mirror M2 which both could easily ‘be *
calculated from the mivror formula. However, a simpler way of obtaining this

number will be'adapted here. A vernier with a specified opening is located
at the test section, then™m is simply the ratio of the image opening or the

4

photography plate to the actual opening of “the vernier. It is_ found the

magnification factor for our case to'be 0.52.

’ ~

3.6 .The Time-Delayed Spark System

Sch]vieren observation of nonstationar"y gas dynamics phenomena frequently
requires the use of high intensity, short duration 1ight source. This is
practically applicable, in shock tube facilities where events are typically
characterized by times of order micreseconds. In adci'ttion, sequence photo-

Qraphs are.often necessar& for complete description of-a particular phenomenon.

. Thus, some provi;sion for high frequency multiple flashes is dgéirabh.

Alternately, if the events have a high degree of repeatability, the phenomenon
can be reproduced e‘md ﬁhotographed many times with each successive photograph
delayed relative to its precedessor to yield a time history of the events.

This Tatter process will be made possible by employing the Time-De]aS/ed spark

unit. v

\
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, The primary components of the apparatus are the trigger unit, the sp;ark
lamp and the time delay generator. They are coupled with a triggering' device
by various secondary units. A schematic of the entire system and approximafe

pulse valtage of the components is presented 1nfig. 11.
\ ' .

The trigger circuit of the system consists of : piezoelectric pressure
traﬁsducer (component 1 in Fig. 11) followed by a pulse amplifier (component
2) and a pulse generatgr (3) which serve two purposes. First, via a capacitive
vo'Itaﬁe dividgr. one pulse 1is sent to trigger an oscilloscope which s used
for timing purpose and ,checki'ng the accuracy of the un;£ when ngcessary, and ¢
another signal of sufﬁ;:ient ampiitude is sent to ?m'gger the déhy'éenerator
(component 5). .

/

In addition, the use of ma};u;l firing switch on the pulse generator (3)
‘ allows tesjt‘lng"' the rest of tb’e sestem without the necessity of firing the
shock tube, this feature is particularly advantageous for cthecking the alignment

. *
‘of the optical system.

The delay generator output yoltage is amplified and bsed to trigger
another pulse generatori similar to that in the trigger circuit. Thus, after
: speﬁified time delay this unit generates a pulse amplitude of 400 volts, °
l'suff1c1'ent énough to trigger the spark unit (component 7). The spark unit

thch functic;n as a light source for the schlieren optical systenm, cqntro'ﬂed

by a hydrogen thyration tube acts as a switch. A positive pulse at the grid .

causes the thyratrof¥ to conduct and induce a spark to arc aéross a high
wvoltage gap. Within the delay generator diagram, a manual 941' tch allows

‘Selection of a 100 microseconds range delay or a 1000 microseconds delay. The

P foan et e e




) driven chamber was chosen to be as thin as possible, so as to minimize the

-23. - j

v
\ .

control furnished an actual delay range of 10 to 250 microseconds and 40 to

2200 microseconds, respectively.

This unit was ‘tested and gave the desired high intensity light source
. * . ;.
for 5 to 10 microseconds which was found large enough for our schlieren
system using pressure transducer of 1 microsecond rise time. Further details

of each component could bve obtained from [12}.
;- § }

3.7 Secondary Units

B L)
Several secondary units are necessary to support the other primary !

L

facilities. Vacuum was provided by a Balzers Vacuum p{i (type DUO 5, " - |

ultimate pressure of 0.0i mm Hg). The vacuum pump was connected to the

control panel by 1&0 cm I.D. copper tubir!g and, via a rubber tubing of 1.27
cm 1.D. to each.chamber (driver and driven). The vacuum pressure intthe
driven_sec_tit':‘h/a'as measured by an MFG testing guage range 0-760 mm Hg vacuum.

The max(imum' error yielded was $0.25 ¥ of ful) scale.’ Another similar guage

was -useb for measuring the vacuum pressure in the driver section prior to the '

i
introduction of Helium into this chamber.

N |

During the introduction of helium, ‘supp'lied from reusable HP helium v

cylinder, the driver chamber presssure was measured by an Ascrf;ft testing

guage, range 0-63 Bar.

Mylar plastic sheets of various thickness were used as diaphragm, whose

\

thickness between the two chamber was selected e;tperimentaﬂy according to

-

the shock Mach number desired, whereas the second diaphragm at the end of

. flow disturbance upon its rupture.

o
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: 3.8 Experiment Procedure
A~ » -
\ A11 tests were performed using helium as driver flﬁid. For both tubes H
\ . <
a diaphragm of 0.5 mm thickness was used separating the helium from the air L
" in the driven sectiot7/a mylar sheet of 0.0254 mm thickness was used to
separate the partially evacuated dkiven ‘section from ambient.
r ’ —

&
In case of square shock tube thé driven“chamber was kept to a vacuum

of 700.mm Hg (620.mm Hg for the case of cylindrical shock tube) and the
" .driver section was siowly filled with helium until the diaphragm between
the driver and driven chamber was suddenly ruptured. It was nqticed éhat
the driver chamber pressure at the instant of diaphragm rupture was 830
" 14 kPa fo; square tube and 1120 t 14 kPa for the case of cylindrical tube.
C
This procedure was found to give satisfactory results provided that
the driver tube was filled !ith gas slowly enough. Prior to introduction

of helium the air in the driver tube was first partially pumped out.

.
\

L]
A pressure transduéér was located downstream of the driven chamber,

actiﬂg as a sﬁock'wave‘detéctor and dependipg‘on the %ype of data required,
thwransducer output could be used to-trigger the thHeren systgm for
photography visua1ization'or could be used to trigger oscilloscope for
p;es§ure méasﬁfément. | -

3

3.8.1 Pressure Measurement

A1l pressure measurements were'performed using piezoe]eﬁtric.
\-ﬂ"

pressure'transducer type 101A, with rise time of one microsecond and

»

pressure range up .to 100 psi, ih group of two, as shown in Fig. 6 and 7.
a - -1 . .

L

»

L e ot s as b
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The first pressure transducer was usgﬁ to{triggeb the osci]]éscbpe
(}EKTRON{X; type 5010) and the sefond one was connected.to the input
terminal of the-oséilloscope vertical deflection plate. Then b} knowing
the transducer constant AV/AP (it is 32.2 mV/Psi for this case) and the
'oscilloscope voltage and time scale, the pressure Eehind the shock‘was

t

,.,_—/—;*eaéTTi"Eéiputed from the dscilloscope pyé;sure traces which were recorded

—

sfown in Fig. 12 and 13.
. T e ﬁb

- The TektrpniiwgﬁcilloSCDpe, type 5D10 was equipped -with cursors

on‘Polfroid,film (Type 47, ASA 3086). Sample of pressure traces are
Agrwreean

*

whicﬁ enable one to read directly the.voltage difference from its screen.

o This feature is of great advantage, time wise, for searching the indicited

" pressure yé]ue from such a graph:

A « -
o r A
-

. . //;’— , ’ . ' M .
—————————P¥essure measurement along the blade surface was recorded by the
. same pre%su;é transdpcer'(type 101A) inserted firmly into one of the

7, plexyglass windéw next to the blade surface. . , d

°

3.8.2 Velocity Measurement

The velocity measyrements.were performed to determine the shock
' : : ‘ o
-veloci?y along shock tube, asl::11’as the floy velocity behind the

fncident shock.

“ 1
~

In the first case, piezoelectric pressure transducers"(type 101A,.

S with rise time of one microsécond)ywere employed in groups of two, with

o

the ffrst'pressure transduégr used to trigger the oscﬁ]?oscope and the

N

second one éonnectéd to the input terminal of ghe‘oscilloscppé

(Y

. . ‘ ]
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vertical deflection plate. Then by knowing the qfétance (ax) between .

thp pressure transducers and the time scale of the oscilloscope, the

4

shock velocity was easily combuted frdm oscilloscope traces.

To measure the f]ow-ve%ocity in the compressor cascade passage, the

photographs taken by time delayed spark:'schiieren optical system were

e

emp]oxgd. . \

*
v at

From the corresponding picture various mach angles could be’
I 9

obtained. A flow mach number could be determined from each mach angle.
Additional mach numbers could be induced by introducing small disturb-

N

" ances along the blade surface.

3.8.3 Flow Uniformity in the Test Section ‘ , :

The flow uniforﬁity 3t various locations of the test section was
investigated. This was carried out using a blunt-bedy of revolution
with a flat nose and a wedge located at various longitudinal and lateral

positions in the test section.

For the case of wedge the procedure is oytlined as follows. First,
‘one measures the ob]ique‘shécg wa;e angle (B) from the corresponding
sch11e;én picture, then knowing the geoﬁetry deflection aﬂgle (¢) and
utilizing the oblique shock charts [13], the flow mach number is readily
determined. y

In the case of blunt body, the d%stanse (6)-from the flat nose of

the blunt body to outer edge of the yielded detached shock was

13

e Gomrn m o ce e
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measured from schlieren pictures and. knowing the b'l unt body dianeter
(d), the parameter (G/D) could be detersmined. These parameters tou1d be

"used to obtain the flow mach number from Fig. 4.15 of [14].

6
e

To investigate the time duration of constant flow uniformity in the
tes’t section, a'pressuﬁe transducer is attached on to the t;.lbe wall

downstream of driven chamber, from the pressure tracés the duration of

)

tonstant pressure is directly obtained -

7

[ L P
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- - CHAPTER IV T
v 14
_/*J}“ | . EXPERIMENTAL RESULTS AND DISCUSSION

The performance of a helium driven shock tube and its®capability for'

3

supersonic flow testing were firsf. investigated using thev 52 by 52 mm

square shock tube. The experiments carried out here were maini‘y to

determine the flow uniformity in tf;e test section, the pey.'iod gf c;nstant
- « properties and finéﬂy the qua‘ﬂ'it.y of the ‘:r;chHere“n photographs which can.

be obtained using the existing’ 2-Kv time-delayed sp;rk dnit.’

[

i

$ The testings of the actual. compressor ‘cascade system was however
carried (th with a comparatively larger shock tube namely the 15.25 cm
nominal size cylindrical shock tube, The later tests were performed‘ to
determine the s'hock structure and surface pressure distribution within

B ¥

the compressor cascade passage at different .pressu;r‘e ratios and angles
' . » -

" of incidence. ' .

4,1 Pe&omance of Helium-Driven Square Shock -Tube

4.1.i Flow U}aiformity and Test Time Duration

The flow uniformity in the test section was examiried vﬂa preséure

. LY

measurements and spark schlieren photography. ‘Pressure,t.races recorded
downstream of the driven section is presenteci in Fig. 12 for the case
of 700 mm Hg vacuum pressure.‘ A constant pressure region is seen to -
'brevuil for a period of 0.6 msec corresponding to a driven section

\ o 9 length 3."5 m. By extending this Tength to 4.57 m, the ::Qnstanf

pressure duration was found to increase proboﬁtionglly to about

1.0 ‘msec as demonstrated by longer straight 1ine portion in Fib. 13.

o]
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From the pressure traces displayed in Fig. 12 and 13, the
transient process occuring at the open end can easily be deduced.
Following the oscilloscope triggering, the pressure rises first
because of the incident shock followed by a second jump due to the
reflected shoéki This pressure rises continues until the presshre
is registefed around 290 kPa, after which point the pressure

attenuation behind the reflected shock is clearly seen due to

. diffraction of the transmitted shock at the. open end.

—

This flow bebaviour was found to agree with the theoretical
analyzation. Outlined in Sectign 2.4, in which the presencé of low

pressure region at the centre of tube exit represents the formatign

of expansion waves at the location of downstream diaphragm with its

head moving into the main tube.

%

Now that the fluid properties leaving the shock tube are found.
to remain practically unchanged for a cerfain period of t1me 1t€1s
then necessary to determine the flow uqiformity at various locations
inside the test section. This‘was carried out using a blunt body of

revolution with a flat nose, (see Fig. 14). ~The body was pfﬁced at
’ \

various locations in the test section and the mach number variation

was determined by measuring the stand off distance from the schlieren

~

pictures and the use of the stand off distance versus mach number |

relationship given in Ref. [15]. The results are ﬁresented in Fig. 16,

.

together with those obtained using a wedge of 6° included angle

(see Fid. 15). The latter were obtained by measuring the oblique

-

shock angles from corresponding schlieren pictures. The results




\

- [y

show that in the test seqtion, there exist in longitudinal direction
a supersonic flow of machi number 1.4, with no significant flow !

property variation. The flow uniformity in the lateral direction

was also investigated exper1menta1ly'using§ﬁhe wedge discussed
) 3

previously. The results presented in Fig. 17, demonstrate the
presence of uniform supérsonic flow of mach number 1.4.

From the above investigation, the flow uniformity is therefore

confirmed in both the longitudinal and the lateral directions. From

the results presented thus far, it was concluded that-a helium

driven shock tube is an apparatus which could be used to provide
uniform supersonic flow fgrl? test time which depends on the 1engfh
of the driven sectionfiﬁ& in testing supersonic flow in a compressor

I
cascade passage. : .

{

4.1.2 qua Acquisition Time Interval , —

The pressure trace of Fig. 13, ragpaTed that a constant pressure
exist for a period of 1.0 msec constant pressure 1nterva1; However,

constant pressure does not necessarily mean constant flow properties
Ea ¢ .
since it does not specifically indicate which region the pressure is

registered to. Note. that, both regions 2 and 3 (Fig. 1lc) have the

same pressure although contain different fluid of different densities.
] )

]

Ideally, the experiment time is the time interval between the

larrival'of incident shock wave and the arrival of contact surface

to the downstream end. hnfortunately part of this time is used

’ [}

.
D
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for flgw recovery from disturbances of shock wave reflection, hence

Timiting the experiment time to that of the giffereqce~between the

PrANN

o A’jprmer and the latter: .

., Neglecting entropy variations behind the weak reflected shock

and using the open end pressure history given in Fig. 13, the wave
diagram shown in Fig. 18 was constructed. {;; is seen from the x-t
diagram that the greatest distance from the exit the disturbances |
of the shock could be felt is 2.15 cm and th; initial flow is —

>.reestablished after a time 1.02 mséc has élapsed since the diaphragm
breakage. B

Looking back into Fig. 13b, it was found that 1.02 msec time’

interval more or less equal to the time interval of the exponeniia]ly

decay; that is the time after diaphragm shatter, it takes for the

process to come to constant pressuré condition.

=

Fig. 19 has been prepared to help us to find the experiment time.

’ /,//£11‘the'necessary calculations are presented in appendix III. For the

v
e

Pl - —~ ! e
case of square shock tube, the time interval between the arrival of

the shoék and the arrival of contact surface to the location of/

second diaphragm is 1.43 msec, thus giving us 0.41 msec to acquire

‘experimental data.

From our knowledge thus far, it is then decided that the data
were (will be) obtained at time delay of around 1.35 msec after the:

arrival of the‘first incident shock to the face of the difecting




pressure transducer, attached on the tube wall at the end of driven
chamber. fhis delay gives us approximately 0.25 msec data acquisition
time interval before the contact of d?scontinuity reaches the ex1t.‘
This period was found larqe'enough for the type of experiment, wheri//

events are cited in the order of microseconds. -4

4.1.3. Flow Visualization and Shock Structure . .

The following tssts, carried out using the squa;e shock tube \
were for flow and shock position v1sua]11ation, for a given set of
blading. ‘Thege blades were not compressor blades,bdl turbine
b1adgs'provided td Concordia pnivérsity by PWAC for use in preliminary
stage of theiactua1 investigation. |

The first schlieren photograph.is presented in Fig. 20a, for a
sinéle kirfoi]ip1aced in a unif;rm supersonic flow of mach number 1.4.
In thig Bicﬂpre the oblique shocks and flow separation at the suction

!

surface are clearly seen. In the schlieren photography of Fig. 20b,
b .
two blades were used and weak oblique shock waves are seen at the

upstream ends of the cascade system. As a proof to lhe flow uniformity,
the oblique shocks remain are straight until their arrival to thg jet
boundary. The contact of discontinuities at downstream end of each:
blade are clearly seeﬁ. By choking the flow at the downstream end,
which 'is equivalent to an increase of pressure ;atio, the upstream
shock becomes detached as shown in Fig.‘zec. In this case flow '
separation is seen to take place at an upstream position resulting

from an increase of pressure gradient. A better desigh of chaking

the flow will be presented in a later section.

P A e mermaren g e
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3.1.4 ConcRiding Remarks Concerning the Tests Conducted Using the

/Sqﬁgre Shock Tube : {

2

From the pressure measurements downstream of the shock tube,
Y

which shows the existance as a constant pressure perioq in the order
of a few milliseconds and form the resulting ;xperimenta1 fiow mach
numbers at several locations inside the test section which shows the
presence of uniform flow, it 'is safe to conclude that a helium dgiven
shock tube is an appropriate apparatus 1n‘prov1diﬁg uniform supersonic
fiow for few milliseconds. fhe schiieren pictures using,a single and
two b]ade‘syétems shows‘clearly the shock shape and f{oé separation
for different flow conditions\and'therefore the .spark-delay system

* employed can then be used for latter studies in testing the actual

compressor cascade system,

4.2 Tests Conducted Usi;g,the 15 25 cm Nominal Size Cylindrical Shock Tube

P | The final tests were conducted using the cy11ndrica1\§hock tube which

\
have a larger test section and a longer driver section to provide a'constant

i
i

period longer than 1.0 msec.

The data acquisition time for this shock tube is calculated and/the
details presented in appendix III. This time period is found to be 0.56 msec.
Then it is decided that the data will be taken at delay time of 1.40 msec, .
after the first incident shock hit the-detec?ﬂng pressure transducer, thus

allowing a total time of 0.34 msec to record expérimenta] data. This time‘

interval should be plenty enough for the events to reach steady state.
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4.2.1. Flow Structure and Uniformity Inside the Test Section

To provide a supersonic flow mach number higher than 1.4
thf drilen chamber pressure is adjhsfed’in such a way to provide
a flow with a mach number of 1.4 at the shock tube exit plane but
at a pressure slightly higher than the ambient pressure. This -
results in an underexpanded jet with a higher but constant flow
mach number within a certain region (i.e. region abcd in Fig. 21).
The compréssor cascade systems was therefore:placed in this region.
The reflected waves: from the jet boundary were practically e]jm%nated

by placing a plate paralTel to the shock tube center]ine and chamfered

to an angle of 6° so that the shock wave formed is attached to the

”leaa{ng edge and do not effect signiffcant]y the flow under this platé.

The structugé of the jet was investigated using a wedge with,an.
included angle of 6° placed at different locations in the flow. The
results were checked out later using piezoelectr?c pressure transducer
mounted on one of the two side plates and plaéed at differént locations
in each region. The resﬁ1ts obtained from the pressure measurements
showed that the pressure of the-shock tube exit is greater than
ambient (region I), followed by ambient pressure in region II and

1itt1é below ambient in region III. - ~ o ~

The flow uniformity inside region abcﬂ of Fig. 21 was examined —
by taking a photograph of a wedge with 6 degrees inc]uded:angle
exposed to supersonic flow under investigation. From corresponding
schlieren gjctures, the shock wave angles and hence the flow mach

numbers could directly be obtained.  Fig. 22a shows a series of

- . - /
“ ~ + .
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schlieren pictures taken during this experiment and the resulting

flow mach number is presented in the following figure. It shows the

pre§encevof uniform supersonic flow of mach number 1.53.

4.2.2 Shock Wave Structure Within the Cascade Passqge'at Different

—

Pressure Ratios. ‘ .

Following PWAC specification, a three blade compressor cascade
system was employed, to‘ekamine the flow behaviour and ;hock
stfucture within the systems. As previously menaioned the upper
p]ate was placed to e11m1nate any reflected waves from the upper jet
boundary so that the flow in the test region can be maintained ¥t
constant mach numper.

To maintain the presé&res at the d;wnstream‘end of the three
blade systems ungffecied by ambient pressure two additional plates:
were placed parallel to the slipstreams which was observed in earlier
tests,-trailing behind the middie blade. The presence of those -

plates wére necessary especially at higher pressure ratios where the

pressure downstream of the cascade system is much higher than ambient

pressure. Without the presence of these extension plates the downstream

pressure registered will not jindicate the actual one since it will'be -

'the pressure of mixture between downstream air with the surrounding
Note should be taken for the joint between the end of the b1ade and

uégixeam end of the extension plate especially for lower ones, where

i

. iust a small leak could cause the high pressure underneath to

éscape and disturb the flow in the passage.
i




A schlieren picture of the cascade exposed to supersonic flow of
mach number 1.53 at 4° angle of incidence to the incoming flow direction
is presented in Fig. 23. As noted, the flow in this case is everywhere
supE:sonic, characterized by oblique shock present at the upstréam end
of thé system due to 4° angle of incidence the pressure surface made
with tﬁelincoming flow plus the blade thickness itself. The shocks at
downstream end are produced from the interactiﬁn between the flow of the
pressure surface with that of the suction one, where the low pressure
regions from suction surface interacts with that of a higher .one from

pressurg surface. This.interaction is separated by a slipstream seen

trailing\the middle P}ade,-to represent the existence of two different

>

wy

; JR

flow regions\ with the same pressure and flow direction. As they ﬁave‘

%

passed throygh shocks of different stfength. However, they have

incurred

fferent entropy increases, qﬁd hence'tge two régions have

different|flow velocity.

By ch;king the flow (i.e. decreasing the exit flow area by.attaching
grille at downstreams of the extension plate, as shown in Fig. 24) .8%,
the trai]inggnhligg€”§hocks are observed to:move ub;tream and flow
§eparation takes place, Su;t abwnstream of these shecks (see Fig. 25a).
The earlier shock f;;ﬁations corresbonds to the increase of pressure
gradient because of the presence of the grille. By decreasiﬁg the exit
area further (i.e. 10¥) the downstream shock moves further upstream
interacting‘wi%h that formed at the upstream end of thé pressure s;rface,
see Fig. 25b. ‘ ‘ _ : ‘ﬁ

'
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An area reduction of 24% will reéult in strong oblique shock
system standing off the cascade entrance as shown in Fig. 25c, the

flow behind the strong oblique shock is therefore subsonic: -

4.2.3 Pressure Variation Along the Suction and Pressure Surface

A detailed pressure measurement was carried out using

piézoeTectMc pressure transducer to determine its variation along

‘the cascade system.

The measurement has been done for two different angles of

incidences namely +4° and 0°.

For the case of 4° angle of incidence the pressure variation v
a'lopg t'he surfaces of the blades have been determined for three different
pressure ratios 1.3, 1.62 and 2.0, corresponding to ho reduction of
exit area,, 8% reduction and 24% reduction, respectively.

F;r a préssure ra;io of 1.3 the flow is everywhere superson?c,'
verified in the preceding section.

, ‘ » “

The pressure distribu"‘ic')n for both surfaces is presented'in
Fig. 26a. On the suction surface side the pressure suddenly jumps
from that of the upstream, according to the‘strepgth‘ of shock waves
present at the leading edge \;icinity. - Then it shows more or less
constant press;n-e trend to the interval from 10% to 60% of the blade )

actua) span, follows by monotonically pressure‘ decrease due to the

presence of a series of 1nf1tisima'1'ly small surface convex turns. S

e e an e e L. —— ————
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_ with all the assumptions made to come to those solutions, shown in . . . '

Viscosities. Similar to our assumption the latter also 1dnored 4
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Along the pressure surface, the. press re increase in the upstream

" portion -is found higher than that of /the suction surface because of

stronger shock wave from positive 4 egreé angles of incidence the
upstream portion of pressure surface makes| with the incoming flow
direction. From then on the pressure is seen to continuously decrease o =

even below that of the other-surface indiciting the arrival of a

series of expansion waves from sucti#n surface side.’ b

L .7 !
The theoretical pressure distridption along bo?h blade §urfaces | ,;j;:

" for supersonic case was obtained usin; method of Characteristics gh{ch jrf. T
is discussed briefly in appen&ix I1. \ﬁhe solution procedure together / i%?‘£--

IS

Fig. ésa, was outlined in Chapter 2. Another thépretica] result
Qas presenteh to Concordia University by PWAC. They are obtaineh
§ A4

using Time Dependenthinite Difference Scheme with Artificial

. 4 , L « .
Vthe presence of shock wave from the blade thickness. Unfortunately, .

the solution from PWAC corresponds to different pressure ratio from
the ones we have. Despite the fact compaTiBon still could be done

within certain interval (explained 1ater)i . ',/

| —
t

To ceréify tﬁe va1idit9 of experimental results for pressure
ratip of 1.3, they will be compared with [those obtaiged by Method of @
Characteristics. The visuallcomparison éou]d be seen'from Fig. 26a. ;“
It says along the suction surface, the e&perimenfa] results foi]ow
the theoretical curve closely beyond 15% of the blade length

.

whereas along pressure surface in the same interval, the experimental-

“

4
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* increase from 0.22 to 0.39.
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3

2

results’ although follow the theoretical curve but indicate higber

values. The fatter could be explained as follows, the mbderate ‘ .

strength shock wave at the entrance rﬁgion, increase fhe pressure

considerably which in turn Eeeps the expe}imentalkvalueg a{ong - . .

pressure surface high relative to theoretical ones which have’

eliminated the pressure increase due to blade thickness factor. | T
p ’ $ \ . //
P £

Within 15% of the blade length (from: edge) the experimental. .
Py & ) )

results indicate much higher values than predicted theoretically.

Obviously, no comparison could be madé‘due to th analyzation .
entrance region. ) ' , . .
/
The reliability of the experimental results were verified further 7

.

‘by placing small disturbances a]oﬁé the blade surface. The experfmental

flow mach numbers and hence the pressures were then determined by

_measuring the mach angles from the corresponding schlieren picture.

From Fig. 26a, it is seen that the results obtained from pressure
trandducer are acceptably close with those. obtained by Mach wave -

techniques.

1y

ng. 26b disp]éyed the experimental préssure curve from both

3

pressure and suction surface for préssgre ratio of 1;62; %t.shows
that the downstream’shock wave‘aas‘ﬁoved to thé point x/L =0.9, l !
insfead of originating at the trai]ipg edge as was found for

‘;Hé case of 1.3 pressure ratio. The gho;k forﬁation is indicated ‘,‘ ) ’ A

by a sudden increase of pressuré;,i.e. for this case the pressure

¢ s . .
[P . . ¥ . - .
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The shock arrived on the pressure surface side at around
x/L = 0.75 (indicated also by a pressure jump), then reflected. The

pressure behind this reflected shock is registered avound 0.6.

For a pressure ratio of 2, strong shock waves formed at the blade

-

- leading edge and-the pressure behind the shock, along pressure

surface remains more or Jess constant at around 0.6 (corresponding to
- -

Y

of the upstream shaik wave, then remains constant until the arrival

- ’ a

of the strong shock wave from thé pressure surface, thus increasing

.

the pressure to a higher value, see Fig. 26c.

One Qnterespjng phe60menon has been noticed for three cases
Hdiscussed ‘previously is ths fact that the}preésure variatio from
upstream end until the 1q§;t16n of shock formation- or arrival along
the corresponding type of surface is more or less the same. 'Notice
the fo;?gﬁing, a]ong’thé suction surface, the pressure h%story shown
in Fig. 26a from 0 < x/L < 0.9 is the same with the one shown in
F{g. 26b and along pressu;e surface for 0 < x/L < 0.75 the pressure
history shown in Fig. 26a.is the same w1£h the on; Fisﬁlayed in
Fig. 26b. Similar compariso;s could be made uiilizing any of the

mentioned pressure and that shown in Fig. 26c. ’The above result
: 1

”;¢,wcoal3 be used to support our argument that there exists a uniform

flow region in the test section and the shock tube used possesses
. , 1 ‘
a fairly good repeatability behaviour.

-

\
subsonic case). The suction surface pressure increased first because

« liyk
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In the next pressure measurements, the blades were oriented in
such a way that the upstream portion of the suction surfaces were

riking 0° angle of incidence to the incoming flow direction.

e
'y .

A detailed surface pressure measurement wé? carried out for the

case of 1.4 pressure ratjo, corresponding to no’ reduction of exit area.

proretica1 analysis of supersonic flow for this case was obtained

by method of Characteristics, as previously mentioned, the blade thick-

ness contribution to shock: formation was\assumed absent for the sake of

simplicity.

~

~
a3

The comparison of the experiménta] results to that of the%retical P
o \
ones was revealed in Fig. 27, as expected, in the region of 0 < x/L <

0.15, the experimental results yielded higher pressure than theoretical

3

ones. This pressure jump represents the presence of wéak shocks at the

A

entrance region. Beyond 15% of the actual spén, the experimental

results followed closely those obtained theoretically both on sucticn

and pressure surfaces. The extremely closed agreement between these two

L4

results suggested us the fact that re]atiy:}y weak shocks at the

upstream ends did not effect the {lo; beyénd 15% of the blade length.
¢ \\
- The experimgnta] results were further ompared to the ones obtained
by PWAC which weéé done for the case of (° angle of incidgnce with

pressure ratio of 1,.64. ' However, as was praven in the preceding
2 4

discussion, the pressure variations along blade surfaces oriented to the

same angle of attack but different downétream to upstream Bressure ratio
[+ ] -

are the same as long as it is upstream of downstream shocks.

S
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~' Along the suc'tion surface and beyond 15X of blade length, the - '
experimental resu‘lt’s followed closely to the pressure trends obtained by
PHAC‘,\except in the region beyond 95X of the blade actual span. Th*s
discrepancy could not possibly I?e exp’laine;d @ecause of my unfamiliarity |

to PWAC method of treating this prob’leml . ‘
- . // N f ! ) -

s

Along the pressure surface c,o arison could only be made for~
region bounded between 0 < x/L < P.55 since a shock present at
x/l: = 0.55. A reliable comparison F‘?‘!B‘l be done only in the interval
between 0.15 < x/L < 0.55, where tha two results agreed pretty well,

see Fig.\28. ’ T .
N o .

“

On both surfaces, no actual comparison could be made to check the

validity of experimental results in the interval between 0 X x/L < 0.15,
N l .
since no accurate analytical representation has been dpne,, to describe

*

- the real flow behaviour around the entrance region. For now we have
to contend ourselves with the obtained experiment data whicb seéms

.

reliable as were proven throughtout the comparison.
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CHAPTER V
. CONCLUSION

. The performance of helium driven shock tube was examined and tests were
carried out on a compressor cascade system for different pressure ratios to
determine the shock position as™well as the pressure variation along the

suction and pressure surfaces.
T s

Within the scope of the present 1nvestigat?on the ma1n results are

summarized and the following conclus‘lons are drawn. . ‘ o

’ - i ' '

(1) Helium driven shock tube could be used to provide uniform A

] .
supersonic flow for a time period which. depend on the length

- A

of driven section. For a driven sectign Tength of 4.5 m, the
constant pFe\;sure period was found to prevail for one millisecond ‘
;and the ‘experiment tiq\e was found i:o be (1).41\msec.' A longer
gxperiment, time interval of 0.~55 msec was ob'tained for a driven

section length of 5 m. : -

-

iz) \rﬁthin limited range, the uniform fiow Mach number {in the test

)

section cou]d easily be adjusted by varyi?g the driver and

driven.chambers pressure. For a driver pressure of 830 kPa and

* | S

driven pressure of 700 mm Hg, the flow Mach inside the tgst
section is 1.4. Higher flow Mach number of 1.53 was provided
by increasing the driven pressure to 620 mm Hg (with driver

pressure of 1124 kPa), which in turn increases that of the




(3)

.(4)

(5)

;ﬁﬁ;w leaving the shock tube. Thus éreating an underexpanded

-44-

.
v

»

Jet, giving a certain area of‘uniform supersonic flow at

higher Mach number than 1.4. (::f

The test sectipn'used was proven to be appropriate for the
present state objective of the'research. }t's design a;lowed
the elimination of wave reflections from the fet boundary.

It provided a uniform suﬁersonic(flow regioh'for a short but
sufficient period of.time and it permi;ted the rotation of the
blade within itself to vary the incidence angle to the incoming
flow direction. Finally the design pr;viqes a twoidiﬁensional

movement, an essential requirement for adjusting®and alligning .

of the test section with respect to thg‘main tube.

<@

Fiow in the cascade passages couldgsuétessfu11y be examinéd through

comqgrcia] plexyglass windows via a 2-KV spark scﬁlieren system.

The photograghs showed clearly the shock position, slipstream and
flow separation. Testing the flow unkformity was achieved usihg

the blunt body of revolution and wedge techniques.

[ L 4

Different pressure ratios acros$ compressor ‘cascade was

“accomplished byfs;creasing the exit flow area. For the case

of 4 degree angle of incidence, with no area reduction the flow,

within .the cascade was everywhere supersonic, charact;rized'by
the pr;senge of oblique shock waves at upstream and downstream
ends. With an area reductiqn on 24% of the flow is everywhere
subsonic except the up#gream portion of the suction surface.

f

“ )

\

¢




' tightening and unpighten1ngdpf'lzm~2.g4 cm holts for every single shock ) N

;(6) The‘piezde1ectric pressure transducer was used to measure
pressure variation, shock velocity as well as the uniform
flow time interval (in'terms of driven section length).
Its fast rise time is surely an advantage for this type of

experiment .-where events exists in the order of m1111§econds.

In‘gener;1. the present 1nvestigation has successfully achieved the
stated ngectives, to provide a short periéd of supefson1c flow using
helium driven shock tube and to analyze the flow behaviour within the
compressor caséade passages using a Z-Kvlspark schlieren éystems and

piezoelectric pressure transducer.

Cdnsideratjon for future work should include the construction of an
‘'Ymproved'' shock tube design such as the one outlayed in sectiofn 2.5.

To eliminate the excessive noise, the present apparatus produced during

the process, the test section for future design should be located inside

- the driven chaﬁber, so that the whole process is isolated ingide the:

pipe. The present method of mounting the diaphragms which ‘are done by I N *

tube firing was not efficient and very time consuming. 1In the future, | '\\\
these bolts will be replaced by clamps to ré&uce the total testing time.

Although the present 3 blades cascade system did provide us with the required

- information, in the future the cascade system should contain 5 or more air-—

foils to completely eliminate tﬁe,en&s effect. Finally, to prevent the

expansion of the plexygiass windows, the present sei up do, under loading,

- \w ! ) A

P, [
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the future size of the plexyglass windows should be reduced just enough

v

for showing the cascade systems and for pres,éum measurements the whole

window- should be replaced by two aluminum t{lafes.

i
. : . .
i . .

A T




(1)

(2]

(3)

[4]

{5}
[6]

(7]
(8]
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DERIVATION OF THE SHOCK

APPENDIX I
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Av \ o
When the diaphragm ;?ross the high préssure and low pressure chambers

[

was suddenly bursted the high pressure gas expands and compresses th‘e gas

in the low pressure chamber, hence the wave patterns l‘ike the one in

'Fig. 1lc resulted.

i

Assuming no diffusion process, the ﬁegion 2 of Fig. 1lc contains air

and region 3 contairis-helium. Regions 2 and 3 have different densities and

-

N N
temperatures. To separate these regions a contact of discontinuities exists

as shown by the dotted line. It is obvious from the nature -of the contact of

discontinuities that the velocity and pressure across it must be the

same (i.e. U, = U, and P, = p3).

L 4

. - -~
Referring to the wave diagram shown in Fig. 1c, one could see that

‘basically . there are three relations which could be used to determine the
Y

properties of each region, namely relations across shock wave, across

¢
expansion waves and across the contact surface. >

B The relation. across the shock wave will be discussed as fta'ilows:

o -

Consider a moving sholck wave with a velocity ug relative to the still

air ahead of it (see Fig. a), now consider the same moving shock

f\ 1]
. Ue Y W 2 T
' . F’ gl ['.! u,,«ru,*u, :h r'
2
. R o T T i

Fig. a. Moving Shock

B T P P —

e R Trpoe——

Fig. b. -Stationary Shock
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with an observer moving at the shock velocity. The shock is now fixed with

respect to. the observer (Fig. bj.

For the case. of one dimensional flow;

B /
the continuity equations gives Py U =P, (us +u - uz) o (1)

The momentum equation yields
[y K ° 1] <
A - ooy = A - poA +u - uE
P1%1 7 P2 T Pifgg T PRt T Yy T

. ]

=A2

Siqce Al
. —l 2 o ‘ . - 2 Y
Py TPy =Py U Py (Ut Uy = uy) w0 @

‘The energy equation yields
o |

2 2 pe i
u U +tu,-u ‘
CTy + 5 =T o5 L 2) , _ (3)

2 2
T N . \
The speed of sound is given by . , s

5‘2 = yRT = y % (for ideal gas)

, 2 .
p=p%=pRT _ : 4)

Combining equations (2') and ‘('4), one obtains

2 ’2 ,
e 2 2
P1 Py Pl -

2 | ' -
N 12 |

pplug + Uy = Up)
Rearranging _ y

ct— {“u +u. - U ] + ——Y-l [.-u -+ (u - u )]2 \ \ o )
. . 2t T2 Mt Mt , .=
1 1 : 1 ' , ‘ B
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Combining the above equation with equation (1) )
) 2 ¢ bg = (uy ~w) oy g ' '
_ ( ;;) = 5 + =5 [lug = (uy - udl(u, - up)
s . a .
- 1 ,
2 _Ysg "y mu) o, ' '
or a, = = 3" + yl[us (u2 o~ ul)](uz "1)
* s : ’
‘ ‘. . R . "
Note that for ideal gas C_ = —-ﬁ
. Ly . L | N
Using this’equation and equation ((
4 ' alz _- a22 o
cC(,-T,))=———"— - ’ ' .
| prl 2 Y1 -1 S .
o . Then gquationw (3) can be written as , .
- a12 ) “22 u:sz 1, 2 ’ 2
i1 7 Tz lug v 2ugluy m )+ (uy mu)d
v
(u - uw)? (a2 - a?)
or us(u1 - ”2) = -1 2 z_ .1 - :Zl .
Yl ‘
A -
Thus . ‘ :
‘ : 2_ 2
- TS LT =w1 " Y2 + 2 % '
dt.s 1_ '-s 2 (yl - 1)(u’1 - u?)
- a _ (v -1 = u) " (4 - u,) L
and (;g)=1- 1 fl 2 [u1+us~-—1—-T-2—-] .
° 1 a, -
Substituting equation (5b) into (6) and after simplification
uz - ul = 2 [ 2.2 - 3.]
) 2 owmtrtloia us S
‘u, - u
2 1 2 1,
or L~z = - M - 3=
8 ¥ +1 " s ‘ M

. -
s . ' W

3

(5a)

[

IR s e v v
T - .
-« *
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[

g

si

since ul =0

:?.,_-_._.2_;_[" .'._l]
01 Y.1+1 s M

. ' "
Sub@ﬂution of ‘equgtion (9a) into equation (8) and after

ification yields the temperature ratio across the shock.

4 2
T 2(y, - 1) u a2
F=1e—— (D - uny ¢ D
1 (yl-l) 1 . s ) i

Densi ty ratio across shock wave can be obtained by

-

combining equations (1) and (9a). . .

y+1 !
Lo 82 ’ ,
(y- 1) +2( 5% : 3 u
« S ’

Py
Py
¥

4 o

The pressure ratio across the shock is bivgn
SN

a
L]

Multiplying eqn (11) with eqn (10) yields the pressure ratio

across the shock wave ) ' ) T

.Egg

or — =1

Roarrangina eqn (122), we‘obt.ain

L2 (v - 1)+ 22 ¢y, + 1)
L Yy - & — Y + , WV
(g =nis - g - | (12v)
1 .. S T

-
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/N

%

.
and substituting into eqn (10) yields the temperature ratio in

~ terms of pressure ratio
‘ »
LA P R
! T a P ¥, -1
2.2 h h
, ‘ T a Y, +1 R 11‘ e
1-1 7 |
The ‘equations demved so far enab]es us to determine completely the
]
flow properties behind the shock wave given the flow conditions
ahead of it.
To\find the relations of flow properties across the expansion
' 5(aves ,, the method of characteristics for oh® dimensional unsteady
. flow will be employed. Further discussions of this method was
' discussed in detail by Ref [16] in Chapter 3.
The R and Q characteristics are ‘dei—“ined as follows: Along R
. characteristics “of slope %5 =+ Q@
| - .
| / 2_q 4y = Constant
7 - 1%’ = Constant.
i\hng Q characteristics of s'l{ope %i =y-Q
~ F '
2 _q-u-= cor;stant
y-1" ’
. - Between regions 3 and 4 of F%g. 1c, the charggteristic R will be
e ‘ maintained constant (assuming direction of U is possible to the
‘ . right)
Then ‘
\ .f ( Rs = R4 . q
. t/
| ' / ’ / .
g \, ] -
: - .




bup up = 0 apd Y3 =
Y

Y ST
Y3 = g - 1 [a, 8]

hence

and eqn (15) yield
2a
2 - = -——.—]-'-. - -1—-
2a a 2a, *
. 4 - _é = ———-—1— ‘- -1—
or Y lh[l 34] Y + 1 (Ms Ms)

" From isentropic relation across expansion wa

Y471
8y P
~1
nwhere
P. P, P ,
F§ = Fz X Fl’ .since PZ = P3
4 1 4 ‘

Substituting eqn (12a) into e

- * ‘2- i |
fg = 271": . (Yl D x E;

P ¥y *1 P
T \
Substitution into.eqn (17)
2 ‘ Wl
BT VR LY
r .4 71‘+1 . 94

V7s

L 4
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"Combining eqn (16) with eqn (20) yields

f

L

i ‘ 2 Y4-1
:i ( 71 + 1)= - (ZYIMS + (Yl - 1)) X ( El)} 2Y4 ] =N - .l
a Ya - 1 Y, +1 p s M
1 4 1 4 s
0 - , .
1 20
Equation (Zf) enables us to determine the shock mach number for a
given pressure ratio or vice versa. To find the flow mach nu;ber, we
’ 4
» . (
use table 1 of [17] for a given shock mach number, to obtain the value
of LAEL and %—, dividing the above we obtaln an expression of LAEL .
al
this quantity represents the flow mach number behind the shock.
Determination of flow properties (i.e. u, a) in each region in
Fig. lc.
REGION 2 , . ) ’/
Knowing the pressure ratios between regions 4 and 1 and using
eqn (21), one finds the shock mach number. To solve eqn (21) it {s -
best done by trial and error method.
From the shock table for the known shock mach number, we obtained
‘ .
‘accordingly .
gy Laul =|“2"‘1| _Y2 X .
a ay 2y ,
AN
' !2
41 &=L ot
‘ a a, p
) /’
111) 85 =5, - 5 _
The flow prgperties of region l.are known hence the above quantities A
are enough to calculate properticp in region 2. ~

ﬁi ' . ) \ .
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]

REGION 3

LY

Gas properties in region 3 could be related to gas properties in

I3

region (4) by R characteristics >
2 2 Y )
u, + — 8, = U, + ——= a
3 Y4 173 4 174 .

[
the above equation. v

Keeping in mind that uy = Uj. We can determine the vahre of a, by
e
REGION 5
_Knod%ng that the velocity ahead of the shock is zero (i.e. ug = 0),
the properties in Region 5 could be determiﬁed by the rélp of the shock
wave table. However as could be seen ;xperiméntallyﬂéefore attaining

1

a pressure predicted by shock table.

K

The diaphragm downstream of driven

section has already shattered, followed by eibansion to bring down the

high pressure to that of the outside. Due td'the advanced nature of

this pressure variation, the pressure history will be based on /
¥

experiment, as’ showd in Fig. 13. . : s
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o APPENDIX 1II : Sp}ciﬂ 2-D Supersonic. )
' Ir;otat"l‘onal Flow .
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The full nonlinear equation of motfon for two dimensional nonviscous,

irrotational steady flow are [18]

iR ey By gy (BU LBV L 2 2y
s (u a“) x + uv ( + ax) + (j a®) =0

3y 3y
A )
(22)
-3—v-—a—!=0 ’ .
ax vy
/
For the case of Supérsonic flow, or when
2, 2
‘Lﬂ-—l)) )
2
a

equation (22) 1s of hyperbolic type and the.numerical solution can be obtained
by the method of characteristics. This method provides an’ exact solution of
‘xthe above equation and has the advantage of further insight into the structure

of supersonic flow.

r s

-

The distinguishinﬁ property of hyperbolic equafion is the present of
the ch#racteristic lines in the x,y plane. On the characteristic Iines,
defined as lines on which there exists a discontinuitg of velocity gradient,
then as long as the velocity itqe\f is continuous, it is possible to simulate
differentggaowg together at these lines.
-k
.0On the chqractgristics, the depe}bent variables (u,v) satisfy a gertain

compatibility relation, which can be used as the method of computation.

The Method of Characteristics

[N

In natural coordinate system, the iahation of motion can be summarized

as follows [19] , ) ,//




_ -61-
continuity : pu + An = const C ) (23)
. momentum : pu gf = - %E (24)
\ 4 ! '
. P ,
K irrotationality : gﬁ -u g% =0 ' (25)
isentropic relation : 155 = ( ;5)7' 5”/’ (26)

Taking the natural log of continuity equation and differiating with respec;

to s yields )
» 19 ,13u, _13hn_ ' '
p as le as T an os - 0 (@7

S

The mesh of flow for two dimensional case can be represented bf(%he
stream 1ines and normal to them as shown in Fig. c. From this mesh figure

the change in angle A6 is represented by

<

Ae:a—ml
ds

Fjg.'c. Flow Mesh

S~




N . . >y . »
. ' .

Substitution into eqn (27)

lop,13u_80_
pas+uas an 0 , (28)

L

For ideal gas, equation (26) can be written as ) .
a2 =92 _1X
dp \p

Combining with equation (24) , e

: 2
§_'-!=-.‘_.§.2 ’ .
Y as p 3s - . (29)

/ - -
L-pnpsd.-2=9 | (30)

Now, let us imagine that a supersonic flow turns through a negative
angle dv, see Fig. d. Equating u, of region 1 and region 2 of Fig. d yields
\ {

Fig. d. Flow Expansion

»
L4

ucos p=(u+du)cos (U + dv) ~~ ' N
L ‘

= (u + du)(cos p cos dv - sin p sin dv) N - (3D




[P

IS

Since dv is é small angle then
qo; dv +» 1
stn dv + 0 . | _ \

fherefore \ ‘ !

ucos p=(u+du) (cos gy ~ sin p dv) ' _(32)

“expanding-and ignoring-the second-order terms, we get — —— - — o — . ——

Qﬁ = tan p dv ‘

, it follows then Co fwi::)

Xl

Since sin B =

or & - v | (3
M -1 \‘ ’ . .
Combining eqn (33) with eqn (30) )

ﬂ- 9—@-: . '
s "t Mg =0 (34)

\

Combining eqn (33) with eqgn (35)

a—vd§9.= | 4 ! ’ ’
f'@"an as = & v oo (35)

The compatibility relations are to be found from equations 34 and 35, o
relating the sets of characteristics direction (Q, R) with the stream liné o
coordinate system (s, n) based on the fact that the mach lines are inclined )
at angles of £ u to the stream lines, see Fig. e. Adding and substracting

"aqn 34 and 35 yields eqn 36 and 37 respectively. , . -

. o - . . )
. ) -
< J \ - . /
. . ’ 1
' . R i N L
73 ' g .
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3 . , ‘ ' )
2 y- V3 (u.0) = :
s (v-06) + tan an (v-06) =0 . (36)
vd _ vd ) .
Bs (v+0) tanpan (v+08)=0 37
\
I
then
7 2 (v-6)=20
an < , . '
2 vte)=0 ~ ' ,
14 - . .
' Jh o
LEW N '
|
‘ |
it
/
~_ » . /
, hence there exists a compatible relation between v and 6 for the case of
steady two dimensionail, nonQiscous and irrotational supersonic flow. These
/
relations are simply } !
o
v-06=R; Constant along n - coordinate (38)
v+0=Q; Constant along & - coordinate (39) : '
These compatibility relations will be used to simulate the supersonic flow
a -~ .

- in the compressor cascade. Further discussion of the method of characteristic

could be found in Ref [20]. . , . .

- . - o




Lalculation Procedure \

Y

The following section will be used to demonstrate how the method of
characteristics can be used to solve for a two-dimensiona]rflow field. -

Suppose along a data curve MN, the data or boundary conditions (i.e. velocity,

' direction;'pressure, etc.) are given and it is required to find the conditions

[ BN
at an arbitrary point P. Through point P there are two characteristics.

One of Q-type and another of R-type, which intersect the data curve on A
and B respectively. Since both of these two points lie on the data curve,
and 8 can be found, so that the characteristics values of R and Q can be

calculated from equations 38 and 39 respectively. The method of computation

“is illustrated in Fig. f, it follows that at p.

Fig.f. Characteristic Network For Wave Diagram

Carputation. ' L
Q = Q-
. Rp-_-RB’ .
or ”p + OP f vA + eA ‘~\\
Vv, - 9,.=v_+ 86 t
P P B —B ’

.
b
’
.- ' ! - *
. e e i e oy e e w4 Y o mna e t— s n x - - L
B v, . . “
B bay pt BRI o bt < 5 bt e i am gt (N . + - ey P - e B il
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4

5

1 Solving these two last equations simultaneously it is found that

v

©
N

[}
it
N

(ﬂVA 4+ V +

B)

(vA - vB) +

N

1

2

(e, - ©

A

(GQ -0

g)

B)

I3

Up to this point, the conditions of point p are kno#n but not its

-8
position. Since mach number varies throughout the flow field, the
H

characteristic Yines AP and BP are not necessarily straight but rather

are curved.

HoWwever, if the size of the mesh is kept small enough, the

charq;teristics AP and BP can be approximated by straight line inclined

at the mach angle to the flow direction. Obviously the accuracy of this

procedure depends on the mesh size, the smaller the mesh, the more

accurate the sdlution.

=
|
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Specifications given (for 52 x 52 mm square shock tube) \\
Note: For subscripts see Fig. 1. ‘ "
n . ~ . 1
Driver. Section HgHw
) Py = 827.40 kPa
g
| vy =167 . ¢
R4 = 2.,08(2 kJ/kg °K
Driven Section Afr ’ ¢
o pl = 14 kPa
' ‘ »
) . o = 1. 40G
& "~ )
(-] .
R1=0290kJ/kgK s

' Assume that both chambers are ,1n1u1ly at ambient temperature, that

are TI‘ and T‘ = 29PC = 298 °K.

'Honce‘ a, = [y.RT, =4 1.4x 290 x 298

e Bt U
= 350 m/sec

gy = r_""uaJ‘ = J1.67 x 2080 x,zgs \ .

= 1016.5 l/m

0 [
) . ™ ) ) 4
, w‘f 1016.5 | ‘ . )
So ) 11‘ 350 =2.95 )

Subméunng the data into egn 21 and comsponamg to p4/p1
the shock mach nu-hor M, s found to ue 3.25.

,
1

Using H‘ = 3.25 and ugc 11"(Mck wave table) of Rudinger,

¢ ' y v "
My ™~y
. . .

:__3.?.1_ -2.422 u, ‘z°3§8.1 n/sec’

~

= 593.80 w/sec

8
. .Z~. 1.71% a
oy T2
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P
2 =
Py = 11.91 Py 95.32 kPa
“/’ R
g 2 __5 _838.1
now 5" 0 ——--‘ . * 5038 - 1.14

r?n shock wave table, it is found that
i 4

M’ (reflection) = 2.9s5 . Y

&

v 1.‘348 5 = 890.44 m/sec

1 A‘ z

P . '
pZ'Sﬁ( Pg = 8.75.40 kPa
. \

!

-

i

{

Nowivcr; fron expsriment results given in- Fig. 13, ﬂ.!,hn been shown

6

l

?o‘rps never rucbod to 875 kPa. Instead it was shown that the downstream

’ thin diaphragm brnks at a prcssut‘o of about 275 & To represent the

’
i

reality we win use axparinnt valuns to pndict cxperinnt time interval.

. Then ' . .
| Pg 275 .
-6-2- = g5 33 = 2.885 - o - ]

“
Atumintinety

w

(M,) reflected = 1.618

rd - .
ag ‘ . /
~2 ='1.183 or a. & 702.5 m/sec
s, 5 o

incident s:h"ock to riach,thc txait is '

. o -"‘.%%xlmélnésto'z.pic

! » . \ .
L 3.
N 3 " s
. .

o

LI

.o

L2

B

" From shock wave table corresponding to the above ;ﬁ'cssni"i nt“‘lé it 1s found .

| Thc“shﬁ;:;:tfed is 3.25 x 350 m/sec = 1138 m/sec. It is known for
the square s tube, phich has driven section of 4.57 m that the time for .




and the time for contact surface to reach to the same point is

N - '4"§§3';' x 1000 msec = 5.45 msec : " ,*

.
1

-

In section 4.1.2 it has been shown that the flow disturbance from shock wave
reflectin is recovered in a t/% period of 1.02 msec.

According to definition, given in section 2.4, therefore, the net data .
acquisition time 1s (5.45 < 4.02 - 1.02) = 0.41 msec. This time is shown -
schematica¥ly in fig. 19.

s b
(

| For the case of cylindrical shock tube, though the 1n1t1a‘1 pressurs of,
'driv’en section {s set Mghcr than the one in the square tube, the incident -
shock mach number i3 the same for both cases. Due to the fact that the
diaphragm separating _t;cHu- in driver chasber Trom ah; in dri\"m section have
the same thickness and the reflected shock strength cou.‘ld be taken from the
L former case sincd diaphragm D, 1s the same for both cusys. \

Then for calculation of experiment time period data could be obtained

frou]:nwoviousP éase_. However, for this tubo', the driven section length is .

o . 5,032 m = ) ; SR ' .- ‘
1 4
: v

—_—

—_—

The time for incident shock to rdach'_downstroai end is 51233;3 X ‘1000 msec =

4;42 msec, and thilime for contact surface to reach downstream end i s

c . 53%3 x 1000 msec = 6 msec. Then'the available test time is ) [ /
" N ‘ \ r ¢ } » ¥
(6 - 4.02 - 1.02) = 0.56 msec  ~ -
[ CCas that/:hwn in Fig. 19. ..«

- A A N
-
- “ . ;
o
. o 2 s . -
- i 1 N . 4 v <
v i W N . 3
‘. ’ ¢
. A , . . ¢ > ]
“ | . . -
- « '
. Iy ' v . N &

TS T
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1 DIAPHRAGM (D1) DIAPHRAGM (%)L .
, T a
DRIVER | |
CHAMBER (%) I DRIVEN CHAMBER (1) :
, ' .
I
Fig. la. A simple Shock Tube Assembly. - T
‘ . i
4
P ;
L '\.,\ L
—— Before the'diaphragm (l}l) breaks.
P“ ~'——  Just afte'r the diaphragm breaks. ’
N\
\
: EXPANSTOR™ s
‘ WAVE N ‘ '
"‘"\\ =~ ,r .
4> --——-——1 R , ) . .
’, ' , P ——+~L SHOCK WAVE
] | I :
/ 4 - .
'\ . ‘ 4
. X / :
) - 4
< SN ) ‘ ) s
‘ ~ '\l Fig. lb Jﬁessﬁ‘re Distribution Along The Shoi_:k
- , N ’ ) ] N TUbe. y v
‘:", \ » ‘ \ ) . o
~ _ . . ) ) . R 4{, 4
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X

- .
< SUPERSONIC .
FTow SHOCK WAVE
v Am—— t:"
. SHOCK - e
TUBE EXIT
ad
-
+ n
53]
3 )
, \ TINME,t (UNIT) .
e v L T s L 4 B =g .
‘ Q 1 2 3 4 5
Fig. 4, The Transmitted Shock Wave Diffra?tion
. And The Open End Pressure History. Co
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Time Delay (td)

REGION 2
Distance X
CHAMBER (3) cHAMBER (1) CHAMBER (2) \\
y ~
L I —
‘ TEST SECTION
DIAPHRAGM (D1) (DAPHRAGM (D,)
|
"Fig. 5. Shock Tube With Two' Driver Chamber. '
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Fig. 17a. Schlieren Photographs Of A Wedge For Determining “\\\\a:
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PRESSURE_SURFAGE SUCTION SURFACE |
. ANGLE, FROM ANGLE FROM
<X Ly REGION | POSITIVE y x | oy REGION | POSITIVE y
ORDINATE| ORDINATE| (SEGMENT)| DIRECTION* | ORDINATE| ORDINATE | (SEGMENT X DIRECTION*
-1.118 | -1.574 -1.118 | -1.574
- 0 17.67 2 = 0 -73.26
-1.091 |-1.565 -1.126 | -1.547
1 60.15 1 64.16
-0.986 |-1.382 —{ -1.034 | -1.357
2 | 60.76 o 2 64.40
-0.883 |-1.198 -0.943 [ -1.167, ,
—_— 3 60.76 3. 64.04
-0.780 |-1.014 -0.851 | -0.978 ,
4 61.13 4 63.92
-0.678 | -0.829 -0.758 * | -0.788
5 61.60 5 64.04
-0.578 | -0.644 -0.666 {:-0.539 :
6 61.74 P 6 64.04
-0.478 | -0.458 > po— -0.574 | =0.410 » 500
.-0.380 |-0.271 = -0.482 | -0.221 g
8 62.58 7 8 . 64.16
-0.283 |-0.084 -0.390 |-0.031
. 9 62.83 9 64.16
-0.186 | 0.105 -0.298 | 0.159
‘ 10 63.31 10 64.29
-0.091 | 0.294 |——- T390 “0.207 | 0.38 \—— o1 28
0.007 | 0.484 |— > 23'9] -0.115" | 0.539 ” 64'04
0.096 | 0.676 L] 3 o3 : 20 -0.022 | 0.730 - 53'32
0.190 | 0.867 " 63"19 _0.074 | 0.921 ” 6]'“
0.286 | 1.057 o 62'48 0.117 | 1.11¢ = "~ 6020'9 -]
0.385 | 1.247 e 62'00 0.284 | 1.296 ” 58‘67
.0.485 | 1,435 7= 6]"42 0.397 | 1.480 . 56'98
. 0.587 | 1.622 - 60“66 0.514 | 1.660 o f P
0.691 | 1.807 ]'9 o o 0.635 | 1.83 s oo
’ . . LJ .
0.795 | 1.991 ” 0,29 0.759 | 2.010 " : 53,40
0.898 | 2.173 . 174‘64 0.886 | 2.180 7 ”'13
0.896 | 2.182 — 0.89 | 2.182 '

- ’ - ) » ‘
*Positive direction'is counter-clockwise
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- POINTS (Q WAVE) (R WAVE) v(°)  o(°) u(®) ew(® e-p(®) n  P/PY4
1-16 | -13.05 | 38.63 [12.79 |-25.84 | 40.81 |14.97 | -66.65 |1.530 |0.2608
17 |-13.0p | 38.15 [12.55 |-25.60 | 41.07 |15.47 | -66.67 | 1.522 | 0.2640
18-19( -13.05 | 38.15 (12.55 |-25.60 ~'4'1.o7 15.47 | -66.67 1.522+o.zs40
20-21| -13.05 | 38.87 [12.91 |-25.96 | 40.68 |14.72| -66.64 |1.534 |0.2550
22-23| -13.05 | 38.99 [12.97 |-26.02 | 40.62 |14.60| -66.64 | 1.536 |0.2500
24-25 -13.05 | 38.87 [12.91 |-25.97 | 40.68 |14.72| -66.64 [ 1.534 |0.2550/
26-27| -13.05 | 38.87 [12.91 |-25.96 | 40.68 |14.72| -66.64 | 1.534 | 0.2550
28-29| -13.05 | 38.63 12.79 |-25.84 | 40.81 [14.97| -66.65 | 1.530 |0.2608
x | -13.05 | 38.75 [12.85 |-25.90'|" 40.75 |14.85| -66.65 | 1.532 | 0.2553
y |-20.29 | 39.42 |[9.57 |-29.85| 44.77 |14.95| -74.52 | 1.420 | 0.3055
30-31| -20.29 | 39.00 |9.34 |-29.65| 45.06 [15.41| -74.71|1.413 | 0.3085
32 |-19.80 | 39.00 |9.76 |-29.24 | 44,50 |15.26| -73.74 | 1.427 | 0.3025
33-34| -12.68 | 38.74 [13.03 |-25.71| 40.55 (14.84| -66.26 | 1.538 |0.2577
35-36| -20.29 | 38.74 | 9.23¢ |-29.51\| '45.25 |15.74| -74.76 | 1.408 | 0.3107
37 | -19.80 | 38.74 |9.47 |-29.27 | 44.90 |15.63| -74.17 | 1.417 | 0.3068
38 |-19.74 | 38.74 |9.50 |-29.24 | 44.86 |15.62| -74.10 | 1.418 | 0.3066
39-40| -12.86 | 38.58 [12.86 |-25.72 | 40.74 |15.02| -66.46 | 1.532 | 0.2600
41-42| -20.29 | 38.58 "|9.15 |-29.44 | 4536 |15.92| -74.80 | 1.405 | 0.3110]
43 | -19.80 | 38.58 |9.39 |-20.19| 45.01 |15.82| -72.20 {1.414 0.3081|
44 1-19.74 | 38.58 |9.42 |-29.16| 44.96 |15.81| -74.13 | 1.415 | 0.3077
45 [-19.16 | 38.58 |9.71 |-28.87 | 44.57 |15.70| -73.44 | 1.425 | 0.3034
46-47| -12.68 | 39.96 [13.64 |-26.32 | 39.91 |13.59| -66.23 | 1.559 Q.2494
48-49( -20.29 | 39:96 |9.84 |-30.13.| 44.41 |14.27| -74.53 | 1.429 | 0.3016§
50 |-19.80 | 39.96 [10.08 |-29.88 | 44.07 |14.19| -73.95 | 1.438 | 0.2979
51 |-19.74 | 39.96 110.11 |-29.85| 44.03 |14.18| -73.88 | 1.439 | 0.297
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POINTS (Q WAVE) (R WAVE) v(®) _ B(°) _ w(®) ow(®) eo-u®) M "/Pty

52 | -19.16 | 39.96 |10.40 |-20.56 |43.65 | 14.09 |-73.21 |1.493 |0.2971
53 | -16.56 | 39.96 [11.70 |-28.56 |42.05 | 13,79 [-70.31 |1.493 |0.2752
54 | -12.68 | 40368 |14.00 |-26.68 |39.54 | 12.86 | -66.21 |1.571 |0.2455
55 | -20.29 | 40.68 |10.20 |-30.49 |43.92 | 13.44 |-74.40 |1.442 |0.2961|
56 | -19.80 | 40.68 |10.44 | -30.24 | 43.60 | 13.36 | -73.84 ["L.450 |0.2923
57 | -19.74 | 40.68 |10.47 |-3).21 |43.56 | 13.35 |-73.77 |1.451 (0.2923
58 | -19.16 | 40.68 |10.76 Vo.92 |43.19 | 13.27 |-73.11.|1. 461 |0. 2882
59 | -16.56 | 40.68 |12.06 |-28.62 |41.63 | 13.01 ~70.25 | 1. 505 |0.2705
60 | -14.64 | 40.68 [13.02 | -27.66 |40.56 | 12.90 [-68.22 |1.538 [0.2579
61 | -12.68-| 44.50 |i5.91 |-28.59 |37.71| 9.12 |-66.30 |1.635 |0.2234
63 | -20.25 |'44.50 |12.13 |-32.37 |41.56| 9.19 -73.93 |1.507 |0.2700
64 | -19.80 | 44.50 [12.35 | -32.15 | 41.30| 9.15 | -73.45 |1.515 |0.2665
65 | -19.74 | 44.50 [12.35 |-32.15 |41.30| 9.15|-73.45 |1.515 |0.2665
66 | -19.16 | 44.50 |12.67 | -31.83 | 40.95 | 9.12 [ -72.78 | 1. 526 |0.2623
67 | -16.56 | 44.50 |13.97 !-30.53 | 39.56| 9.03|-70.09 1.%70 |0.2459
68 |--14.64 | 44.50 [14.93 | -29.57 | 38.62| 9.04 | -68.19 | 1.602 |0.2346
69 | -9.84 | 44.50 |17.33 | -27.17 | 35.44 | 9.27 | -63.61 |1.684 |0.2376
70-71 -12.68 | 47.14 |17.23 | -29.91 | 36.52| 6.61 | -66.43 | 1.680 |0.2088
72 | -20.20 | 47.14 [13.47 | -33.67 | 40.08| 6.41|-73.75|1.5530.2521|
73 | -19.80 | 47.14 |13.67 | -33.47 | 39.88| 6.41 | -73.35|1.560 |0.2496
78 | -19.74 | 47.14 |13.70 | -33.44 | 39.87| 6.43 | -73.31|1.560 | 0.2496
75 | -19.16 | 47.14 |14.00 | -33.15 | 30.55| 6.40 | -72.70 | 1.5710.2455
76 | -16.56 | 47.14 ‘15.29$-‘31.85 38.27| 6.42| -70.12 | 1.615|0.2303
77 | -14.64 | 47.14 |16.25 | -30.89 | 37.98| 6.49 | -68.12|1.6470,2194
‘78 .| -9.84 | 47.14 |18.65 | -28.49 | 35.34| 6.85| -63.83| 1.729'| 0.1940
79 | -5.02°| 47.14 |21.06 | -26.08 | 33.50| 7.42| -59.58| 1.812|0.1709




X

-126-

POINTS (Q WAVE) (R WAVE) _v(°) 8(°)  p(®) e+u(°) 8-p(°) M f’/Pti
vl o

80-81 | -12.82 | 49.98 [18.65 | -31.33 | 35.34 | 4.01 |-66.67 |1.729 |0.1940
‘82 | -20.18 | 49.98 |14.90 | -35.08 | 38.64 | 3.56 |-73.72 |1.601 [0.2348
83 | -19.80 | 43.98 [15.09 | -34.89 | 38.46 | 3.57 |-73.35 |1.608" |0.2326
8¢ | -19.74 | 49.98 |15.12 | -34.86 | 38.43| 3.57 |-73.29 |1.609 |0.2323
8 | -19.16 | 49:98 [15.41 | -34.57 | 38.16 3.59 [-72.73 [1.619 {0.2289
86 | -16.56 | 49.98 |15.71 | -33.27 | 36.97 | 3.71 |-70.24 1.663 |0.2131
87 | -14.64 | 49.98 |17.67 | -32.31 | 36.15| 3.84 |-68.46 (1.700 |0.2041
88 -9.84 | 49.98 |20.07 | -29.91 |'34.24| 4.33 |-64.15 |1.777 |0.1802
89 -5.02 | 49.98 |22.48 | -27.50 | 32.50 | 5.00 |-60.00 |1.861 |0.1585
90 -2.42 | 49.98 |23.78 | -26.20 31.63 5.43 |-57.83 [1.907 |0.1477
91-92 | -12.68 | 49.98° |18.65 | -31.33 | 35.34 | 4.01 |-66.67 [1.729 |0.1940
63 | -20.15 | 49.98 |14.92 | -35.07 | 38.63 | 3.56 |-73.70 [1.602 |0.2477
94 | -19.80 | 49.98 [15.09 | -34.89 | 38.46 | 3.67 |-73.35 |1.608 |0.2326
95 | -19:74 | 49.98, [15.12 | -34.85 | 38.43| 3.67 |-73.00 |1.609 |0.2322
9% |-19.16 | 49.98 [15.41 | -34.57 | 38.16| 3.59 |-72.73 |1.619 |0.2288
97 | -16.56 | 49.98 1671 | -33.27 | 36.98 | 3.71 |-70.25 [1.663 |0.2143
9% | -14.64 | ad9 |17.67 | -32.31 | 36.15| 3.84 |-68.46 |1.695 10,2081
99 -9.84 | 49.98 |20.07 | -29.91 | 34.24| 4.33 |-64.15 |1.777 |0.1802
100 ~5.02 | 49.98 |22.48 | -27.50 | 32.50| 5.00 | 60.00 |1.861 |0.1585
101 -2.42 | 49,98 [23.78 | -26.20 | 31.63| 5.43 |-57.83 (1.907 |0.1477
102 -3.64 | 49.98 |23.17 | -26.81 | 32.04| 5.23 |-58.85 |1.885 |0.1527
103-104 -12.68 | 53.37 [20.34 | -33.02 | 34.03| 1.00 |-67.05 |1.787 |0.1776
05 .| -20.10 | 53.37 |16.64 | -36,74 | 37.04| 0.30 |-73.78 |1.660 |0.2151
10§ | -19.80 | 43.37 |16.79 | -36.59 | 36.91| 0.32 -75.60 [1.665 |0.2134
10 | -19.78 | 53.37 |16.82 | -36.56 | 36.88 0.33 |-73.44 (1.666 |0.2132
108 |-19.16 | 53.37 117.11 | -36.27 | 36.63 | 0.32 |-72.90 |1.676 |0.2100
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P/ Pt‘.1

POINTS (Q WAVE) (R WAVE) w(°) 8(°) _ p(®) o+u(°) 6-|;(°) ‘M

& e
s ¥

109 |[-1656 53.37 |18.41 | -34.9% | 35.31 | 0.34 |-70.28 1.730 | 0.1932 |

-110 {-14.64 53.37. |19.37 | -34.01 | 34.78 | 0.77 {-68.79 |1.753 | 0.1870

111 -9.84 53.37 |121.77 :I{.Gl 33.09 1.40 |-64.61 |1.836 | 0.1647

112 -5.02 53.37 |24.18 | -29.20 31.3%5 2.18 |-60.57 }1.921 | 0.1449
5

113 -2.4 53.37 [25.48 | -27.90 | 30.5 '2.66'-58.45 1.967-{ 0.1345

114 -3.64 |.53.37 (25.87 | -28.50 | 30.93 | 2.43 {-59.43 |1.946 | 0.1391

115 ~2.65 53.37 |25.36 | -28.01 | 30.62 | 2.61 |-58.63 |1.963 | 0.1354

116-117|-12.68 | 56.34 |21.83 | -34.51 | 32.95 |-1.56 |-67.46 |1.838 | 0.1642

118 |-20.06 56.34 [18.14 | -3B.20 | 35.76 |-2.44 1=73.96 }1.71310.1992 \
119 |-19.80° 56.34 |18.27 | -38.07 | 35.65 |{-2.42 |-73.72 }1.716 | 0.1979 ! |
120 |-19.74 | 56.34 |18.30 ;3_8 04 | 35.63 |-2.41 |-73.67 |1.717 | 0. 19‘76

121 '[-19.16 56.34 |18.59 >37.'75‘ 35.39 (-2.36 |-73.14 [1.727 | O. 1946

122 |-16.56 56.34 |19.89 | -36.45 | 34.37 |-2.08 [-70.82 |1.771 | 0.1819 )
123 |714.64 | 56.34 20185 -35.49 | 33.66 |-1.82 {~63.15 |1.804 | 0.1730 |

124 -9.84 | 56.34 |23.25 |.-33.09 | 31.98 |-1.11 |-65.07 |1.888 | 0.1521

125 -5.02 56.34 |25.66 | -30.68 | 30.44 |-0.24 |-61.12 {1.974 | 0.1331

126 S2.42 56.34 [26.96 | -29.38 | 29.65 [-0.28 |-59.03 {2.021|0.1237

127 -%8 | 56.34 [26.35 | -29.99 30.02 | 0.03 |-60.01 1.959 0.1278

128 -2.65 56.34 |36.85 -29.50 |-29.72 | 0.23 ;-59.22 2.017 | 0.1245

129 | -2.34 56.34 [27.00 | -29.34 | 29.63 | 0.29 [-58.97 [2.022{ 0.1235

130-131-12. 68 58.58 22.95 | -35.63 | 32.18 |-3.45 {-67.81 {1.878 | 0.1543

132 |-20.05. 58.58 |19.27 | -39.32 | 34.86 |-4.46 [>74.18 |[1.750 | 0.1878

133 |-19.80 58.58 119.39 | -39.19 | 34.76 | -4.43 |-73.95 [1.754 | 0.1867.

134 |-19.74 | 58.58 |19.42 |'-39.16 | 34.74 |-4,42 |-73.90 {1.755 | 0.1864

135 (-19.16 58.58 [19.71 | -38.87 | 34.51 |-4.36 |-73.38 [1.765|0.1836

’ .
136" |-16.56 | 58.58 |21.01 | -37.57 | 33.54 |-4.03 {-71.11 |1.810| 0.1714

Pl




‘

&y

POINTS (Q WAVE) (R WAVE) v(®) _ 6(°) . u(®) ew(®) e-u(®) M__ PP
' {
137 | -18.64 | 56.58 |21.97 |--36.61 | 32.85 |-3.75 |-69.46 [1.843 |0.1630
138 | -9.84 | 58.58 |[24.37 | -34.21 | 31.25 |-2.96 |-65.46 |1.928 |0.1429
139 | -5.02 | 58.58 |[26.78 | -31.80 | 29.76 |-2.04 [-61"56 [2.015 |0.1249
140 | -2.42 |,'58.58 |26%@8 | -30.50 | 29.00 |<1.50 |~59.50 |2.062 |0.1160
141 | -3.64 | 58.58 (27.47 | -31.11 | 29.35 [<1.77 |-60.46 |2.040 |0.1201
142 | -2.65 | .58 |27.97 | -30.62 | 29.07 |-1.55 [-59.66 |2.08 [0.1167
143 | -2.34 | fa'es |28.12 06 | 2.9 |-1.47 -59,44 | 2.064 |0.1157
148 | -0.44 | 58.58 |29.07 | -29.51 | 26.45 |-1.06 |-57.96 [2.099 [0.1220
15 | -12.68 | 58.58 |(22.95 [.-35.83 | 32.18 |-3.45 [-6y.81 |1.878 |0.1543
146 |-12.68 | 60.52 |23.92 | -36.60 | 31.54 |-5.06 |-68.14 |1.912 |0.1465
\ .
7 “
1 ~
> ¢’
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-124-

POINTS (Q WAVE) (RWAVE) v(®) _ 8(°)  u(°) esu(®) o-u(®) ‘M "PY
21 | -10.86 | 36.44 |12.79 | -23.65| 40.88|17,23|-64.53 1.528 | 0.2654
22-31| -10.86 | 36.44 [12.79| -23.65| 40.88(17.23 |-64.53|1.528 | 0.2654
32-41] ©11.93 | 40.8) | 14.44| -26.36| 39.09 '12.73 | -65.45.1.586 | 0.2402
32'-41Y -10.90 | 40.80 |14.95| -25.85] 38.60|12.75|-65.451.603 | 0.2343
42-51| -10.90 | 41.02 |15.05| -25.95| 38.60|12.64 | -64.56 | 1.603 |.0.2343

'52-59| -20.90 | 41.02 |15.05| -25.95| 38.60|12.64 | -64.56 | 1.603 | 0.2343|
60-67| -10/0 | 41002 |15.05| -25.96| 38.60|12.64 | 64.56 | 1.603 | 0.2343
68 | -10.90 | 41.02 |15.05| -25.96| 38.60 [12.64 | -64.56' 1.603 | 0.2343
69 | -18.83 | 40.87 |11.02| -29.85| 42.86|13.01|-72.71|1.470 | 0.2845
70 | -18.83 | 40.87 |11.02( -29.85| 42.86|13.01|-72.71|1.470 | 0.2845/-
7i-77| -10.90 | 40.78 | 14,94 | -25.84| 38.61|12.77|-64.45 |1.603 | 0.2343
78 | -10.90 | 40.78 |14.94 | -25.84| 38.61|12.77|-64.45 [1.603 | 0.2343
79 | -18.83 | 40.78 |10.98| -29.80| 42.92|13.12|-72.71|1.468 | 0.2653
80 | -18:83 | 40.78 {10.98| -29.80| 42.92|13.12|-72.71|1.468 | 0.2853
81 | -17.70 | 40.78 |11.54| -29.24| 42.24|13.00|-71.481.487 | 0.2776
82\ | -10.9 | 40.78 |14.94| -25.84| 38.61|12.76|-64.45 |1.603 | 0.2343
83-87| -10.90 | _40.78 | 14.94| -25.84| 38.61|12.76 |--64.45 | 1.603 | 0.2343
88 | -10.90 | 40.78 |14.94| ~25.84|/ 38.61|12.76 | -64.45 | 1.603 | 0.2343
.89 | -18.83 | 40.78 |10.98| -29.80| 42.92]13.12|-72.72|1.468 | 0.2853
% | -16.83 | 40.78 |10.98| -29.80| 42.92|13.12|-72.72|1.468 | 0.2853
o1 | -17.70 | 40.78 |11.54| -29.24| 42.25|13.00|-71.48 | 1.487 | 0.2776

92 | -15.88 | 40.78 |12.46| -28.33| 41.1812.85|-69.51 1,519 | 0.2651
93-97| -10.90 | 44.38 | 16.74| -27.64| 36.95| 9.31|-64.59|1.664 | 072138
9% | -10.90 | 44.38 |16.74| -27.64| 36.95| 9.31|-64.591.664 | 0.2138
99 | -18.83 | 44.38 | 12.78| -31.60| 40.83| 9.23|-72.43|1.530 0.2610
100 | -18.83 | 44.38 |12.78| -31.60| 40.83| 9.23|-72.43 0.2610

1.530
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- -125-
: ¢ , . P/Pt
POINTS (Q WAVE) (R WAVE) v(®) _ 8(°) _u(°) 6w(®) 8-i(®) M 1
1 |-17.70 | 44.38 |33.34 | -31.04 | 40.22| 9.18 |-71.24 | 1.589 0.2538
| 102 |-15088 | 44.38 |14.25| -30.13 | 39.28| 9.15 |-69.41 |1.579 | 0.2427
103 {-10.21 | 44.38 [17.09| -27.29| 35.64| 9.35 |-63.93 |1.676 | 0.2102
104-108{-10.90 | 48.92 |19.01 | -29.91| 35.06| 5.15 |-64.97 |1.741| 0.1904
109 |-10.90 | 48.92 [19.01| -29.91| 35.06| 5.15 |-64.97 [1.741|0.1904
110 |-18.83 | 48.92 |15.05 | -33.87 | 38.50| 4.63 |-72.37 | 1.606 | 0.2332
11] |-18.83 | 48.92 7 15.05 | -33.87 | 38.50| 4.63 %52.3{ 1.606 | 0.2332
112 |-17.70 | 48.92 |15.61| -33.31| 37.97| 4.66 ~71.28 | 1.625 /0. 2267
113 |-15.88 | 48.92 [16.52 | -32.40 | 37.14| 4.74 |-69.54 71656 [ 0.2164
114 |-10.21 | 49.92 |19.35| -29.57 | 34:79| 5.23 |-64.35 | 1.753 [ 0.1898
115 | -3.24 | 48.92 |28.84| -26.08| 32.25| 6.17 |-58.34 [ 1:874 | 0.1553
116-119(-10.90 | 51.76 |20.43 | -31.33| 33.97| 2.64 |-65.30 | 1.790 | 01767
120 |-10.90 | 51.76 |20.43 | ~31.33| 33.97| 2,64 |-65.30 | 1.790 | 0.1767
121, |-18.83 | 51.76 |16.45| -35.29| 37.19| 1.90 [-72.48 | 1.654 | 0.2171
122 (-18.83 | 51.76 |16.45| -35.29| 37.13| 1.90 ~72.48 | 1.654 | 0.2171
123 |-17.70 | 51.76 [17.03| -34.73] 36.79 1.97 [-71.43 [ 1.673| 0.2110
124 |-15.88 51.7&2\ 17.94 | -33.82 | 35.92| 2.10 |-69.74 |1.703 ] 0.2014
125 |-10.21 | 51.76 |20.77| -30.90| 33.71| 2.73 | -64.70| 1.802 | 0.1735
126 | -3.24 | 51.76 |24.26 | -27.50| 31.31| 3.82 | -58.81 | 1.923 | 0. 1448
127 | -1.84 | 51.76 |24.96 | -26.80 | 30.87| 4.70 | -57.67 | 1.949| 0.1383
128 |-10.90 | 55.14%|22.14 | -33.02 32.75| -0.27 | -65.77 | 1.848 | 0.1617
129 |-18.83 | 55.14 |18.16| -36.98 | 35.74 -1.24 | -72.72 | 1.712| 0. 1990
130 |-17.70 | 955.14 |18.72| -36.42| 35.29| -1.13 | -7L.71| 1.731 | 0.1933
131 - |-15.87 | 55.14 [19.63| -35.51| 34.57| -0.94 | -70.08 | 1.762| 0.1844
132 |-102| 55.14 |22.47| -32.68| 32.61| -0.16 | -65.19 | 1.860 | 0.1587
133 | -3.24. 55.14 |25.95| -29.19| 30.27| 1.08|-59.46 | 1.984| 0.1310
| ,
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POINTS (Q WAVE) (R WAVE) v(®)  8(°) u(®) e+(°) bB-p(>) W P/PYy

f

134 -1.84 55.14 |26.65 | -28.49 | 29.84 | 1.35|-58.33 | 2.010 | 0.1258

135 -2.02 55.14 |[26.56 | -28.58 | 29.89 | 1.31 | -58.47 | 2.000 | 0.1278

136 -10.90 58.12 |23.61 | ~34.51 | 31.74 [-2.77 | -66.25 | 1.900 | 0.1492

-137 -10.90 58.12 23.61 | -34.51 | 31.74 (-2.77|-66.25| 1.900 | 0.1492

138 -10.90 | 58.12 [23.61| -34.51 | 31.74 [-2.77| -66.25| 1.900 | 0.1492

139-140( -10.90 58.12 [23.61 | -34.51| 31.74 (-2.77 | -66.25} 1.900 | 0.1492

141 |-18.80* | 58.12 |19.64 | -38.47 | 34.56 |-3.90|-73.03 | 1.762 | 0.1844

142 =17.70 58.12 [20.21 | -37.91 | 34.13 |-3.77| -72.04 | 1.782 | 0.1787

143 -15.88 58.12 |21.12 | -37.00 | 33.46 |-3.54| -70.46 | 1.814| 0.1704

-

144 -10.21 58.12 123.96 | -34.16 | 31.51 |-2.65| -65.67 | 1.913 | 0.1463

\]

145 | -3.24 | 58.12 |27.44| -30.68 | 29.37 |-1.31]| -60.05| 2.039| 0.1203

' 146. | -1.84 | 58.12./28.14 | -29.98 | 28.97 |-1.00]| -58.95 | 2.064 | .0.1157

‘ 147 | -2.02 | 58.12 |28.05| -30.07 | 29.02 |-1.05| -59.09 | 2.061| 0.1162
- [ 18 | -0.86 58.12 |28.63 | -29.49 | 28.70 |-0.79| -58.19 | 2.083 | 0.1123

149-152 -10. 90 60.36 [24.73 | -35.63 | 31.01 |-4.62| -66.65| 1.941| 0.1401

. 153 -18.80*% | 60.36 |20.78| -39.58 | 33.71 |-5.87| -73.£9 1.802| 0.1735

154 -17.70 60.36 |21.33| -39.03| 33.31 (-5.72| -72.33| 1.821| 0.1685

155 | -15.88 60.36 |22.24 | -38.12 | 32.67 |-5.45 -70.%9 1.853( 0.1605

156 -10.21 60.36 |25.07 ] -35.29|-30.80 |-4.49| -66.09| 1.953] 0.1374
\

157 -3.21 60.36 | 28.57| ~31.79| 28.73 |-3.05| -60.52| 2.080| 0.1128
158 -1.84 60.36 |29.26| -31.10 28.%5 -2.75| -59.45} 2.106| 0.1084
\ I‘ ) 159 | -2.02 60.36 {29.17] -31.19| 28.39 -2.8Q -59.59 ‘3‘}03 0.1089
160 -0.86 ‘ 60.36 |39.75| -30.60| '28.08 |-2.53| -58.69| 2.124| 0.1053

/ -

.Note: *Value obtained by trial and error.
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