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ABSTRACT

Title of Thesis: One-Dimensional Compressible Flow
Analysis - Isentropic And Normal Shock.
Su-Bo Wong, Master of Science in Mechanical Engineering
1983, |
Thesis Directed by: Rong-yaw Chen

Professor of Mechanical Engineering

A computer program to compute and analyse one-dimensional
isentropic compressible flow through variable cross-sectional
area with or without a normal shock 1is developed. The

program is written in the "FORTRAN LANGUAGE".

In this work, the area change is the predominant ‘cause of
change of flow condition. One of the advantage of this
program is set on general uses for isentropic flow. In
common practice, the values of the isentropic flow property
ratios were tabulated or graphically presented as function
of the Mach number with a specified specific heat ratio, K
(normally K=1.40 was presented). With todays technology,the
most versatile method 1is by implementation of computer

programming method.

The computer program presented can solve all the one-
dimensional isentropic flow problems and +to analyse the flow

characteristic and the flow patterns in converging nozzle and



converging-diverging nozzle. The value of K can be assigned
as any value as one's requirement. All the solutions are
computed within 0.1 % error. For solving Mach number and
location of normal shock inside the nozzle, ITERATION method
is employed instead of numerical method. In most cases, a

few iterations (less than ten) may arise a reasonable

solutions.
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NOTATION

Speed of sound

Cross-sectional area of duct

Specific enthalpy
Specific gas ratio
Mach number

Mass flow rate

Mass flux = M/A
Static pressure
Specific heat constant
Specific entropy
Static temperature
Velocity of the fluid flow
Specific volume
Position coordinate
Density

Maximum

Stagnation condition

Condition at M = 1



1. INTRODUCTION

Fluid mechanics is that study of fluid motion involving a
rational method of approach based on general physical laws
and consistent with the results of modern xperimental
study.There is hardly a branch of engineering that is not
concerned with fluids o+ does not make use of them. Real
economy and value are achieved in studying at one time the
same principles underlying the flow of different fluids.
Such a study tends to develop a sound background and to make

one versatile in approaching new problems.

A fluid may be considered as compressible or incompressible.
As an erxample in the compressible flow, when the relative
velocity of the fluid with respect to the immersed body
became high, the results of the analysis for the pressure
coefficient began to depart from that based on
incompressible flow. Also, when the speed of the fluid
relative to the immersed body approached the speed of sound
in the flowing medium, owing to the compressibility of the
fluid, the deviation from incompressible flow analysis

become pronounced.

The fact that the flow is compressible indicates that the
density, /O of the flowing medium is a sensitive function of
the pressure. The introduction of this new variable jo into

the equations of motion will necessitate the study of its



relationship to the other properties of the medium. This
need then invokes the principles of thermodynamics which

represent a separate and independent approach from the
dynamic eguations of motion. Since a new variable JD has
been added, this independent approach is necessary for the
solution of the problem, and the concepts of thermodynamics

will play an important role in the theory of compressible

f1low.
Friction, heat transfer,area change and electromagnatic
fields have a great effect on compressible flow. In most

physical situations, more than one of these effects occur
simultaneously; for example, flow in a rocket nozzle involves
area change, friction,and heat transfer. However, one of the
effects is usually predominant; in the rocket nozzle, area
change is the factor having greatest influence on the flow.
The freguent predominance of one factor provides a
justification for separating the effects, including them one
at a time in the equations of motion, and studying the

resultant property variations.

Whereas a certain loss of generality is incurred by treating
each of the effects individually, this procedure does
simplify the eguations of motion so that the results of each
of the effects can be easily appreciated. Further, this
simplification enables approximate soclutions to be derived

for a wide range of problems in compressible flow; such



sonlutions are sufficiently accurate for many engineering

applications. Attempts to include all the effects

simul taneously in the equations of motion lead to
mathematical compi vities that mask the physical situation.
In many cases exact solutions to these generalized equations

of motion are impossible.

This study is concerned with compressible, isentropic flow
through varying area ducts, such as nozzles passages.
Friction and heat transfer are negligible for this isentropic
flow; variation in properties are brought about by area
change. One—-dimensional steady flow of a perfact gas is
assumed in order to reduce the equetions to a workable form.
Since this is a study of gas flows, changes in potential

energy and gravitational forces are neglected.

The intention on this study has been to provide a good
understanding of the physical behaviour of compressibe fluid
flow and an adequate appreciation of the principles behind
the design of modern engines such as nozzles and their
equivalent form a very important item of all turbime and jet
devices. In this work, a computer program is implemented to
solve most of the engineering problems arising from

isentropic compressible flow.

In general, the changing variable properties are To,Fo,T,F,



)QD,/D,M,V,m/A (MF),kE,R. Since K and R are the properties of
the gas and usually listed in most of the science or
engineering data booklets. The remainder nine properties at
which three properties must be given in order to obtain the
rest of the variable properties, this gives the initial
cross—-section (station 1) properties.,. The program may
proceed further to consider any other sections of the duct
with no discontinuities or shock wave occurs inbetween.
since the stagnation properties are remains constant at any
sections of the duct, by giving one properties from T,F,

M,V,/O,AR (A1/AZ - area ratio),the other properties can be

ohtained.

To shows the great effect of mach number and wisely needed
in engineering applicationsg converging nozzle and
converging—diverging nozzle were chosen to demonstrate on
this study . The program is constructed to consider a fluid
stored in a large reservoir and is discharged through a
converging nozzle; by varying the back pressure to analyse
the characteristics and compute the properties of the fluid
flow at the exit plane. For converging—diverging nozzle, it
is desired to consider the pressure distribution in the
nozzle over a range of values of Fb/Po with Po maintained
constant (except across the shock wave). The phenomenon of
the choked or unchoked,shock wave occurs inside or outside
the nozzle , overexpansion , underexpansion or designed

condition; all those situations will be detected and printed



at the output of the solutions.

The main fundamental concepts are discussed in Chapter 2,
which include the analysis, governing equations for
isentropic flow and flow across the normal shock wave and
the Ffeatures of the Ffluid flows through the converging

nozzle and converging-—diverging nozzle.

Chapter 3 1is the method of solutions which #plain the
technigques of writting this program and the procedures of

inputing the data.

Conclusions are presented in Chapter 4 and suggested
recommendations are in Chapter S. Appendix - A, is the
computer program and Appendix - B, is the sample of

examples. Finally, the References.



2. ANALYEIS

2.1 Fundamental Concepts

Four basic laws can be readily applied in studying the flow
of compressible fluids. These fundamental laws or principles
upon  which the analysis presented in this study depend
directly or indirectly are :
(AY The law of conservation of mass

FPva=constant
(B) Newton®s second law of motion

1/p dp + V dV = 0O
(C) The first law of thermodynamics

h + Vz

/2 = conatant
(D) The second law of thermodynamics

T ds = dh - v dp

In any flow analysis some information about the properties
of the +luid must be known. This information (such as
equation of state of a perfact gas ) is used in connection
with the basic laws to provide maximum knowledge of the f1low.
Compressible flow can be treated at various levels of
complexity. In this work, the most elementary level possible
was taken and the results by virtue of their simplicity, are

among the most instructive.



The basic approsdximations are that the flow is steady and
one—-dimensional or, more precisely, steady and quasi-one-
dimensional. By this we mean that the flow can be treated
according to a one—dimensional model even though the

real’ flow is in fact three—dimensional.

2.2 Classification of Compressible Flows
There are large differences in flow patterns with
compressible flows. General behaviour of the flow depends

on whether the fluid velocity is greater or less than the
local velocity of sound. Thus , the compressible flows may

be classified as follows @

(1) M < 1 ———— Subsonic flow j;
(2) M= 1 ~——— Sonic fiow j
() M > 1 —-—— Supersonic flow.

A transonic flow is defined as a flow having regions in
which the flow speed changes from subsonic to supersanic.
For example, transonic flows can occur in converging-

diverging nozzles and in flow over bodies.

A hypersonic flow is a supersonic +flow at high mach number
(often defined as a flow whose mach number is greater than
=)

=) . Hypersonic flows are sp called because they require

treatment somewhat different from low mach number supersocnic

flows.



2.3 Assumptions on The Flow Through a Naormal Shock Wave

The assumptions are made as follows:

(1) The boundary surface forming the stream tube is far
removed from the boundary layers adjacent to any solid
surface. Since all friction forces may be assumed to be
confined to the shearing stresses in the boundary layer, the
configuwration under discussion is a frictionless duct.

{2) The shock process takes place at constant area; that
is, the streamlines forming the boundary of the stream tube
are parallel.

(3) The shock wave is perpendicular to the streamlines.

(4) The flow process, including the shock wave is adiabatic,
no external work is performed, and the effects of body

forces are negligible.

2.4 Governing Equations

(A) Far Isentropic Flow:

The ratio of the speed of the fluid at a point to the local
speed of sound at that point is a useful index Ffar
identifying the flow. this ratio is called the Mach

number, M. 3

i<

(1)



For isentropic flow,

2 _(¢p
22 (),

Where subscript s denotes constant entropy.

For an ideal gas under isentropic process F =const.
Thus, op
a =A/<B?)s =4/_7,K3 = A KRT (2)
v
..' M = — (3)

N KRT

The stagnation temperature, To is the temperature where the

speed of the fluid is zero. With the energy equation for

isentropic flow, we get

ro = (1 + 5L w?) (4)

The stagnation pressure Fo and the stagnation temperature To

K_
B - () (52

X
or -—11-_379-— = (1+K'1 MZ)K_1

are related by

(5b)

The stagnation or total density{}% is the density corresponding
to the stagnation temperature and pressure.

From the thermal eguation of state,

Po = ART (6a)
or P=jfRT (6b)

Substituting equations (4) & (35) into equation (&) vields

& R LI



The continuity equation may be transformed to read

M _py . PV
i =PV = (8a)

Substituting eguation (3) into equation (Ba) yields

M _ PV _ PV <§T>1/2

10

1/2
_ K
= PM(————RT> (8b)
From equation (4), we have

To

T =
K-1 .2
+ =—=
¢ )

Hence, in terms of the stagnation temperature To ; equation

(Bb) becomes

. 1/2
M K K-1 2
A =PV RT0(1+ 2 M) (8c)
From equation (Sb), it follows that
K
K-1
P =Polt + B m?

Hence, the continuwity equation expressed in terms of the

stagnation pressure Fo for the actual flow becomes
-(K+ :
1/2 K+1

: 2(K-1
M K K-1 .2 8d
1 MPO(RTO) .[1 + 2= M J (8d)
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or in terms of T, we have

K

i K 1/2 K-1 .2 Y1 ¥
s MPO(%T%) . (1 + = M ) (8e)

(BY For Normal Shock Waves:

In below is the application of the equations developed in the
above to normal shock wave.

Since To is a constant,therefore equation (4) gives

T 1+ K=1 /2
2 = === M
- = 2 1
T, 5 (9)
1 + K-1 M
From egquation (8a) , as M/A = Const., we can derived that
Vi P,y

Substituting eguation (3) into equation (10) gives

p M ,’1 + K1 2 \/2
2 1 —5— M1
i

5 (11)
1 2\7 + KE1 Mg
Introducing the momentum equation,
2 = + 2 =
Py +P1V1 P, /DZVZ constant. (12a)
2 2
or P Vv P v
1 14 —11 1. 2 G_+_}a_2__.2._ (12b)
P1 P2
From equation (2), noting that a&& = P/ ,equation (12b)
vields
2
P 1 + KM
5 = 1+ = (13)
1 KM

Equating the right—-hand sides of equation (11) and (13,

We can obtained that

1/2
| K-1 .2 1/2
() () (14)
1+ o
1 1+ .2
KM
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Squaring both sides of equation (14) and solving for M2

vields
M2 = Ml (152)
2 2
ME + A
or Mg = 2}1( 2_1 (15b)
K-1 Mg -1

Equation (153a) espresses the trival result that no change
occurs across the normal shock wave; that is, the latter has
infinitestimal strength. Equation (13b) gives the solution

for a normal shock wave of finite strength.

For a normal shock wave to occur, the mach number,Ml must be
greater than unity and equation (15b) shows that as M1 in
front of the normal shock wave is increased infinitely, the
mach number,M2 in back of the normal shock wave continually
decreases but approaches the limiting value V(k—l)/EH .
The limiting value Ffor MZ depends only on the specific heat

ratio for the gas. For air and diatomic gases, k=1.40 and

(k=1) /2K =0,.3278. (Note that the computer program presented

is permitted to put any value of k as one's necessity).

The property rtratios across a normal shock wave may be

#pressed in terms of the mach number ahead of the shock
wave M1 by substituting equation (1Sb) into equations
(9), (10) and (13) to eliminate M2. Thus

T 2K w2  K-1\[k-1 2
e =( K+1 Mg - K+1)[k“+’1‘ * W] (16)
1 M1
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5 (K+1) M’:’

= (17)
1 2+(K-1) Mf
P 2 K-1
> 2
P, . K1 M1~ XA (18)
K :_.].-.
Po K-1 2 oK .2  K-1||k-1
2= (%1 + &) 2 . [Kﬂ My - K+1] (19)
01 M1

It Ffollows from equation (17) that as the mach number M1
approaches infinity, the density ratio ,80? approaches
(k+1)/(k—-1) as a limiting value. (i.e. = &, for k=1.40). On
the other hand, the pressure ratio F2/F1 (see eguation (18) )

increases continuously with Mi.

The flow conditions immediately in front of and in back of
the normal shock wave are isentropic, thus all the governing
equations derived for isentropic flow can be applied to

those sections.

2.9 Ferformance of Converging Naozzle

Consider the configuwration shown in fig.2.1., where a simple
converging duct discharges into & region where the back
pressure Fb is controlled by a valve. Let FPe be the
pressure in the exit plane of the nozzle and Fo the

reservoir pressure ( stagnation pressure for isentropic

flow).
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Z e
: Pb(varigble)
Poﬁconst. ) —
g . F——-ﬂ» t
To]const- — exhauster
|
17777
valve
P/Po
4
Regime I
{5)— Regime 11
X

Distance along nozzle

2

Pe/Pg

E;;g;me II*’T‘Regime I

(2

(5)

1)

1

fig.2.1. Flow Through a Converging nozzle



15

If Fb/Po = 1 ( at condition 1, fig.2.1 ) then the pressure is
constant throughout the nozzle and there is no flow. If FPb is

slightly reduced +From this value ( condition 2, +fig.2.1) a
subsonic flow will be established with the exit pressure Fe

equal to the back pressure FPb. If Fb is reduced further to

condition %, the flow remains subsonic with Fb=Fe, but the
mass flow rate increases. This increase continues until
Fb/Fo reaches the critical pressure ratic (( Fb/Fo = ;;PD =
Fe/Fo } where Me = 1, i.e. condition 4. If Pb is reduced
further, { condition S ), the pressure Fe can not become

less than F since Me stays at 1. Therefore the flow rate
remains constant and pressure distribution inside the nozzle
remains the same as for condition 4. The pressure
distribution in the chamber outside the nozzle for Fb/Fe can
not be predicted accurately by a one-dimensional model and is

indicated by a wavy line.

The maximum mass flux, (MF)max can be found From equation

(Bc) with Me = 1, gives

.—%’L— = Po ( 20)
max
and from equation (Sh),
P > \ 71
Po ~ \ K+ (21)
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2.4 Ferformance of Converging-Diverging Nozzle

Consider the case in which & fluid stored in a large
reservoir is to be discharged through a converging—diverging

nozxzle. The experiment can be carried out similar to the

above case (converging nozzle) by controlling the valve to
vary the back pressuwe, Fb. It was pointed out that for
certain ratios of back pressure to supply pressure,

isentropic, one-dimensional solutions to the equations of
motion are not possible. However, it is sufficient to
analyse the normal shock occured inside or at the exit plane
and studied in details. It is desired to Ffind the pressure
digtribution in the nozzle over a trange of values of FPb/Fo,

with Fo maintained constant. (see fig.Z2.3a)

P T E
Po /1 23
__,./—""—‘(___‘ /u‘EEg'I
+ D eg.11
-— r—-—'-‘c
Po=const. Pb { d eg.III
| —
: e Reg.IV
fig.2.3a
With Pb = Fo, there is no flow in the nozzle. As Fb is

reduced below Po, subsonic +Flow is induced through the
nozzle with pressure decreasing to the throat then
increasing in the diverging portion of the nozzle. When the

back pressure is lowered to that of curve 4, sonic flow
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cccurs  at the nozzle throat. Further reductions in  back
pressure can induced no more flow through the nozzle. As
the back presswe is reduced below that of curve 4, a normal
shock appears in  the nozzle just downstream of the throat
(curve a ). Further reductions in back pressure cause the

shock to move downstream ( curve b ), until for a low enough

back pressure, the normal shock positions itself at the
nozzle exit plane ( curve ¢ ). Consider in detail a curve
of F versus X with a shock in the nozzle (fig.2.3b). the

static pressure decreases in the converging portion of the

nozzle, with M = 1 at the throat. In the diverging portion,

with the flow supersonic, the pressure continues to decrease
up to the normal shock. After the shock, flow in the
diverging part of the nozzle is subsonic, the static
pressure increasing to the #it plane pressure. With

subsonic flow at the exit, the exit plane pressure is equal

to the back pressure.

P T  Shock E

ol l
\r I

figlz. !b

As the back pressure is lowered below that of curve o, a
shaock wave inclined at an angle to the flow appears at the

exit plane oaof the nozzle (fig.22.3c). This shock wave,
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weaker than a normal shock is called an obligue shock.
Further reductions in back pressure cause the angle between
the shock and the flow to decrease, thus decreasing the
shock strength (fig.2.3d) until eventually the isentropic
case, curve 5, is reached. Curve 9 corresponds to the
design condition in which the flow is perfectly expanded in

the nozzle to the back pressure.

—_P—O\/\ Pb _—:C)\_/\Pb

fig.2.3¢c fig.2.3d
For back pressure below that of curve G, exit plane
pressure 1is greater than the back pressure. A pressure
decrease occurs outside the nozzle in the form of expansion
waves (fig.2.%e). Obligue shock waves and expansion waves

represent flows which are not one-dimensional and can not be

treated directly with the equations derived before.

Pb
Po

fig.2.3e

It is important to realize that for all back pressures below
that of curve c the Fflow adjusts to the back pressure

outside +the nozzle. Over this range of back pressures
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(below c), flow inside the nozzle remains unchanged as the
back pressure is varied. For example, the exit plane
pressure and exit wvelocity are the same for all back
pressures below c. I+ a rocket nozzle is designed to
operate isentropically at sea level, the rocket exhaust
velocity and exit plane pressure do not change as the rocket
moves upwards through the atmosphere (assuming constant

chamber temperature and pressure).

Fig.2.2+f depicts the variation of exit plane pressure with
back pressure. For subsonic flow at the exit plane (curves
1,2,.%3,4, ayb,c), and for the design condition (curve 2), the
exit plane pressure is equal to the back pressure. For

supersonic Fflow at the exit plane (curve d,S,e) the exit

plane pressure is equal to that for the design condition.

For back pressure between ¢ and 3, the exit plane pressure
is less than the back pressure, so that the nozzle is termed
overexpanded. For back pressure below 5, with the exit

plane pressure greater than the back pressure, the nozzle is

termed underexpanded.

Fig.2.7g shows the variation of pressure at the throat with
back pressure, when back pressure is 1in between 1 and 4, the
pressuwre at throat varies with back pressure (i.e. unchoked
condition). Till back pressure equals or less than 4, choked

condition, Pt always remain at P (i.e. critical stage).
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Pe/Po

4

1 —— e — o~ _— —— Wt Tumnt T ——— — —
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Summarising, there are four regimes of flow :

(1) Subsonic flow throughout the duct, maximum velocity is

reached at the throat.

(IT) Subsonic flow at the throat, then supersonic up to the
normal shock, following by subsani: compression.

(ITD) Subsonic flow to the throat, followed by supersonic
flow to the exit plane. Non—-isentropic re-compression
outside the duct though obligque shock waves.

{(IV) Flow in the duct identical to (III), supersonic jet

expanding out of the nozzle exit.

The nozzle is choked in regimes (II), (III) & (IV). The mass
flow rate, M is independent of the back pressure and 1is a
maimum. Only in regime (I) can the mass flow rate be

changed by variation in the back pressure.
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Z. METHOD OF SOLUTIONS

3.1 Introduction

By use of the governing eqguations developed in Chapter 2, we
can express the flow property ratios (T/To, F/Fo, etc.) in a
steady one-dimensional isentropic flow as a function of the
local flow mach number,M for a given value of the specific
heat ratio, k. In most of the engineering compressible text
books, the values of the isentropic flow property ratios are
tabulated or grapically presented as function of the mach
number for k = 1.40, It has been a common practice of using
table or graphs, whenever possible, in solving steady

orne-dimensional flow problems.

In most cases, the initial conditions at the inlet
cross—section of the passage are specified. Using those
conditions, the corresponding values of T/Tc:m,.F‘/I:'cJ,.f'//?> etc.
may be read directly from tables or graphs. The reference

condition To,Fo,/3 +A may than be calculated.

One condition at the exit cross—-section of the flow passage
must be known, so that tables or graphs may be employed for
determine the property ratios, and hence the flow properties

at the #it cross—-section. Many problems of the practical
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interest are not that straight-~-forward, and may be too
complicated +Ffor a closed-form mathematical solution. A
numerical solution is required and the most versatile method
is by implementation of computer programming method. With
present—-days technology., computer is common and wisely used.
It may solves the problem in shortest time with
great efficient and high merit of accuracy. In this work, &
computer program is developed to solve the isentropic flow
problems instead of traditional method by using tables or
graphs to compute and analyse the flow pattern. Also, it

can be used for any different values of specific heat ratio,

l‘:: "

Dne of the advantages of setting the pregram on general
purpose is that many of the solution steps are common to all
application area. For instant, the procudure for solving
problems in converging or converging—diwverging nozzle
involve many of the same steps found in general programg
i.e. for given three properties and compute the remainder
properties.

-

e
‘e ol

Techniques of Frogramming the Frogram

A genaral computer flow diagram is presented in fig.3.1. This
flow diagram is specifically for the one-dimensional

isentropic Flow with wvariable cross-sectional area and is



fig.B-lo

START !

Define the symbols
used

Select the program
1,2 or 3

Input K & R

Input Known
properties

Call Subroutinesﬁw

Compute unknown
values

Print all the
properties

STOP

A General Flow Diagram

2l



25

valid for all of the application areas discussed in Chapter
2. Each major step of the flow chart will be discussed in

genaral terms rather than with respect to a specific example.

Firstly, the general program was established. In general,
the changing variable flow properties are TD,PO,T,P,)O ,jg

M. V. MF,E and R. Since K and R are the properties of the
gas and usually listed in most of the text books. The
remainder nine properties at which three must be given to

make the solution possible.

From the knowledge of mathematical statistics, if one is
interested only in what particular objects are selected when
r objects are chosen from n objects ( where r and n are any
arbitrary numbers ), without regard to their arrangement in
a line, then the unloaded selection is called a

"COMBINATION .

Employing the formula with r = 3 and n = 9 ;

Combination formula :

n - n

r r! (n-r)!
i.e (S;

ha 3

From the above, it is understood that there are 84 ways of

it

3 (9-3)!

setting the problems.
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Mass flw, MF is a mest common property that either known or
unknown value. This property is taken as a reference and
divide the preogram into two parts. i.e. (1) Given two
properties with mass fluxy MF ;3 or (2) Given three

nroperties without MF.

Using the same combination knowledge, we get in case (I) is

28 ways and Sé6 ways in case (II). Due to certain
properties gives in the combination is exactly the terms
of the governing equation, it is unable or should say not
enough information to solve the problem. Such as occured in
case (I) has two cases and eight cases in case (II). When
this situation appears, the output will print * NOT ENOUGH
INFORMATION".

The logical If statement is used as a transfer control for
the given condition. A pattern of entering the code number

is fixed by entering the code number in ascending order.

For example, The coding as follows:
To - 1 T - = DN - S§ M- 7
Fo - 2 P - 4 DNO~- & vV -8

For given To.,Fo,F then enter 124 without any punctuation in

between the numbers.

One of the most tedious part in the program is to solve for
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M by trial and error. Here, ITERATION method is used
instead of other numerical method, like Newton-Raphson
method, because numerical method may easily diverged and

make the solution impossible.

For instamt, given MF,Fo and To from equation (Bc), we have

_(K+1
1/2 ’ 2%}{-1;

- K\ K-1
MF‘MPO(RTO) 1 + > M

Solving for M,

K-1
2(K-1)
F (1+ %—l Mz)

Po (ﬁ_I_T{_a_)l/Z

Ry iteration, the DO-LOOF being employed. The Fortran

statement may be written as follows :

DUMMY=FOXSRRT (K/R/T0O)
M=MF ¥ (1+C2) XXFPWS/DUMMY
DO 111 I=1,30
ME=MF ¥ (1+C2XMXM) XXFWS/DUMMY
EFP=ABS (1-MF /M)
IF (EF.LT.0.00001) 60 TO 1000
M=MF

111 CONTINUE

1000 ————————



In most cases, only a few iterations ( normally less than

may gives the reasonable solution within 0.001 % error.
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100

Due to many solution steps are common in most of the cases,

in preparing the program, one must solve all the B84 cases

at one time to search where the solution steps are common.

By grouping those steps together to form the SUBROUTINE.
this program, eleven subroutines were employed.

Z.Z2 Comments on the Computer Frogram

When the program get started, it prints the NOTATION of
symbols used then follows by select program:

(1) Given three properties of a +flow in a duct, find
other properties of the flow;

(2) Converging nozzle flow from reservoirs

(7)) Converging—Diverging nozzle.

I.3.1  Program (1)

1. Select either (a) Given mass flux with two properties

In

the

the

or (b) Biven three properties without mass flux.

2., Imput K and R.

in ascending order.

4. Input the values of the known properties.

Z. Input the known properties with the coding specified
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5. The computer may compute the unknown properties at this
initial section and print out the solutions.

6. It may proceed further to compute any section of the duct
by entering one known properties.

7. The program may keep on repea£ed until all the section of

the reguired properties are obtained

T
S

3.2 Program ( 2 )

1. Imnput K and R

2. Input To,Fo and Fb ( Rack pressure )

I, The computer may detect the characteristic of the flow
pattern through the nozzle. Refer to Chapter two, fig.2.1.
(i) Fo = Fb

(ii) Regime I ( Po < Fb <« F{iv) )

(iii) Regime II ( FPb < F{iv) )

{(iv) Fb = P(iv)

4, Print the properties at the exit plane.

- =
T. 3

. % Frogram ( 3 )

l.Input K and R

2.Input To,Fo and Fb ( Rack pressure )

Z.lnput area ratio between exit and throat (Ae/At)

4.The program is able to detect the charecteristic of the

flow pattern. Refer to fig.3.2 in below :
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P
T Throat Exit
Po J[ r PO Regime I
’ — Pe2
‘ Regime 1I
Pe3
\ [ Regime III
— —— Pelt
! [ Regime IV
’ -
| - X
fig.3.2
(i) Find MeZ and Med
(ii) Determine FeZ, FeZ and Fe4
(iii) Using Logical IF to classify the flow pattern.

Generally, it consists of the following cases. ( Note : All
the details had been included in Chapter 2 ).

(a) Po = Fb

(b)Y Regime I ( Po > Fb * Fel2 )

(c) Fb = Fel

(d) Regime II ( Fel > Fb » Pel )

{(e) Fb = Pel

(f) Regime I1II ( FeX » Fb *» Fed )

(g) Fb = Fe4d

(h) Regime IV ( Ped4 > Fb )

In the above eight cases,themost difficult part of the

program is in Regime II (i.e. to locate normal shock inside
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the nozzle).There are many ways of solving this problem.
Here, the iteration method is employed to find the area
ratioc AR, where the normal shock occurs. The program is
constructed as follows:
(i? By averaging the area ratios AR at throat and exit to
assume the normal shock wave occurs half way between the
throat and the exit plane.
(ii) Fromthe throat condition with M = 1 and the known
Fo,To. Using subroutine with estimated AR to compute the
properties before the normal shock ococurs.
{iii)> Compute the properties aftter normal shock wave occurs.
(iv) Uzing subroutine to determine the properties at the
exit plane.
(v) To compare is the computed exit pressure Fe = Fbh 7
{vi) (a) If Fe >Fb ; take AR as the average of the
estimated AR and area ratio at the throat.
(b)Y If Pe < Fb 3 take AR as the average of the
estimated AR and the area ratio at the exit.

(vii) Repeating the procedures by taking the average
until Fe within Q.1 %4 error eguals to FPb. In most cases,
within ten iterations the sclution may arise.
(5 Frint all the necessary saolutions. i.e
(i» Throat propertiess
(ii) exit plame properties;

(iii) normal shock, before and after.

The program constructed in the above are three programs
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that are commonly needed for studying one~dimensinal

isentropic compressible flow with variable cross-sectional
area. The program may be modified or extended to fit others

regquirement.
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4. CONCLUSION

A computer program to aid the analysis of one—dimensional
isentropic compressible flow through variable cross—
sectional area, and discharges of gas from a reservoir
through & converging or converging-diverging nozzle has been

developed . The program was written in FORTRAN LANGUAGE.

In this work, the area change is the predominant cause of
change of flow condition. One of the advantage of this
program is set on general uses for isgentropic cases. Three
application solutions on +fluid flow through a variable
cross—sectional area duct are described and had demonstrated

how those problems being solved. The three applications are :

(1 Three properties of the initial conditions at the inlet
cross—section or any particular section of the flow passage
are specified, the corresponding properties can be computed
and proceed further with one condition given at any section
or at the exit cross-section of the flow passage, all

other required properties are computed.

(2) A fluid stored in a large reservoir with given Po and
To is discharged through a converging nozzle and by varying
the back pressure to analyse the features and the patterns
of the flow, choked or unchoked and compute the properties at

the exit plane.
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() A fluid stored in a large reservoir with given Fo and
To is discharged through a converging-diverging nozzle. The
fluid flow has been carefully considered in all flow

patterns,i.e.subsonic or supersonic. It can detect the shock
occuwred inside, outside or at . the exit plane. Furthermore
it analyses the flow at design condition, overexpansion or
underexpansion, and choked or uncheked conditions. It alsco
computes all the necessary properties at throat, exit
plane, before and after the normal shock wave. Especially,
it can locate the position of the normal shock wave occured
inside the noz:zle.

The computer program presented in Appendex A is not limited
to solving these three types of applications, instead it can
be easily extended to Fit all other applications or any
section of the isentropic compressible flow. In genaral,
graphs or tables for K = 1.40 is attached at the textbook for
solving isentropic flow. In this program, value of K can be

assigned as any value as one™s requirement.
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5. RECOMMENDATIONS

(1) Nozzle design and operation have been studied uwup to
this point by means of a one-dimensional flow analysis.
Although this method of analysis is adequate For the
solution of many engineering problems, certain limitations
become apparent. For example, in the design of a supersonic
nozzle, area ratios can be determined for a given supersonic
Mach number. But the length of the nozzle or the rate of
change of area with axial distance cannot be prescribed from
one-dimensional flow considerations. Further, due to
presence of boundary layers on the nozzle walls, the area
available to the main Flow 1is somewhat reduced; the areas
calculated from a one-~dimensional flow analysis may have to
be enlarged to account for boundary layers. For an advanced
and complete analysis of the operation and design of a
converging or converging—diverging nozzle, a study of two-
and three-dimensional analysis is required.A good engineering
approximations may then be obtained for the solution of a
wide range of compressible flaw problems.

(2) Compressible flow in ducts was analyzed for the case in
which changes in flow properties were brought about solely
by area change. In a real +flow - situation, however,
frictional forces are present and may have a decisive effect
on the resultant flow characterigtic.. - Naturally, the

inclusion of friction‘terms in - the eguations of motion makes
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the resultant analysis more complex. For this reason, to
study the effect of friction on compressible flow in dqeté,
certain restrictions may be placed on the flow. {a) Ry
considering compressible flow with friction in constant-area
insulated ducts, which eliminate the effects of area change
and heat addition. In a practical sense, these restrictions
limit the applicability of the resultant analysis; however,
certain problems such as flow in short ducts can be handled,
and Afurthermore an insight is provided into the general
effects of friction on a compressible flow. (b) Dealing with
the flow with Friction in constant-area ducts, in which the
fluid temperature is assumed constant, this approximates the
flow of a gas through & long uninsulated pipe line. Thus
these two cases cover a wide range of frictional flows and
are consequently of great significance.

(g Flow assumed to be adiabatic and study the effects on
a gas flow of area change and friction. Here, the effect of
heat addition or 1loss on a gas flow may be investigated.
Flows with heat transfer occur in a wide variety of
situations, for example, combustion chambers, in which the
heat addition is supplied internally by a chemical reaction,
or heat exchangers, in which heat flow occurs the system
boundaries.

(4) Furthermore, the investigation may be ventured into
the case of Fflow with applied electric and magnetic fields.
Under certain conditions, however, a gas can be made into an

electrically conducting fluid, possessing electrical
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properties similar to & splid conductor. If such a
conducting gas stream is alloweqvtm pass through a magnetic
field aligned perpendicular to’ tﬁé flow, an electrical field
is induced normal to the flow direction and the magnetic
field. Since the gas is able to conduct electrically, the
electric Ffield can be used to generate a current between
electrodes placed in the fluid, and this current is able to

produce work through an external load.
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APPENDIX A

FORTRAN IV COMPUTER PROGRAM

(,, et Sree 241 aast brme avee 400k Smad mest pase S0ES sa1b S5ep sant deep Sese mese Pims S10b 4bve sore

C MAIN  FROGRAM

(15 e v e e e s e s e st s s

C e s e e e s e+ e s 2 s e S e 0 S e 2 3 S 1 e 1 s 210 1 S 0 2 Sk e 1 S e e S5 s e et et

¢ X FHUGhﬁM FOR SOLVING ONE-DIMENSIONAL ISENTROFPIC %

G * COMFRESSTELE FLOW. INCLUDING FLOW THROUGH X

I X CONVERGING NOZZLE aND CONVERGING-DIVERGING X

™ X NOZZLE X

[': 4ose Last aeas vass Mese 4014 whee svte shon subé Shet eebs seme $NSE 4eis webe SR bere SHOH eost B3R bebs emed Bt Feed SFMT vess mies BEUE Webe Sebs Guee SEM4 BME Gr0s remd Peed PUL L4S4 S0t Pibw S04t Sert sdin miSe tome VRSN SVOR Sesd Fore cars Sase
COMMON VeDNsONOsKyRyMyMF s TOy TrFyFOyC2yFW2y PRI F WS
REALX4 MFyMs Ky MFyME2yMEIyME4 e MES y MEL s MR2yMFE Ly MFR2
WRITEC(2y 1)

1 FORMATCLXy “TO DEFINE THE SYMRBOLS USED /)
WRITEC2y 2D

2 FORMATC/ /v 7Xe “MF = MASS FLLUX v /Sy

$AHXy . R o= SPEC.HEAT CONST. v/
FaHXy T K = SFEC.GAS RATIO.. v/ /¢

$6Xy " M = MACH NO. " »//>5

$5Xy 7 T = STATIC TEMFERATURE? »/ />
FAHX 4 P o= GTATIC PREGSURE »/ /'y
66Xy IIN = STATIC DENSITY v//y

$6Xs 7 VU = LOCAL FLUID VELOCITY v//»

$EXy 7 TO = STAGNATION TEMPERATURE /7y
$6Xy 7 FO STAGNATION FRESSURE s/ /»
66Xy 4 IINQ= STAGNATION DENSITY )
WRITE(Z2y31)
3 FUhWﬁr(//vQXr’SIIbCT FROGRAM 37y
$//y7%s 1 =~ GIVEN THREE FROFERTIES OF A FLOW IN A& DUCTs "y
$/y 15X FIND THE OTHER FPROFERTIES OF THE FLOW
$//797Xy’2 ~ CONVERGING NOZZLE FLOW FROM RESERVOIR?
$//7y7Xes’3 — CONVERGING-DIVERGING NQZZLE s/)
RESD »J1
POFY  IF (JLEQ.1) WRITE (2y10)
10 FORMAT(//Zy 1 Xy "SELECT EITHER $79//»
$E6Xy 71 ~ GIVEN MASS FLUX WITH TWO FROPERTIES s/ /s
22Xy ’0R 2 - GIVEN THREE FROPERTIES WITHOUT MASS FLUX »//)
JA=Q
IF (J1.EQ.1) READ .4
WRITE(24)
& FORMATC/ /vy 3Xy "ENTER KeR7)
REATT v KR
WRITE(2s17) KeR :
17 FORMAT (/79 3Xe 'SPECIFIC HEAT RATIO='vyFl12.4v//
33Xy "SPECIFIC GAS CONSTANT='sF12.4y//)
ITF (JJWEG. 1) WRITE (2+5)

I
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FORMAT(// 93Xy "ENTER MF )
IF (JJEQR.1) REAIN »MIF
Cl=3/C(K~-1)

C=(R~-1)/2
C3=(K-1)/7(K+1)

FWL=K-1

FW2=1/(K~1)

FW3=K/ (K-1)
FWa4=(K~-1)/K
FW3=(K+1) /(2% (K-1))

KNOR=Q
IF ((J1.EQ.2) OR«(JL1L.EQR.3)) GO TO 2001
WRITE(23)

FORMAT (/ /7y Xy “SELECT THE CONDITIONS $79//%
$3Xy ENTERING THE CODRE OF THE GIVEN CONDITIONS IN ASCENDI

d s
D9, U80ER ke conEs  sexr s/,
$LIXe "TO ~ 1796Xy "IN ~ H7s//y
LIy ‘PO ~ 27 96Xy "IND~ &7 9//y
$LINY ‘T = Z 9&Xe’ M ~ 7°9/7 s
$1IXy ‘P - A7 93&Xs U~ 87 9//)
READ »N
WRITECDy4)N
FORMAT (//y1Xy * THE CONDITIONS GIVEN ARE CODES ##%y1Xs14y1

Xy ¥4 9//)
KK=1

IF (CAJLEQ. 1) sAND. (NLGTL.100)) GO TG 92996
IF (CJJWEQ2) «AND (NLGT.100)) GO TO 9998
IF (CJJWEQ.2) s AND (NLLT2000) GO TO 9996
FROGRAM FOR GIVEN MF & TWO FROFPERTIES
IF (NJEQ.12) GO TO 100
IF (N.EG.14) GO TO 1350
IF (NLEQ.23) GO TO 200
IF (NJEQ.34) GO TO 250
IF (NJEQ.35) GO TO 300
IF (NLEQ.4%) GO TO 350
IF (NLEQ.38) GO TO 400
IF (N.EQ.48) GO TO 450
IF (N.EQ.13) GO TO 300
IF (NJEQ. 159 -GO-TO-520
IF (N.EQ.18) GO TO 540
IF (MEQR.78) GO TO 540
IF (NJ.EQG.S7) GO TO 380
IF (NLEG.17) GO TO 600
IF (NJER.3I7) GO TO 620
IF (NJEQ.28) GD TO 640
IF (NLEQ.25) GO TO 660
IF (N.EQ.24) GO TO 680

IF (N.EQ.27) GO TO 700
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521
p S

1350
19

205
2000

IF (NLJEQ.47) GO TOQ 720
IF (N.EQ:&7) GO TO 740
IF (NLEQH4) GO TO 760
IF (NLEQ.468) GO TO 780
IF (NLEQ.16) GO TO 782
IF (NLEQ:26) GO TO 78%
TF (NLEQ.34)Y GO TO 787
TF (N.EQ:44) GO TO 1111
IF (NLER.SS8Y GO TO 1111
CONTINUE
WRITE(2:8)
FORMAT (1X s “INFUT TOFO’)
READy TOyFO
CAlL ISEN7
GO TO 2222
WRITEC(Z2y15)
FORMAT (CLXy “INFUT TOeF )
REAT »TOsF
M=MF/78QRT (1402 Z(PXSART(RK/RZTO) )
ﬂU 559 I=1+30

“NF/ SART CLHC2RM¥M) Z/ (FXSART(K/R/ZTOY)

."“ﬁb)(l MF /M)

IF (FFLT0.00001) GO TO 15060
MaMEP

CONTINUE

T=T0/CLAC2KMXM D

Call ISENTI
FO=FkCLEC2RMEM ) XKFW3

GOTD 2222

WRITE(2y20)

FORMAT (LXy “INFUT FOsT )

READ » FO»T
M=MFRC1+02) kXKW / (FOXSART(K/RAT)Y) )
ng 208 I=1,30

ME=MFX CLHC2KMAM)) XXFW3/ (FOXSART(K/R/TY)
EF=aRs (1-MP/M)
IFCEPT0.00001) GO TO 2000
M= ME

CONTINUE

TO=THRCLHCIRMEM)

Cal.l. TSENTI
FMIU/(J*(”*M*M)**FNJ

GO TO 2222

WRITE(2y28)

FORMAT (11X FINFUT TrF')

READ »TyP

M MF/(F‘*E}QHT(I\/P\/T) )

Call. TSENTI
FO=FXCLH02%MYM ) XKFW3
TO=TX(1+C2%6M%M )

Lo



300

30

3

JEHO

A
A

400
40

44

450
At

J()G

G520

"y

PV g

beul ol
53

GO TO 2222

CONTINUE

WRITE(2»30)

FORMATCLXy “INFUT TyIIN7)
READ ¢+ TeIN

Fa=NXRXT

Ma=MF/ (FXEQART(K/R/T))
VMR SART (REFRXT )
DINQ=DNXCL 02K MM ) Kk W2
FO=FRCLHO2KMEM) kP W3
TO=THCLHC2RMAM)

GO TQ ZRI2

WRITE(2y35)
FORMAT C1Xs “INFUT FylIN7)
REAL sFeIIN

T=F/ {TINKR)

GO TO 34

WRITE(R2¢40)
FORMAT (1Xs " INFUT TsV4)
READ » TV

IIiN=MF /Y

Fa=TINKR)XT

Ma=U/ CREKRET Y RRO L5
FO=FX(L+OC2KMEM ) kXFWE
TO=TXCL+02%M¥M)
DiNO=0NK (L +C2KMXM )Y kP W2
GO TO 2222

WRITE(2+4%5)

FORMAT(IXy “INFUT FU7)
REATI sF oV

IN=MF 7Y

T/ CIINKR )

GO TO 46

WRITE(2+50)

FORMAT(1Xs “INPUT TQeT )
REATL ¢TOT

TOT=TOQ/T

Mz (2% (TOT=1))/(R=1))X%0,. 5
V=M CKKRXTIKRKO 5
[IiN=MF /Y

CALL ISENT2

GO TO 2222

WRITE(2,52)

FORMAT (1% ENFUT TU?HN )
REAL sTO»IIN

VaMF /TN
M“QQHT(V*U/((TU*R*R)“(U*U*C”)))
T»TO/(1+Cq*N*M) S
CALL ISENTZ

GO TO 2222

41



G340
D4

BHQ
56

9%

H20
Ly

790

640
&4

&62

644

645

460
661

WRITE(2yS4)

FORMAT (11X “INFUT TO»V7)

REALD «TQwV

DN=MF /Y

GO TO 5%

WRITE (254D

FORMAT (1Xy “INFUT MeU /2

READ sMe ¥

DiN=MF /M

T=UkV/ (MEKMYK%R )

TO=TRCLFO2KMEM)

CAall. ISENTZ

GO TO 2222

WRITE(258)

FORMATCIXy “INFUT INyM7)

READ «TINYM

V=MF /TN

GO TD 5%

WRITEC(2&600

FORMAT (I Xy “INPUT TOsM7)

REALD »TOsM

Cal.l ITSENG

GO T 22222

WRITE(2r632)

FORMSGT C1Xe ZINFUT TeM*)

REALIL sTeM

TO=TXRELHC2RMRM)

CALL TSENS

GO TO 2222

WRITEC(Z2y641)

ﬁgﬁyﬁrglxv’INFUT FOyV7 )
yFOs Y

ON=MF /U

M=k CLHC2IRK OO, SXFWI) XSQART (IN/FO/K)

N0 644 I=1l¢30

ME=UK CL4C2RMEMY XK (O BXFPWIY XSART(ON/FO/KD

EF=ARS (1l-MF/M)

IF (EF.LT.0.00001) GO TO 643

Ma=MF

CONTINUE

F=F0/ ¢ LHC2%MEM ) XK W3

T=F/ (TINKRD

TO=TX(1+02KMAM >

ONO=TINX CLAO2XMEM ) XXFW2

GO TO 2222

WRITE(2y&641)

FORMAT (1 Xy " INFUT FOyIN'D

REALl «FDIIN

V=MF /IIN

GO TO &62

L2
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4688

760
761

747

780
781

NN
eele
>

£ ons
P S ]

783
786

WRITE(2y681)
FORMAT (1Xy - INFUT FOsF )
READ yFOsF

=SART (CLKCCFO/F ) RKFWA~1))
T=MAMKFKE KK/ (MF KM KR )
UsMESORT CKKRXT )
TO=T% (L HC2KMAM)

IIN=MF /Y
DIND=DINK ¢ 14+CRKMKM ) KK W2
GO TO P2RR

WRITE(2701)
FORMAT C1Xy “ INFUT FOsM7)
REAL ¢ POy M

Faf0s CL+CRRMEM ) KK W3

GO TO 488

WRITE (2y721)
FORMAT C1Xs * INFUT FyM7)
REAL »Fy M

FO=F% (14+02KMKM ) KKE W3

GO TO 488

WRITE (2 741)
FORMAT (1Xy * INFUT DNOsM‘)
READ » IINOsM
DN=TIND/ ¢ 1+C2KMEM ) RKFW2
V=ME /TN

T=UR/ (MKMKKKR)
TO=TKCLHC2RMAM)

Pe=TINKEKT

FO=FK CLH02RMEM ) RKFW3

GO TO R22R

WRITE(2s761)
FORMAT (1Xy 7 INFUT TN OND )
REAL v Ny IING

D= CONDZIND Rk (K=1) =1,
M=GRRT (20U (K~1))
GO TO 766

WRITE (25 781)
FORMAT C1Xy * INFUT IINOSV7)
REAL yIND»Y

IN=MF /V

GO TO 767

WRITE(Z s 783)
FORMAT (1Xy * INFUT TOsIIND )
REAI » TO»IND
FO=INOKRXTO

CALL ISEN7

GO TO 2222

WRITE (25 786)
FORMAT (1Xy * INFUT FOyDIINO ‘)
REAL »FOsING

L3



787
788

789

C

C

»
9998

xR

Ly

TO=F0/R/TINO

CaLl. TSENZ

GO TO 2222

WRITE(Z2y788)

FORMAT (1Xy “INFUT T»INOD

REAL ¢ T IIND

Ms MF*(1+C”)**FWH/(DNU*QHRI(h*ﬁ*l))
nn 789 I=1s30

MP=MFX (L AC2RMEM ) RRFWR A/ CONOXSQRT CKXRXT ) )
EP=ARSG (1-MF/M)

TF (EFLT.0.00001) GO TO 790

N

CONTINUE
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ROGRAM FOR GIVEN THREE FROFERTIES WITHOUT MASS FLUX

CONTINUE

IF (NLER.123) GO TO 800
IF (NLER.134) GO TO 802
TF O (NEQ.135) GO TO 804
IF (NLEQR.1346) GO TO 806
ITF (NLEQR.137) GO TO 1111
IF (NLEQ.138) GO TO 1111
IF (N.EQ.2464) GO TO 808
IF (NLEQ.248) GO TO 810
ITF (NJER.247) GO TO 1111
IF (NLEQ.234) GO TO 812
ITF (NLEQR.245) GO TO Bl4
IF (M. kG.4qé) G0 TO 816
IF (NLER.256) GO TO 818
IF (NLEQ.35 é) GO TO 820
IF {NEQ.1E36) GD TO 822
IF (NLER.S68) GO TO 824
IF (NLEQ.H67) GO TO 1111
TF (NLEQ.L25) GO TO 8246
IF (NLEQ.126) GO TO 1111
TF (NLEQ.128) GO TO 828
ITF (NLEQ.127) GO TO 832
IF (N.EQ.124) GO TO B34
TF (NLEQ,34%) GO TO 1111
IF (NLEQ.344) GO TO 836
IF ONLEQ.348) GO TO 838
IF (NLEQ.347) GO TO 842
IF (N.EQ.144) GO TO 844
IF (N.EQ.1468) GO TO 844
IF (NLJEQ.167) GO TO 848
IF (NJEQ.145) GO TO 850
IF (NJEQ.148) GO TOD 895

TF (NLEQ.147) GO TO 855
IF (NLEQR.236) GO TO 857



IF (NLEQR.235) GO TO 860
IF (NLEQ.238) GO TO 863
IF (NLEQ.237) GO TO 8486
IF (NLEQ.1%8) GG TD 848
IF (NLEQ.157)Y GO TO 871
IF (NLEQ.258) GO TOD 873
IF (NLEQ.2E7)Y GO TO 878
TF (N.EQ.268) GO TO 880
IF (N.EQR.267) GO TO 882
IF (NLER.358) GO TO 885
IF (NEQ.357) GO TO 887
IF (NLEQ.3468) GO TO 889
IF (N EQ.237) GO TO 892
IF (NLEQR.458) GO TO 894
IF (N.EQ.457) GO TO 896
IF (NLEQ.448) GO TO 898
IF (NLEQ.4467) GO TO 903
IF (N.EQ,178) GO TO 1111
IF (NEQ.I78) GO TO 1111
IF (NJEQG.478) GO TO 905
IF (NLEQ.2768) GO TO 907
IF (NLEQ.H78) GO TO 213
IF (NLEQ.&78) 6D TO 92190
80¢ WRITE(2s801)

g¢1 FORMAT (1X» "INFUT TOsFO»T )
READ sTO«FOT
M=GART(CIX(TOAT-1))
F=F0/ CLH02KMEM ) KKk W3
CALL ISENL
GO TO 2222

802 WRITEC(2y803)

803 FORMAT (1Xe "INFUT TOsToF’)
REAL sTOTof
M=SRRT (CLX(TO/T~1))
PO=F¥X(L+C2KMEM) *KFW3
CalLL ISENI
GO TO 2222

804 WRITE(2+805)

805 FORMAT(LXy "INFUT TO»TsIIN')
REALD »T0» Ty IIN

P20 M=GRRT(CLX(TO/T~1))
Pa=lNKRXT
FO=FX(14C2KMEM ) KXKFW3
CALL ISENI1
GO TG 2222

806 WRITE(2+807)

807 FORMAT (1Xs “INFUT TO T2 IINO’)D
READ »TOs» Ty IINO
M=8ART(CLX{TO/T-1))
DN=DNQ/ CLHC2%MAM ) XXFW2



808
809

810
g1t

812
813

814
813

972

816
817

818
819

820
821

F=INXRXT

CALL ISEND

GO T 2222

WRITE(2:80%9)
FORMAT (1L Xy " INFUT FOeFONOQ7 )
REAT «FOsFyINQ
M=SRRTCIK PO/ )Y RKFWA-1 )
IN=TINQ/ CLHC2RMEM ) dokF W2
CAll. ISENS

GO T 2222

WRITE(2+811)
FORMAT (1X s 2 INFUT FOsFyV’)
REAL ¢FQOsFV
M=GRRTCCLRCCFO/F Y XKFWA-1))
T=UXV/ (MXMXISKR)
TO=TX(L+C2%RMAM)

Call. ISENI1

GO TO 23222

WRITE(2+813)

FORMATCLXy “INFUT FO»TeF )
REAT sFOs Ty F
M=SARTCCLXK (PO ) Xk W4-1 )
TO=TXCL+02%M%kM)

CALL ISENIL

GO TO 2222

WRITE(2:81%)

FORMAT CLXy “INPUT FOPsIN’)
READ vFPOyP»IIN
M=SQRT(CLRCCFO/FIXRRFWA-1))
CINO=TNK CLECZRMEM ) XkFPW2
CAld. TSENS

GO TO 2222

WRITECZ817)
FORMAT (11X “INFUT FeINsIINO )
REAL «F ¢ INyIINO
=HRRTACIXCCONO/DNY 3kFWL~1) )
FO=F¥(1+02KMEM) XXPW3

CALL TSENS

GO TO 2222

WRITE(2:819)

FORMAT (1 Xy INFUT FOYONIING’

READ sFO DNy DND

M=SART (CLIK (CONO/ON Y X %P WL ~1))
*szf () CLHC2XMEM ) KKFW3

CALL ISENY

GO TO 2222

WRITE(2.821)
FORMAT (LXy “ INFUT TyONyIINO/)
REALD » Ty DNy IIND
M=SORTCCLRC(INQ/DIINDY XXFPWL-13)

46



g22
g23
oy

Kor Ny

824

§2%

826
Qa7

828

BaY

841
831

832
833
834
835

2004

836
837

TO=TRKCL+C2KMKM)

CAall ISENR2

GO TO 2222

WRITEC(2y823)
FORMAT (IXy “TNFUT TOs DNy IINO7 )
READ « TO DNy DIND
M=GRRT(CLKCCOND/DINYXXFWL~1))
T=TO/ CLIC2KM*M 3

Cal.l. ISEN2

GO TO 2222

WRITE(2y828)

FORMATCIXy “INFUT INsONGV /)
READ «DNeDND YV
M=GQRTCOLRCCOND DN XXFWL-1))
T=UKY /A CHMEMKKXKE)
TO=THCLEC2RMEM)

Caltl. ISENR

GO TO 2222

WRITE(2.827)
FORMATCLX s “ENFUT TOvFQOs IR
REATI »TOsFOs DN

LDiNQ=FO/ CRXTO)
M=GARTCCLRCCONO/TINY XKFWL-1))
Call. TSEN3

GO TN 2222

WRITE(2,829)
FORMAT LIX s 7INFUT TOyFDV 2
REATL »TQsFO»V

INO=FO/R/7TO

CAll. ISENM1

DN=DNG/ CLAC2%MEM ) XXFW2
CALL ISEN3

GO TO 2222

WRITE(2y8B33)
FORMAT(LX s “INFUT TOsFDsM* )
REAL »TOsFOeM

Cal.l. ISENS

GO TO 2222

WRITE(2y835)

FORMAT(1Xy 7INFUT TOsFOF )
REAL s TOyFGsF

CONTINUE
M=SQRTC(CIX (PO XRFWSA~1))
T=T0/CLHC2KM*EM)

CaALL ISEN]

IF (J1.EQ.2) GO TO 2005
IF (J1.EQ.3) GO TO 2042
GO TO 2222

WRITE(ZLy837)

FORMAT (1X» "INFUT TeF»IONO/)

b7



REAL »TyFyINO

ON=P/ZRAZT

M=GQART(CLX CCOND/ZDND kkFWL-1))
Call. T8EN4

GO TO 2222

838 WRITEC(2:,839)

B39 FORMATCLXy “INFUT TeFsVU ")
REAIN sTyFsl
IN=F/RAT
M=U/Z8RRT CRXKR*®T)

540 ONCQ=TINK CLECR2RMKM ) Rk W2
CAll ISEN4
GO TO 2222

842 WRITE(Z2,843)

543 FORMAT(LXy “INFUT TrFeM7)
READ »TeFriM
OiN=F/AR/T
GO TO 840

844 WRITE (2:84%5)

840 FORMAT CLXy INFUT TOsF»IINOD
REATL » TO»F s IIND

P2l FO=TINOKR¥TO
M=SART (CLX CCFO/FP)XXFWA—-1) )
T=TO/ CLHCIRMEM)

Call. ISENIL
GO TO 2222

8446 WRITE(2,847)

847 FORMAT CLXy “INFUT TOsONDYV )
REAL »TOyIINOSV
FO=0NOKRXTO
GO TO 841

844 WRITE(2y849)

849 FORMAT (1 Xy “INFUT TOyDNOsM“)
REAL s TOs ONO s M

P23 FO=TINOXRXTO
DiN=TIND Y/ (1G22 MM ) XXPUW2
CaAl.l. TSENJ
GO TO 2222

BEHO WRITE (Z2+8351)

81 FORMAT(1Xy “INFUT TOsFsIIN‘)
REAL »TOsF N
T=P/ (RADND
M=GART(CIK(TO/TI-1))
FO=FX(1+02%MKM ) kKFW3
CAlL ISENL
GO TOo 2222

B2 WRITE(2,833)

B3 FORMAT (1 Xy “INFUT TOyF»V’)
REAL »TOsF ¥V
Call. ISENMIL



B4

803
856
2010

Qa7
8us

8uY

860
841

862

663
864

846G
B&b

867

8468
849

873

PO=FX (1+C2KMKM ) KKEWS

T=TO/ CLHC2KMKM )

CALL ISENI

GO TO 2909

WETTE (25 856)
FORMAT (1Xs * INFUT TOsFsM’)
REAL s TOrFyM

CONT INUE

TaT0/ CLHCRKMAM)

GO TO 854

WRTTE (29 858)
FORMAT (1Xs - INFUT FOsTsDNO)
REAL v FOy Ty IND
TO=E0 /R /TN

M GQRT (CLKCTO/ T=1))

P 0/ CLHD2KMKM ) KKEW3

CALL ISENIL

GO TO 2222

WRITE (2,861)
FORMAT (1Xs Z INFUT FOyT»IN’ )
REAL yFOyT s IIN

FaROKINKT

=SQART (C1X ¢ CFO/F ) KKPWA-1) )
TO=TH CL+C2KMKM)

CaLL ISENT

GO TO 2202

WRITE (2y864)
FORMAT (1X» - INFUT FOsTyV’)
READ sFOsT Y

Ml / SART CROKRKT )
TO=TH (L +CRKMKM)

GO TO 859

WRITE(2y867)
FORMAT (1Xy * INFUT FOsTsM%)
REAL sPO»T M

GO TO 86%5

WRITE(2r869)
FORMAT (1Xs - INFUT TOsONsU )
READ »TOsINsY

CALL ISENMI

TeURY/ CKKEKM*M )
DNO=IINE (1 +C2KMAM) KXFWD
CALL TSEN?

GO TO 2222

WRITEC2s872)
FORMAT (1Xy - INFUT TOsIINsM7)
BEQL, 1 1Re Ry,

GO TO 870

WRITE(2,874)

k9



874 FORMATC(1Xs “INFUT POsONV7)
READ #FOsNeV
M=UX CLFC2) XK (O SR U XSART(ON/K /D)
Do 873 I=1¢30
MP =Wk C1HC2KMEMI KK (O« SRFWIIREOART (ON/K /PO
EF=ARS (1-MF/M)

IF (EFP.LT.0,00001) GO TO 876
Maz M

87% CONTINUE

874 F=F0/ CLEC2KMEM ) XKF W3

@77 INO=DNXCLHC2KMAMIRKFP W2
CALL ISENS
GO TO 2222

878 WRITE(Zs879)

879 FORMAT CLXe INFUT FOsIINe M)
REAL sFOsINsM
GO TO #8764

850 WRITE(2,881)

881 FORMAT CIXy “INFUT FDOrIND»Y )
READ sFOsIIND Y
TO=F0/R/GND
Call. ISENMI
PP/ CLHC2RMEM Y XKFWSE
IN=DINO/ CLHC2EMAM Y KK W2
Call. ISEN3
GO TO 2222

gae WRITE(2,883)

883 FORMAT CLXy 7INFUT FOsIONOSM7 )
READ sFOsINO M
PO/ CLHTC2KMAM ) XXFW3

884 IN=0NOS CLHC2KMEM ) XX W2
Call. ITSENS
GO TO 2222

8aa WRITE(2.8864)

884 FORMAT (1Xs “INFUT TsION«V")
READN sTosDINsV
M=U/BRRT CRKRXT )
TO=TXCLHC2KM%M)

GO TO 870

887 WRITE(Z2,888)

884 FORMAT C1Xy “INFUT TsINsM’)
REAL sTeIINsM
TO=TX(L+C2KMXM)

GO TD 870

889y WRITE(2890)

890 FORMAT C1Xy “INFUT TeINOV )
REAT s Ty ONO»V
M=U/SART CRXR%T)

891 TO=VRYRCLEC2%M¥M) /7 (KERXMANM
ON=0NO/ C1+C2%MXM ) kKPP W2



892
8932

894
89U

896
897

898
g9

00
Y01

Q02

P03
P04

905
706

207
208

CALL ISENR

GO TO 2222

WRITE(2:893)
FORMAT (1Xy 7INFPUT FOsTsM)
READ »TeFOrM

GO 1O 891

WRITE(2y89%)
FORMAT (LY e "INFUT PNV )
READ »FyINsV

T=p/RATIN

M= /8ART (KKEXT)

OINO=0N) C1+C2%MkM ) kkPW2
CALL ISEN4

Gn TO 2222

WRITE(2,897)

FORMATCLXy ZINFUT FyONeM’)
READ sFylNsM
FQ=FkCLH0C2RM¥EM ) XK W3R

GO 1O 972

WRITE(R2:899)

FORMATC1Xy “INFUT FPyIONOV7 )
READ yFoINQeV

M=SART CONOXVXY/ (KXFX(L4+C2)YXXFPW2))
o 200 I=1y30

ME=GART (ONQXVERY/ (KEPX (LHC2EMEAMI XXFW2) )
EF=ARS (1-MF/M)

IF (EF.EQ.0.00001) GO TO 901
Mo MP

CONTINUE

T=UkU/ (MEMERKK)
TO=TX(1L+C2IRMAM)
FO=FXCLAC2XMEM Y XXFW3

Cal.l. ISEN1

GO TO 2222

WRITEC(2s204)

FORMATC(1LXy “INFUT FeDNOsM’ )
READ sFPyDNOsM
FO=FX(1+02%MEM) XEFPW3

GO TO 884

WRITE(2,206)
FORMAT (1X» “INFUT FsMsVU7)
READ sFsM2V

T=VXV/ (MXMEKR¥K)
TO=TX(1+C2kMERM)

GO TO 854

WRITE(2,908)
FORMAT (1X» “INFUT FOsyMeV7)
REALD sFOyMyV

T=VE¥V/ (MXMAR%K)

CTO=TRCLIHO2KMAM)

51



913
FO9

~NG 2
=

[
C
e
»
2001
2003
2002
2007
2008

2Q0¢

2006

2005

2040

2020
2021

52

F=F0/ CLACRRMEM ) KR W3
CAalL ISENI

GO TO 22202

WRITE(Z2s909)
FORMAT CLX s “INFUT ONeMeV )
REAT sONsMeV

T=UXKU/ (MKMKF K )
TO=TRLHFO2EMEM)

GO TO 870

WRITECZ 21 1)
FORMATCIX s “INFUT ONOsMeV )
READ »IINOeMe
T2k A CMRMRRRE)

GO TO 891

%N Rt 4rr Sheb 4Ets 4000 Pive @aas buse bues dent Bese sess swtl SANT SR04 BE0A beed FSNL Ssea SeNe wemr Thew BeN) Sees 4208 PS4 bhes Shat Pt sEh 4440 Shee mees pmme

FROGRAM FOR CONVERGING NOZZLE aAND
CONVERGING-DOIVERGING NOZZLE

KK=0Q

WRITE (252003)

FORMAT (1Xy “INFUT TO»FOsFE(BACK FRESSURE) )

RESD »TOyFOsFR

IF (FOLEQ.FR) WRITE (2y2002)

FORMAT (/7 4%y “Hd4  FLUID IS REMAIN STATIONARY #dk+//)

FORMATC/ /93X 7#F  UNCHOKED CONDITION (SUBRSONIC FLOWY  #

‘)

FORMAT (//#3Xy "4k CRITICAL CONDITION (SONIC FLOW L E

e ered bese biss wsby fres seee bope Nise 4104 ave Shat sest RASH 0Rk tnk Sear ore b0sy

FORMAT (/ /v 3%y 4%  CHOKED CONDITION #87)
IF (FOJEQ.PRY GO TO 9997

IF (FOLTFR) GO TO 9996

IF (JLEQRe3) GO TO 2020

M=l

CAll ISENG

WRITE (252006

FORMAT (//v3Xs “#%  PROFPERTIES AT THE EXIT FLANE 487 y//)
TF (FELEQ.F)Y WRITE (2,2008)

TF (FELLTWFY WRITE (2+2009)

IF (FRLLE.F) GO TO 22232

Frezf B

GO TO 2004

CONTINUE

IF ((MeBT+0.9995) dANI. (M. LT+ 1.0005)) M=1
IF (M.NE.1) GO TO 2040

CALL ISENG

WRITE (2y2008)

Fr=F R

GO TO 2222

WRITE (2y2007)

GO TO 2R2R

WRITE(2y2021)

FORMAT (/79 1Xs  INFUT AREA RATID EETWEEN EXIT & THROAT (AE

/ATY v /7)



53

READ »ARIO

AR=ARL0
[.: aret eam $04a een o453 5044 saan 400 Sres Bhe reew rie ea rian mems Seee T sesb 4453 Fure S0n WFPe Save G000 TS Sove Lare SPHY mibk Sion L603 Snd Sorw Sree bevt Some Aved seme Pums vwrs vams reab ......“-...............
C TO FIND MACH NUMBERSyMEZ & ME4 AT THE EXIT FLANE
(‘J whrs cons s Sams S seas besa s a4es SuED 0S8 Brey Seed oman bess Sosh out Sevs Soms Sase biad 4044 Sess 008 wmme Bass 2ote 1B FEem P S4md S4ot Seid b BEn S448 S0mn S0es Sebs 45Ve Semm B00s Srme S $4at Shes Aure St

ME2=((CA+C3IKKFUWE) /AR
0o 2030 I=1y30
S MP=CCAEMERRMERXCI ) XXFUWE ) /AR

EF=aRs (1-MF/MER)
IF (EP.LT.0.00001) GO TO 2031
ME 2=MF

2030 CONTINUE

2031 ME4=8SQRT((ARXX (L/FWS)-CA)Yk(K+1) /(K-1))
no 2032 I=1-30
MP=GART C C(ME4RARI XX (1L /FWS) ~CA)RK(K+1 ) /7 (K~12)
EF=ARS (1-MF/ME4)
IF (EP.LT.0.00001) GO TO 2033
ME 4 =M

2032 CONTINUE

2033  CONTINUE
IF (ME2.GT.1) ME4=MEZ2
IF (ME4.LT.1) ME2=ME4
M=ME2

C, one sore et 400 ety 200 saes 4000 Bess smre SHHE oot Soue eont SHBL S2et mbbt oot Sead et Aeet eont Sbvs Soh

C TO DETERMINE FE2yFE3sFE4

¢ e v s e e 2 e s 0 e e ot e e e 1 e e

CALL ISENG&

FE2=§

ME3=ME4

M=ME4

CaLL ISENS

FE4=F

MES=SQRT ((ME3IXMEZ+C1) / (2XFPWIRMEIKRME3~1))
FE3=FE4X ( (2RKXMEIKRMEI) /7 (K+1)~-C3)

IF ((PE3LGTWFH) ANDLW(PR.GT.FE4)) WRITE (2520335)
IF (PRATPE4)Y WRITE (2»2035)

IF (FR.GT.FE2) WRITE(2,2007)

IF (FPR.EQ.FE4) WRITE (2y2027)

IF (FE.EQ.FE3) WRITE (2s2036)

IF (FR,LT.FE4) WRITE (2,2043)

2045  FORMAT(8Xy “#¢444: UNDEREXFANDED FEEFLE v /)
IF ((FPE3.GT.FE) ANDL(FR.GT.FE4)) WRITE (2,2048)
203%  FORMAT(//¢3Xy ##% SHOCK WAVE OCCURED OQUTSIDE THE NOZZLE

$%5//)
2048 FUR&AT(BXv’###%% OVEREXFANDET FHEdE )
2036 FORMAT(3Xy 44 SHOCK AT EXIT FLANE ##&7+//)
2023 FORMAT(1LX» #% THE CRITICAL FROFERTIES AT THE THROAT ARE

siv /)
2024  FORMAT (1Xy /%% THE PROFPERTIES AT THE THROAT ARE ¢ Fd: 1y
/7))
2027 FORMAT(/ /73Xy ¥4 DESIGN CONDITION ¥%y//)

2037 FORMAT(//»3X’%#% SHOCK INSIDE $%7)
IF (FEJ.LT.FE3) FBE=FEA4
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F=FHg
GO TO 2004
2042 CONTINUE
IF (PR«NEGFE3Z) GO TO 2047
WRITE (2:2034)
WRITE (22043
2043 FORMAT(//93Xy ‘4% FROFERTIES BEFORE THE NORMAL SHOCE WAV
E #%'y//) '
WRITE (2¢7) MFsTOsFOy ToFsINsONO Mo VU
M=GRRT CIM¥M+CL) / (KX L ¥MAEM~1 )
FO=F0/C(CIHC4/M/M ) ORKK CKKCARMEM~C3Z) ) kokiF W2
P L XKCARKKM¥EM~CF
DOUM== (REL Y KMEMZ (24 (K1) kMM
Vel ZTHIM
DiN=TINER R TIUM
TaTHKKCAKMEKM-CRIRCI+CA/MAM)
WRITE (2-2044)
2044  FORMAT(/7/73Xy "#08  FROFERTIES AFTER THE NORMAL SHOCKR WAVE
#4777
GO TO 22282
2047  TIF ((PEZ.OT.PR) AOND(FR.OGTFE3Y) GO TO 2049
WRITE (2¢7) MFsTOesFOvyToF s INsINOy MV
IF (FPRJEFEZ2Y WRITE (220230
IF (FR.LEFE2) M=l
IF (FR«LEFER2Y CALL ISENS
TF (FER.LELFE2Y GO TO 2222

WRITE (2.,2024)
MEF=MFRAR

CALL ISENY

GO TO 2222
2049 WRITE (2,2037)

FE=F0

ARF=ART 0

ARL=1.0

D0 2050 I=1,30

M1

FO=FF

CALL ISENG

AR ARFAHARL.) /2

M=SART ¢ CARKK(1/FWS)~CA) KOKHL) /(K=1))

00 2056 Ti=1,30

MF=SART ¢ CCMEAR) Kk C1/FWS) ~C4 )k (K+1) 7/ (K=1))

EF=AES (1~MF/M)

IF (EF,LT.0,00001) GO TO 2057

M=ME
2056 CONTINUE
2057  CONTINUE

CALL ISENG

MEL =M

INDE1L=INO

CTOBL=TO



2070

2080

2051
2071

55

MFB1=MF

FF=F0

oL ==

VEL=Y

INEL=IIN

TE1=T

IF (M.LT.1) GO TO 2070

M=80RT C(MXM+C1Y /A (K¥C 1 RkM¥M—-1))
FO=FRACCR3+04/MEL/MBL Y RXRX (KKCAKMBLRMEL-C3) M kkPWE
Rz L KO ARKKEKMBLXMBL~C3

DUM= (K41 )Y RKMBLXMEL/ (24 (K~1)XMBLXMEL)

VaYRL /A IIUM

TiNe= NI L KDL
T=TRIK(KXCARMELAMBL~C3 )X (TC3+CA/MBL/MELY

FOR2=R0

MEB2=M

MFRE2=MF

PR

VR2=y

DNEB2=TIN

TR2=T
ME =MEXAR/ARTO

Call. TSEN7

EF=aRS(1-F/FPR)

IF (EF.LT.0.001L) GO TO 2051
IF AF.GT.FRY ARL=AR

IF (PLLTFRY ARR=AR

=y
FO=FF
CONTINUE
Foa e

WRITE (2s2071) AR

FORMAT (// s 3%y 'NDRMAL SHOCK WAVE OCCURS AT AREA RATIO =7
Fé.39/7)

WRITE (2,2043)

WRITE (2y7)MFELsTOyFFsTELrFLyDNELyIND s MEL» VEL

WRITE (252044)

WRITE (2»7) MFER2»TOsFORyTR2,P2y INERs INOyMER, URD

WRITE (2y2006)

FafR

WRITE (257) MFyTOsFOyTsFyDONsINOy My

WRITE (2,2023)

FO=FF

CALL ISENG

CONT INUE

IF. (KK.EQ.1) WRITE(2s1200)

IF (KK.GE.2) WRITE(2,1201) KK

FORMAT (//y3X» ' THE RESULTS FOR INITIAL SECTION #% STATION

1 #%79//) s o
FORMAT(//»3Xy ‘RESULTS FOR OTHER SECTION. #¥STATION’sI2y’
e
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WRITE(2+7) MFeTOsFDs» ToFyINsINDy My U
FORMAT (/72 6Xy "MASES FLUX =/'eF12.39//
$6Xy “STAGNATION TEMPERATURE =7 9F12.3%//y
$6Xy "STAGNATION FPRESSURE=»F12.32//y
$6X s ‘STATIC TEMPERATURE=’yF12.3v//y
$6Xy ‘STATIC FREGSURE=’ sF12.35//
$4EXy ‘STATIC DENSITY='3F1l2.3s//¥
$6Xy ‘STAGNATION DENSITY='yF12.35//s
$4X 9 "MACH NUMBER=’sF12,35//
$6X s LOCAL FLUID VELOCITY="sF1l2:3v//)

IF ((JL1EQ.2),0RV{J1.EQ«3)) GO TO 9997

GO TO 998

WRITEC2y1112)

FORMAT (/92X y ‘NOT ENOUGH INFORMATION T0O GET all. THE FROPE
RTIES"*)

GO TO 9997

WRITE(25999)

EOQRMAT(/ /72Xy "CONTINUE 7  YES—-- ENTER 1 : NO~- ENTER O

]

REAL v.J
IF CJLEQ.0Y 60 TOQ 9997
GIVEN ONE FROFERTY FROM ANY CROSS-SECTION TO
COMPUTE THE OTHER UNKNOWN FROFERTIES
WRITE (2y1919)
FORMAT (/722X "FIND PROFPERTIES AT QTHER SECTION’»//)
KK=KK+1
WRITE(2:51)
FORMAT(1Xs "THE GIVEN FROFERTY IS8 »//»
$6Xy 'l - T2 96Xy 4 -~ M27yv//
$HXy 2 ~ FRpbXy’G ~ V279 //
$6HXy 3 — DNR/+SXy’6 ~ ARCAL/A2)Y v/ /)
REAL ¢.J2
IF (J2.EQ.«1) GO TO 1203
IF (J2.EQ.2) GO 7O 1205
IF (J2,EQ.3) 60 TOo 1207
IF CJ2WEQ.4) GO TO 1209
IF CJR.EQ.S) GO TO 1225
IF (J2.EQ.é) GO TD 1212
WRITE (2+53)
FORMAT(1Xy "INFUT T2/
READ »T
G0 TO 920
WRITE (2512064) , ;
FORMAT (LX s “INFUT F27)
READ »F
GO 7O 921
WRITE (2:57)
FORMAT (1Xy "INFUT DIN27)
READ  yIIN
GO TO 922
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WRITE (2,1210)
FORMAT (1Xy “INFUT M27)

REAI s M

GO TO 923

WRITE(2:61)

FORMATC(LX e 7INFUT V27

REZan +V

GO TO 841

WRITE(2y1213)

FORMAT (I Xy TINFUT AR(AL/ZAZ)Y )

READI yAR

MF=MFXAR

CAlLL. ISEN?

G0 TO 2222

WIRITE (2:9995)

FORMAT (/733X y "WRONG INFORMATIONy CHECK THE INFUT DATA
GAIN.')

CONTINUE

STOr

ENID

L'; S0t 5154 vent Seee 5004 sems vome vmem S4B Frac Sham Fond 2404 beun sone 5us B4R ens Phen wavs SV4S 49T v +ust ove fa Srie SAMS Semm oont Sone 008 mts mmma ponr

r

SURBROUTINE FPROGRAMS

[ ore e e ev o a1t am a2 210 10 e rs 45 11 2 B 4 14 S 2 e s A S S o o e

830
212

SUBRDUTINE TSENTI

COMMON VsDINsIINOsKyReMeMF s TO» TyPyFO»C2 s FW2sFUI s FUS
REALX4 MF oMKy Mb

VM SQRT (KkRXT)

ON=MF /Y

DIND=IINK CLHO2XMKM ) XK W2

RETURN

ENE

SUBROUTINE ISENT2

COMMON VesINsONOsKeRyMyMF s TOr TrFsFOrC2yFW2, PR3 PUWS
REAL¥4 MF¢My KM

F=INXRXT

FO=FXCLHC2RMAM)I XXFW3

DNOD=DNKCLFC2KMEM Y KK W2

RETURN

END

SUBROUTINE ISENMIL

COMMON VsINsIONOsKsRyMoMF s TOs ToFeFOryC2 e FU2yFU3 v FWS
REALX4 MFyMs Ky MF

M=UXEQRT C (1402 / (KXRXTD))

Ho 830 I=1y30

MF=UKGART CCL4C2XMEM) / (KXRXTO))

EF=ARS (1-MF /M)

IF (EF.LT.0.00001) GO TO 912

M=MF

CONTINUE

CONTINUE

RETURN:

A
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SUBROUTINE ISENL

COMMON VeDNsINOyKyRoMoMF e TOr ToF s FOyC2y W2 s FWZ B WS
REALX4 MeKsMF

DN=F/ (CRET)

INO=F0/ (RXTD)

VaMXGRRT (KXRXT)

MF =LINXY

RETURN

END

SUBROUTINE ISENR

COMMON Vs DINsONOyKeRyMeMF s TOr ToPsFOsC2yFWRsFWI WS
REALX4A MyKyMF

FeaTINd KT

FO=TINOXRXTO

VM SQART (RXRXT)

MF =TINXY

RETURN

EMD

SUBROUTINE ISEN3

COMMON VyUNsDINOsKyRyMeMF»yTO» Tr Py FO» 02y PW2y PRIy FRE
REAL X4 My Ky MF

T=T0/ (L+C2KMERM)

FralNRRERT

VMg SART (KKRXT)

MF=JINXY

RETURN

END

SUBROUTINE ISEN4

COMMON VyINsINOsRKsReMsMF e TO» TeF POy C2yFPUW2sFW3»FWE
REALX4 MyKyMF

TO=THk(1+02KMEM)

FO=LINOXRXTD

VaMkSQART (KKRXT)

MF = [NkY

RETURN

END

SURROUTINE ISENS

COMMON UsINsINOsKyRyMeMF s TOs ToFeFPOsC2y PRIy FWI s FWG
REAL. X4 My Ky MF

T=F/ (RXIND

TO=F0/ (RXINGDD

VaMAXGART (KKRXT )

MF = DINXY

RETURN

ENDI

SUBROUTINE ISENG

COMMON UsONyINOsKsRsMeMF e TOr TrFrFOsC2yPRH2yFUIFRS
REALX4 MFsMy Ky MF

INQ=FO/R/7TO

58
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ON=DNO/ CLHC2%KMXM ) XKW
CALl IBEN3J

RETURN

ENT

SUBROUTINE ISEN7

COMMON UrthﬁNUykrh:MyMlrnyTvaFUyC?vo yFW3 s WS

REALX4 MFyMy Ky M-

NUMMY =FOXSART (K/RATDD

M=MEX CLHC2)) XKPWS /NIUMHAY

ng 111 I=1y30

Mir=ME X CLHC2KMEM Y XK FWS /7 TIUMMY
Ef=aRECL-MP /M)
TFEPLLTQ.00001) GO TO 1000
M=

CONT INUE

TaT0/ CLEC2RMEM)

CAall, TSENT1

PP/ CLEC2KMEM ) Xk W3

RETLURN

ENT

SUBROUTINE TSEN#

COMMON UsTONs ONOsRKyRyMyMFy TOy TyFs PO CR2yFPWRy U3y FWS
REAL X4 MFyMs Ky MF

TeTO/ (1HC2KMEXM)

VaMdSQRT (RKEKR%XT)

ON=MF /Y

CAalL I8ENT2

RETURN

ENT

59
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APPENDIX B

Sample‘of Example

Problem : Air flows through a frictionless adiabatic
converging~diverging nozzle. The air stagnation temperature
and pressure are 500K and 7.0 x 105 N/ M2 respectively. The
diverging portion of the nozzle has an area ratio between
the exit plane and the throat ( A, / Ay ) of 11,91. The
back pressure at the exit plane is controlled to be at
2.2623 x 105 N/MZ. Analyse the flow characteristic and
calculate all the properties of the flow. Assume K = 1.40
and R = 287.04 J/KG-K.

Results obtained from computer: (A1l in SI UNIT)

X¥AFAGTFOR (CONVERSATIONAL . VER 9)k#k

TO DEFINE THE SYMREOLS USED 3

MF = MABSE FLUX
R = SGFECHEAT CONGT.
K = SFEC.GAS RATIO.

M = MACH NO.

T = GTATIC TEMPERATURE
o= BTATIC FPRESSURE

DN = STATIC DENSITY

Vo= LOCAL FLUID VELDCITY

TO = STAGNATION TEMPERATURE

FO

i

STAGNATION FRESSURE

UNQ= STAGNATION DENSITY
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LECT PROGRAM 2

g

1 = GIVEN THREE FROFERTIES OF & FLOW IN A TUCTy
FIND THE OTHER FROPERTIES OF THE FLOW

2 = CONVERGING NOZZLE FLOW FROM RESERVOIR
3~ CONVERGING-DIVERGING NOZZILE
%*3
ENTER Kyl
X1 .4,287.04
SPECIFIC MEAT RATIO= 1.4000
SFECIFIC GAS CONSTANT= 287.,0400

INFUT TOsFOsFRORACK FRESSURED
K500 » 700000 224230

INFUT AREA RATIO BETWEEN EXIT & THROAT (AE/AT)
¥11.91
&4  SHOCK INSIDE %%

NORMAL SHOCK WAVE OCCURS AT AREA RATIO = 4,239

FE  FROFPERTIES RBEFORE THE NORMAL SHOCK WAVE &l

MASS FLUX = 298.482

STAGNATION TEMPERATURE = SO0, 000
STAGNATION FRESSURE=  700000.,000
STATIC TEMFERATURE= 178,491
STATIC PRESSBURE= 19026 .570

STATIC DENSITY= 0.+371

STAGNATION DENSITY= 14600



g

MACH NUMBER= F.001

LOCAL FLUID VELQCITY= 803.741

MAGES FLUX = 298.482

STAGNATION TEMFERATURE == H00.000
STAGNATION FRESSURE= 2294633.900
STATIC TEMFERATURE: 478.400
STATIC PRESSURE=  199918.500

STATIC DENSLTY:= 1433
STAGNATION DEMELTY= 14600

MACH NUMRER:= Q.a?s

LOCAL FLUIDN VELQCITY= 208,328

FROFERTIES AT THE EXIT FLANE 44

MASS FLUX = 106+ 233

STAGNATION TEMPERATURE = S00.000
STAGNATION FRESSURE= 229633.900
STATIC TEMPERATURE:= 497 . 756
STATIC FRESSURE=  2246230.000

STATIC DENSITY= 1. 582
STAGNATION DENSITY= 1400

MACH NUMEER:= 0150

LacAL FLUID VELOCITY: 47144

62
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THE CRITICAL FROPERTIES AT THE THROAT ARE

MASS FLUX = 1265.208

STAGHATION TEMFERATURE = w0, 000
STAGNATION FRESSURE=  700000,000
STATIC TEMFERATURE= 416,647
STATIC PRESSURE=  349797.000

STATIC DENSITY= Z. 092
STAGNATION DENSITY= 4.877

MACH NUMBER= 1000

LOCAL FLUID VELOCTT Y= 409,194

*
+
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