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1. INTRODUCTION 

The behavior of a f l u i d  undergoing a phase change from l iqu id  t o  vapor 

while flowing through a duct is of i n t e r e s t  t o  engineers i n  many p r a c t i c a l  

s i t ua t ions .  For t h e  case of i n t e r e s t  t o  us,  geothermal hot water flowing 

through various channels (well bores, surface pipes,  equipment, e t c . )  may 

reach i t s  f l a s h  point  and choke point  under appropriate conditions. 

proper design of energy conversion systems depends on the  a b i l i t y  of t he  engi- 

The 

neer t o  p red ic t  t h i s  behavior with an acceptable degree.of  accuracy. 

The present  study was i n  p a r t  motivated by the  task of designing the  blow- 

down, two-phase f l u i d  flow t e s t  f a c i l i t y  a t  Brown University 113. 
l i t y ,  a r e f r ige ran t  (dichlorotetrafluorethane 

ed s tagnat ion state and allowed t o  flow through a nozzle o r i f i c e  i n t o  a long 

s t r a i g h t  tube. 

t i o n ,  and under c e r t a i n  circumstances, a t  t h e  downstream sec t ion  as  well. A s i m -  

p l e  schematic of t he  test  sec t ion  i s  shown i n  Fig. 1. 

In t h a t  faci- 

o r  R-114) is  boosted t o  a s e l e c t -  

The operation relies on the  f l u i d  being choked a t  the  i n l e t  sec- 

This paper treats the  problem gener ica l ly  and ana ly t i ca l ly ,  making use of 

t h e  bas ic  laws of f l u i d  mechanics and t 

been performed using R-114 as t h e  flowing medium. 

c r ibe  a l l  possible  flow conditions i n  and downstream of the  nozzle f o r  a l l  poss ib le  

rmodynamics. Specif ic  calculat ions have 

We attempt t o  iden t i fy  and des- 

2. LITERATURE SURVEY 

The subjec t  of cr i t ical  flows of two-phase mixtures has been t r ea t ed  by a 

large number of inves t iga tors  both ana ly t i ca l ly  and experimentally, with emphasis 

on t h e  l a t te r  and focused on problems r e l a t i n g  t o  the  operation of nuclear power 

s t a t ions .  

A recent  summary of such work was given by Abuaf e t  a1 [Z]. Cum0 [3] reported -- 
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on measurements of two-phase jets during transient flow as might occur during a 

loss-of-coolant-accident LLOCA]. 

pressure drops associated with two-phase flow through abrupt enlargements, con- 

tractions, combinations of enlargements and contractions, sharp-edged orifices, 

bends, tees and Y’s. 

developed semi-empirical correlations for pressure drop, quality and mass flow, 

using water and steam in various combinations of pipe and orifice diameter, but 

Giot [4] discusses methods of predicting the 

Watson et a1 [S] focused on the sharp-edged orifice and -- 

for low quality flows (x < 0.11). 

[6] to study pressure drop in a contraction-enlargement section. 

sis of the 

A freon boiling loop was used by Harshe et a1 -- 
In their analy- 

results, they allowed for slip between the phases everywhere in the 

flow except at the vena contracta where the flowwasassumed to be homogeneous. 

Certain experimenters have investigated flows of two-component, two-phase 

mixtures, typically air and liquid water; notable among such workers are Dukler 

and co-workers [73, and Petrick and Swanson 181. 

obtained on two-component systems to one-component systems remains an open ques- 

The applicability of results 

tion owing to the lack of complete thermodynamic.similarity between the two cases. 

It is felt that the latent heat effects play a crucial role in determining the be- 

havior of one-component, two-phase flows. 

component, two-phase flows. 

No such effect is present in two- 

3. BASIC ASSUMPTIONS AND EQUATIONS 

We shall consider the flow of a fluid, either a liquid or a two-phase mixture, 

through an orifice. The orifice is modeled as a smooth converging nozzle, as shown 

in Fig. 2. 

as 1 in the figure. 

The nozzle is of a certain length, the exit plane of which is labeled 

The fluid is fed to the nozzle from a large reservoir charac- 

terized by certain stagnation properties (state 0) such as P o’ To’ ho’ So’ vo. For 

this part of the analysis we focus on the control volume, CV-1, between the stagna- 

tion state and any arbitrary location, i, inside the nozzle. 
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The assumptions are: 

cl] The flow is horizontal. 

(21 Thermal, mechanical, and chemical equilibrium exist between the liquid 

and vapor phases of the flow. 

There is no slip between the phases, i.e., the velocity of the liquid 

and the vapor phases are the same. 

The flow is one-dimensional, i.e., the velocity is perpendicular to 

the nozzle cross-section and uniform in each cross-section. 

The flow is steady, i.e., at each point the fluid properties and 

velocity do not vary with time. 

small vari'ations have been averaged out over the short time interval 

associated with an actual measurement, and the sequential measurements 

[3] 

641 

(51 

Alternatively we may imagine that 

are constant within the standard deviation of this averaging process. 

c61 The system is adiabatic, i.e., there is no heat transfer between the 

fluid and its surroundings. 

The effect of wall shear stress is negligible. C7) 

Thus, the flow process is assumed to take place isentropically between the 

stagnation state and any point inside the nozzle. We shall deal later with the 

situation that occurs when the fluid leaves the nozzle and enters the constant- 

area enlargement. 

We now shall apply the usual conservation laws for energy and mass to the 

From conservation of energy (First fluid contained within control volume CV-1. 

Law of thermodynamics], we obtain: 
2 

ho = hi + 1/2 wi , (1) 

and the continuity equation gives 

( 2-1 6 = wA/v = constant. 
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The Second Law may be expressed simply as 

i' s = s  
0 

The mass flux, $, is defined by rearranging eq. (2) as follows: 

$ = m/A = w/v = pw. 

Finally the equation of state for the fluid is needed. 

expressed in general form as 

This may be 

f(s, h, v) = 0. 

It turns out to be convenient to define the following dimensionless 

parameters: 

0 Mach number, M, 

M = w/a. 

0 Reference Mach number, F?; 
- * 
M = w/a . (7) 

This quantity is well-known for single-phase fluids, and has been calculated 

for mixtures of liquid and vapor by various people, according to a no-slip 

(or homogeneous) flow model. 

stance, for example, in Ref. [9], and for R114 and water in Ref. [lo]. The 

term, a , is the choking velocity at the flash point, i.e., under saturation 

conditions reached isentropically from the stagnation state. 

is given by 

Tabulated results are available for water sub- 

* 

* 
The term, J, , 

* * *  
$ = a b  , (10) 

and is a reference mass flux achieved when the fluid flashes and chokes 
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simultaneously with a ve loc i ty  j u s t  equal t o  the  choking ve loc i ty ,  i . e . ,  when 

w = w  = a , o r M = M = l .  

4. NOZZLE FLOW AS A FUNCTION OF "BOOST" 

* * - 

The flow through t h e  nozzle w i l l  be described as a function of the  "boost"-- 

t h e  excess enthalpy, i .e.,  s tagnat ion enthalpy minus the  sa tura t ion  enthalpy f o r  

an i s en t rop ic  process s t a r t i n g  from the  s tagnat ion state: 

boost E 
* 

In the  descr ip t ion  t h a t  follows, we w i l l  assume t h a t  the  f l u i d  i s  choked 

a t  the  nozzle e x i t .  We discern f i v e  cases of interest .  
* 

0 Case 1: h = h . See Fig. 3(a) .  
0 0 

The s tagnat ion enthalpy is equal t o  t h a t  value which causes the  f l u i d  

t o  reach the  choking ve loc i ty  j u s t  as  it reaches the f l a s h  poin t .  

spec ia l  case, the  reference Mach number equals uni ty;  i . e . ,  

For t h i s  

* * 
(12) - w w -  a 

a a a 
M = - ; ; - = - - - = l .  * * 

, 

Furthermore, t he  dimensionless mass f l u x  i s  a l so  equal t o  unity;  i .e . ,  * 
J =  L,!L * * 1. (13) 

I $ 4 )  
The f l u i d  flows as a compressed l i qu id  through t h e  nozzle and reaches i ts  

f l a sh  poin t  and chokes simultaneously at  the  end of the  nozzle. 
* 

0 Case 2:  h o > h o  . See Fig. 3(b). 

Since the  boost i n  t h i s  case i s  g rea t e r  than i n  Case 1, the  f l u i d  flows 

as  a compressed l i qu id  up t o  the  f l a s h  poin t  where it immediately chokes because 

i t s  ve loc i ty  w i l l  exceed t h e  loca l  choking veloci ty .  

ase 3: ho > ho > h . See Fig. 3(c) .  

Thus, ii?> 1. 
* * 

* 
Here t h e  s tagnat ion enthalpy l i e s  betwee he 'va lue  of  ho and t h e  sa tu ra t ion  

enthalpy for  t he  isentropic  process. 

t o  cause t h e  f l u i d  t o  choke upon f lashing.  

point  i n s ide  the nozzle with a s u b c r i t i c a l  ve loc i ty ,  and then continues t o  

For t h i s  case the re  is insuf f ic ien t  boost 

Thus t h e  f l u i d  first f l a s h e s - a t  some 
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acce lera te  u n t i l  it reaches the  choking ve loc i ty  as a two-phase mixture. 

ing point  m u s t ,  of  course, be a t  the  end of t he  nozzle s ince  the  Mach number reaches 

uni ty  a t  t h a t  point  and the  mass f lux  is  a maximum. 

The chok- 

* 
0 Case 4: ho = h . See Fig. 3(d). 

For t h i s  case t h e  reservoi r  conditions are those of a sa tura ted  l i qu id  so the  

f l u i d  f lashes  immediately upon enter ing the  nozzle. 

t o  s tar t  from a s tagnat ion s t a t e ,  i .e . ,  w = 0, then t h e  reference Mach number 

s t a r t s  from zero, i .e. ,  a = 0. 

soon as it reaches the  loca l  choking ve loc i ty ,  a. 

Since the  f lu id  i s  assumed 

0 

The f l u i d  w i l l  choke as a two-phase mixture, as 

* 
0 Case 5 :  ho < h . See Fig. 3(e) .  

This case i s  similar t o  Case 4 except t h a t  t he  i n i t i a l  conditions cons is t  

of a two-phase mixture a t  the  s tagnat ion state. 

These f i v e  cases can be visual ized with t h e  a id  of t he  (I), w)-diagram given 

i n  Fig. 4. Here we have p lo t t ed  the  mass f l u x  versus the  f l u i d  veloci ty .  The. 

s teep  s t r a i g h t  l i n e  represents  purely l i qu id  flow where the  densi ty  is  e s s e n t i a l l y  

constant,  i .e . ,  

I) = pfw constant x w . 
One can imagine a sequence of f l u i d  state poin ts  s t a r t i n g  from the  o r ig in  and pro- 

ceeding up the  l i qu id  l i n e  u n t i l  t he  f l a sh  point  is reached. 

i s  not choked, it can continue from the  f l a sh  poin 

one of the  branch curves u n t i l  t h e  choking point  i s  reached, i . e . ,  u n t i l  one reaches 

t h e  maximum i n  I). This w i l l  s i gn i fy  t h e  end of t he  nozzle f o r  t he  chosen conditions.  

Each branch curve i n  Fig. 4 represents  a constant value of boost o r  a p a r t i c u l a r  

s tagnat ion enthalpy. The entropy is  constant and equal t o  so f o r  a l l  processes. 

As long as the f l u i d  

s a two-phase mixture along 

The upper two branch curves, (1) and (Z), are f o r  Case 2 where the  f l u i d  

f lashes  with > 1. Thus the  curves a r e  hypothetical  s ince  the  f l u i d  remains a 

l i qu id  throughout t h e  nozzle, and w e  would need t o  i n s e r t  a smooth diverging sec- 

t i o n  following t h e  th roa t  f o r  t h e  f l u i d  t o  continue along a branch with increasing 
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velocity.  

phase supersonic regime. 

branch curve, (3 ) ,  Case 1, where it can be seen t h a t  the f l u i d  f lashes  and chokes 

with M = 1, = 1, and JI = JI I. 
tangent. 

That is, we would need a DeLaval nozzle t o  carry the f l u i d  i n t o  t h e  two- 

A similar conclusion can be drawn f o r  the next lower 

* 
A t  t h i s  point  the  branch curve has a horizontal  

The remaining f i v e  branch curves, (4 ) - (8 ) ,  a l l  exhib i t  a maximum, i .e. ,  a 

point  where the  mass f l u x  reaches i t s  grea tes t  value, namely, i t s  choking mass 

f lux.  The l o c i  of these maxima trace the  l i n e ,  M = 1. Physically rea l izable  

flow states must proceed from the  l iqu id  l i n e  and up the r i s i n g  port ion of these 

branches t o  t h e  point  where M = 1; flows continuing down the  descending portions 

would v i o l a t e  t h e  equations of motion i f  the  nozzle extended beyond the  point  

where M = 1 with a decreasing cross-sectional area. 

be required. 

the  branch curve f o r  ho = h i s  tangent t o  the  l i n e  JI = pfw a t  the  or ig in ,  J I - =  w = 0. 

Again a DeLaval nozzle would 

Although it may not be obvious from t h e  schematic diagram, Fig. 4, 
* 

It is  clear from Fig. 3 t h a t  the flow need not be choked i n  a l l  cases. A s  

long as t h e  pressure a t  the  end of the  nozzle, Pe, is  grea te r  than the choking 

then the  flow w i l l  not be choked. For Cases 1 and 2, the  unchoked 
pC , pressure,  

flow w i l l  reach t h e  e x i t  as a compressed l iqu id ;  f o r  Cases 4 and 5 ,  it w i l l  emerge 

as a two-phase mixture; fo r  Case 3, i f  Pe > Psat, it w i l l  leave as a compressed 

l iqu id ,  and i f  Psat > Pe > Pc, it w i l l  leave i n  a two-phase state. 

5. NOZZLE PERFORMANCE CURVES 

Nozzle performance curves can be drawn up from the  solut ion of eqs. cl-5) 

together with t h e  appropriate choking veloci ty  and t h e  def in i t ions  given i n  eqs. 

(6-81.. The method is straightforward. The stagnation propert ies  are specif ied 

f o r  a given working f l u i d .  

c i t y  values, w 

using eqs. (3) and (S), and the  mass f lux,  JI ,  is  then calculated from eq. (4). 

choking veloci ty ,  a , is  found f o r  the  selected f l u i d  conditions from eq. (9) o r  

Successive values of enthalpy, h are selected; velo- i’ 
are then found from eq. 61). The s p e c i f i c  volume, v,  can be found 

The 
i’ 
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Refs. [SI or  [ lo ] ,  and the  veloci ty ,  w, i s  compared with it t o  see whether t he  

chosen s ta te  i s  s u b c r i t i c a l ,  c r i t i ca l ,  o r  supe rc r i t i ca l .  

Detailed ca lcu la t ions  have been car r ied  out f o r  refrigerant-114 (R114), and 

the  r e s u l t s  are shown i n  Fig. 5. 

t h e  i l l u s t r a t i v e  diagram, Fig. 4, except t h a t  they have been made dimensionless: 

the  ordinate  i s  the  dimensionless mass f lux ,  J, and the  abscissa  is  t h e  reference 

Mach number, a. 

The coordinates are similar t o  those used i n  

The diagram shows performance curves f o r  the  following values of t he  para- 

meters : 
* 

a 2 - * = 3734.4 kg/(scm ), 

a = 2.56 m / s ,  

h* = 24.654 kJ/kg, 

V * 

* 
T = To = 25'C. and 

One w i l l  no t ice  t h a t  t he  constant boost l i n e s  are ac tua l ly  p lo t t ed  as l i n e s  o f  
* 

h - h = constant i n  accordance with t h e  de f in i t i on  given i n  eq. ( l l a ) .  Also 

shown are several l i n e s  of constant Mach number, constant qua l i t y ,  constant values 

of v/vfp and constant AT where AT i s  the  difference between the  f l a s h  temperature 

0 

* 
and the  loca l  f l u i d  temperature. 

are a l so  included t o  show t h e  effect of changes in-s tagnat ion  temperature. 

are shown as broken and dashed l ines ,  respect ively.  

A p a i r  of aux i l i a ry  curves a t  T = 20'C and 30'C 

These 

6. NOZZLE FLOW FOR VARYING BACK-PRESSURE 

For t h i s  p a r t  of our study we s h a l l  take the  reservoi r  o r  s tagnat ion conditions 

as f ixed ,  and examine the  e f f e c t  of changes i n  t h e  downstream pressure,  P2, as 

shown i n  Fig. 2. In  a p r a c t i c a l  sense, t h i s  represents  t h e  case of cont ro l l ing  the  

flow from t h e  reservoi r ,  through the  or i f ice ,  and i n t o  t h e  pipe,  as i l l u s t r a t e d  
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i n  Fig. 1, by s e t t i n g  the  opening of the  downstream control  valve, i . e . ,  by 

g' 
s e t t i n g  the pressure,  P 

Before we tackle  the  problem quant i ta t ive ly ,  l e t  us first describe qual i -  

t a t i v e l y  the  nature  of t h e  flow as a function of t he  pressure,  P 

understood t h a t  P2 i s  measured ju s t  downstream of the  point  where the  i ssu ing  j e t  

a t taches i t se l f  t o  the  wall of the  pipe,  and corresponds t o  the  place where we 

I t  should be 
g' 

can once again treat  the  flow as one-dimensional. 

spreads with a roughly constant half-angle of 13' 1111, t h i s  point  may be c lose ly  

approximated i n  prac t ice .  

Since a free, turbulent  j e t  

The pressure drop along the  pipe from s t a t i o n  2 t o  the control valve where 

i s  measured w i l l  depend on the  nature  of t h e  flow between these poin ts ,  e .g . ,  P 

l i qu id  only, two-phase, etc. 

flow, but s h a l l  concentrate on the  flow from s ta te  0 t o  s ta te  2. 

g 
We s h a l l  not consider t h i s  la t ter  aspect of t h e  

The nature  of t h e  flow depends on the  amount of  boost. Let us assume t h a t  
* 

ho 2 ho , i .e . ,  Cases 01 and (2) .  See Figs. 3(a) and 3(b). I n i t i a l l y  suppose 

t h a t  t he  pressure is  uniform throughout the  system with P2 = Po. 

no flow. This is Case I shown i n  Fig. 6(a) .  

l y  less than Po, (Case I I ) ,  flow w i l l  begin. 

zle,  and the  f l u i d  leaves the  nozzle with an e x i t  ve loc i ty  less than the  choking 

veloci ty ,  separates  from the  nozzle, expands as a free j e t ,  and at taches i t se l f  

t o  the  wall of  t he  s t r a i g h t  pipe. 

expansion because of entropy production associated with the  j e t  process. 

There w i l l  be 

When P2 i s  lowered t o  a value s l i g h t -  

The pressure falls  through t h e  noz- 

Pressure recovery is incomplete during the  

The 

is equal t o  t h a t  at  the  e x i t  plane, P1. 
pS 1 

pressure i n  the  separated region, 

As P2 i s  lowered fur ther ,  the  mass flow rate increases  and the  nozzle e x i t  

pressure fa l l s  (Case 111) .  A t  a pa cu lar  value, (Case I V ) ,  the  nozzle e x i t  

pressure reaches t h e  sa tura t ion  pressure fo r  t he  given s tagnat ion conditions 
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and the  f l u i d  f lashes  and chokes a t  the  nozzle e x i t .  We s h a l l  call  t h i s  p a r t i c u l a r  

C back pressure P2 . 
and the  f l u i d  re turns  t o  a compressed l i qu id  condition. 

cess are beyond the  scope of t h i s  analysis .  

A s  t he  j e t  immediately begins t o  expand, the  pressure increases  

The d e t a i l s  of t h a t  pro- 

C For values of P2 < P2 , (Case V), a complex f l u i d  process,consisting of 

Prandtl-Meyer expansions, oblique and normal shock waves,oocurs i n  the  highly 

turbulent  j e t .  The process.may even be reasonably i sen t ropic  f o r  a shor t  d i s -  

tance downstream of  the  e x i t  plane of  t he  nozzle. 

ed i n  the  state of  t he  f l u i d  a t  pos i t ion  2.  

In any event, we are i n t e r e s t -  

In a similar fashion one may descr ibe what takes  place when the  boost is  
* * 

such t h a t  h < ho <<ho , i .e. ,  Case (3). See Fig. 3 (c ) .  I t  ought t o  be mentioned, 
* * 

however, t h a t  i n  p rac t i ce  ho 

f i c u l t  t o  create. 

countered along the  sa tura ted  l i qu id  l ine ,  

acce lera te  thq  f l u i d  t o  i ts  choking ve loc i ty  when it f lashes .  

i s  so close t o  h t h a t  such a condition i s  very d i f -  

This is  a r e s u l t  of  the  extremely low choking ve loc i t i e s  en- 

Thus only a t i n y  boost i s  necessary t o  ; 

Nevertheless, f o r  such a condition, Cases I ,  11, and 111, as shown i n  Fig. 6(a)  

would apply here  as well. See I,  11, and I11 i n  Fig. 6(b).  A t  a certain back pres-  

sure ,  P2 , t he  pressure a t  t h e  nozzle e x i t  reaches t h e  sa tura t ion  pressure,  S - 
'1- 'sat' 

I and the  f l u i d  flashes, but does not choke (Case I V ' ) .  For P s l i g h t l y  less than 

P2 , t he  f l u i d  f lashes  in s ide  t h e  nozzle, flows t o  t h e  e x i t  as a two-phase mixture, 

expands as a two-phase j e t ,  and may recover suff ic ient  pressure t o  recondense 

before it a t taches  i tself  t o  the  wall (Case VI). 

a value P 

Further reduction i n  P w i l l  r e s u l t  i n  t he  kind of  complex flow processes descr i -  

bed above f o r  Case V, shown as Cases VII' and VIII' i n  Fig. 6(b).  As the  back- 

pressure P2 i s  reduced below P2 , t h e  f l a s h  f ron t  moves upstream from the  nozzle 

e x i t  plane u n t i l  t h e  f l u i d  chokes, a t  which point  t h e  f l a sh  f ron t  remains fixed- 

2 
S - 

Eventually P2 may be reduced t o  

C t h a t  causes the  two-phase mixture t o  choke a t  the  e x i t  (Case V I ' ) .  2 

2 

S 
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The similarity between Figs. 6(a) and 6(b) and the well-known analogous figure 

for one-dimensional compressible flow through a converging-diverging nozzle is appar- 

ent. 

7. ANALYSIS OF FLOW DOWNSTREAM OF NOZZLE EXIT 

We focus now on the control volume CV-2 in Fig. 2, i.e., Lrom the exit plane 0:  

the nozzle to a point just downstream of the point where the jet attaches itself to 

the pipe wall, and including the region of separated flow. 

The continuity equation gives 

6 = w A'/v - A /v 1 1  1 - w 2  2 2 '  

where A1 is the exit area of the nozzle. 

The energy equation may be written as 
= hl + 1/2 w1 2 = h2 + 1/2 W2 2 

hO 

In writing the momentum equation we must be careful to distinguish between the 

cases where the flow is choked or not choked at the nozzle exit. As long as the 

flow is not choked the pressure in the separated region, Ps , will be equal to the 

pressure in the exit plane of the nozzle, P1. 

in the exit plane will not, in general, be equal to the pressure in the separated 

Under choked condition, the pressure 

region. They will be equal only for the special case when the back pressure, P2 , 

is the maximum value to produce choked conditions at state 1. For any lower back 

pressure, the pressure P1 remains fixed at its choked value whereas Ps decreases 

according to the back pressure. 

In general the momentum equation may be expressed in the form 

6[w2 - wl) = P 1 1  A + Ps(A2 - AI) - P2 A2 . (17) 

As long as the flow in - not choked, P1 and Ps are identical, and eq.(17) becomes 
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m(w2 - wl) = A2 (P1 - P2) . 
When P, i s  the  maximum value poss ib le  under choked flow conditions,  i . e . ,  when 

C P2 = P2 , eq. (17) may be wr i t ten  as 

i c ( w 2  - all = A (P 2 1 - p 2 ) '  
C 

For choked flow with any lower value of P C P 2  < P , t he  momentum equation is  2 

The equation of s ta te  f o r  a one-component pure substance, as before,  is 

given by 

f(s, h,  v) = 0. 

As long as the  flow i s  not choked, w e  can combine eqs. ( E a )  and (18) t o  

2: give t h e  following expression f o r  P i n  terms of P 1 

V 

v 

2 

1 ) r  3 (21) 
1 W 

p1 = + - x ( r  - -  1 

where r E A /A 

us t o  ca l cu la t e  P 

of both P2 and s2, t h e  latter of which remains unknown. 

separat ion process,  the  Second Law requires  

Unfortunately t h i s  equation by i tself  does not i n  general allow 

because the  s p e c i f i c  volume v 
1 2' 

from a known P is  a function 1 2 2 

Owing t o  t h e  d i s s i p a t i v e  

> s .  (22) s2 0 

However, a d r a s t i c  s impl i f ica t ion  becomes possible  f o r  the  spec ia l  case where 

the  f l u i d  i s  i n  the  l i qu id  s ta te  a t  both sec t ion  1 and 2. 

Bernoulli equation f o r  CV-1 between states 0 and 1: 

1 

We may write the  

2 

(23) 
W 

Po = P I  + - .  
2vl 

Solving t h i s  f o r  w12, subs t i t u t ing  i n t o  eq. (21 ) ,  and rearranging, we f ind  
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But s ince there  i s  l iqu id  a t  states 0, 1, and 2, 

v2 = v1 = vo = constant, 

and 

P2 = c2r' - 2r  + l )P1  - 2r(r- l )Po . 

c251 

Thus f o r  t h i s  spec ia l  case, P and P are l i n e a r l y  r e l a t e d ,  i . e . ,  as long as t h e  

flow i s  not choked and is i n  the  l i q u i d  state a t  0,  1, and 2.  

1 2 

Turning now t o  t h e  case of choked flow, we may combine eqs. (15), (16), and 

(18) t o  obtain t h e  following equation f o r  the  pressure i n  the  separated region: 

Once again we are unable t o  ca lcu la te  e i t h e r  P o r  P2 from t h e  other ,  exactly,  s ince  
S 

v2 depends on both P2 and t h e  unknown s2. But as before we are able  t o  use the  ap- 

proximation , 5 s. vo 1 as long as the  f l u i d  is i n  t h e  l iqu id  state a t  0 and 2. Thus, 

w e  may use eq. (27) t o  f ind P f o r  any value of P under these conditions s ince  a l l  

$ J ~  , and v2 = v Again, the o ther  terms - r, Plc , al, vlC, 

S 2 

- are known constants. 
0 

the  equation becomes l i n e a r  i n  Ps and P2 f o r  these conditions. 

We may shed some l i g h t  on t h e  e f f e c t  on Ps of var ia t ions  i n  P2 under choked 

conditions by i m p l i c i t  d i f f e r e n t i a t i o n  of eq. (27):  

(28) 2 1 
+ $2 dv2 1 

Similar ly  from eqs. (4) and Cl5) w e  f ind  

d 9  = $2 dv2 3 (-29) 

and from eq. (17), we f ind 

dh2 = -w2 dw2 . d30) 

From eqs. (29) and (30) together with q2 = w2/v2 , it follows t h a t  
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2 dh2 = -$2 v dv2 . 2 

The Gibbs equation applied t o  sec t ion  2 is 

T2 ds2 = dh2 - v2 dP2 . 
The last  two equations combine t o  form 

dP2 + $2 2 dV2 = -CT2/v2) ds2 . (33) 

The left-hand s i d e  of eq.(33) is j u s t  t he  bracketed term i n  eq.(28); thus,  

(34) 

Since the  bracketed term i n  eq.(34) i s  always pos i t i ve  (0 < r < 1 by de f in i t i on ) ,  

we see  t h a t  P 

region can only decrease whenever the  entropy a t  state 2 increases .  

and s2 are inversely re la ted ,  i . e . ,  t h e  pressure i n  t h e  separated 
S 

If we now view the  problem from t h e  perspect ive of t h e  c l a s s i c  Fanno-type flow 

problem and consider t h e  overa l l  control  volume consis t ing of t h e  union of CV-1 and 

CV-2, t h e  energy equation, eq.(lO), may be combined with the  cont inui ty  equation, 

eq. (8), t o  y i e ld  

(35) 
1 * *  2 

ho = h2 + 2 (.e] v2 , 

where can be any value not g rea t e r  than t h e  choking mass flow r a t e ,  GC. The 
- 

equation of state,  eq.(5), may be expressed as  

Thus it is  a simple matter t o  compute a l l  possible  states 2, i .e.,  a l l  poss ib le  com- 

binat ions of enthalpy and entropy, f o r  a given pipe size,  given s tagnat ion conditions 

and a spec i f ied  mass flow r a t e .  A value is  se lec ted  f o r  v2 and eq.(35) is  solved 

fo r  h2. 

as a set of cor re la t ions  programmed on a computer. 

From these values,  one f inds  s2 from eq.(36) which i s  usual ly  represented 
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In p a r t i c u l a r  w e  may f ind  the  so lu t ion  curve fo r  the case when the  flow is  

choked, i .e . ,  when = is  a t  i t s  maximum value. Under these conditions w e  

may a l so  determine the  appropriate back pressure from the  equation of state ex- 

pressed i n  the  form 

C 

With t h i s  i n  hand, w e  can r e tu rn  t o  eq.(27) and ca lcu la te  t he  corresponding pres- 

sure  i n  the  separated region, ps * 

Thus we are able  t o  construct a Mollier diagram (h,s coordinates) t o  show 

the  various processes as well as a diagram of  P 

mat ical ly  i n  Figs.  7 and 9, respect ively.  

versus P 
S 2' These a re  given sche- 

Figure 7 shows the  behavior of t he  system fo r  choked conditions a t  the  noz- 
* 

z l e  e x i t  and f o r  ho 2 ho . 
nozzle. 

Fanno l i n e  as can be seen, s t a r t i n g  from P2 = P2c and f o r  lower values. 

be observed t h a t  t he  f i n a l  s t a t e  2 may be: 

(b) sa tura ted  l i qu id  i f  P2 = PZs; o r  (c) two-phase, l iqu id  and vapor i f  P 

The superscr ip t  "sl' refers t o  the  condition of sa tura t ion .  

Thus the  flow chokes and f lashes  a t  the  e x i t  of  t he  - 
Various back pressures,  P2, w i l l  produce corresponding states 2 along the  

I t  w i l l  

(a) compressed l iqu id  i f  PZc < P2 c P2'; 

S 
2 < p 2 '  

S The pressure Pq where the  Fanno l i n e  crosses the  saturated l iqu id  l i n e  is  

The enthalpy may be computed from eq.(35) using known values e a s i l y  calculated.  

of ho, fi, A2, and v2 = v where v f f 

t ed  l iqu id  at  the  temperature To; i . e . ,  

i s  taken as the  spec i f i c  volume of t h e  satura-  

C38) 
S 1 0 2 2  h 2  = ho - - 2 ( $ )  Vf 

Using t h e  equations of state,  eqs.(36) and (37), o r  i n  prac t ice ,  t ab l e s  o r  correla-  

t i ons  o f  propert ies ,  we can then f ind the  entropy, s s .  , and the  pressure,  P2 . S 
2 

S 
52 = fch2s, Vf) I 

P2 = f(h2 , s2'). 

(36aI 

and 

S s 
(37a) 
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The lowest back pressure possible at state 2,  consistent with the Second Law 

of thermodynamics, is P2 = PZc, which represents the case when the flow experiences 

a second choke, at the position 2. 

2c Although it cannot be treated explicitly under our assumptions, for P2 < P 
> 

it may happen in reality that expansion occurs in the jet from state 1 to some 

state within the two-phase region before the lljumpll to the Fanno line. 

this occur it is possible that the jump would involve the recondensation of a two- 

phase jet to a compressed liquid for a particular range of back pressures. Figure 

8 illustrates this schematically. 

Should 

We show this effect occurring over a range of 
S 

< P2 < P2 . Neither P' nor the location of the recondensation point R can 2 
be calculated from our analysis. It is interesting to note that this effect has 

been observed experimentally in the Brown University Two-Phase Test Facility. 

a further note, it should be appreciated that this type of lljumpll is theoretically 

As 

* * 
possible within our model for stagnation conditions h 

but the extension from state 1 into the two-phase region follows an isentrope. 

< ho < ho (Case(3), Fig. 3(a)), 

Figure 9 gives the relationship between the pressure in the separated region, 

and the back pressure P2. Starting from no-flow conditions at point 0, Ps 
pS * 
falls linearly with P2 according to eq,(26) until the flow is choked at the nozzle 

exit. 

solution of eq.(27) and the Fanno line. At t point 2 where this curve passes 

through a minimum, the back pressure just reaches a value, PZc, where the flow is 

also choked at section 2. The pressure in the separated region is then P 

cannot decrease further as long as the flow is choked at section 2. 

case, section 2 must occur at the end of the straight pipe. Of course P2c cannot 

be decreased even if the pressure further downstream (for example, in a large re- 

ceiver vessel) is somehow reduced. Since we are not interested in such cases for 

c As P2 falls below P the relation becomes non-linear and results from the 2 

C and 
S 

For such a 

this study, the curve relating P to P will simply end at point 2 in Fig. 9 .  
S 2 
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I t  should be noted t h a t  P may exceed P 
S 2 before the  flow i s  choked 

a t  sec t ion  2. 

P2 = Ps = P2E i n  eq. (27) t o  obtain 

This occurs a t  poin t  E i n  Fig. 9 f o r  which we may subs t i t u t e  

2 
PZE - - Plc + - 1 - v2 $22 . a 

r vlc  
(39) 

2E ' 
The so lu t ion  of t h i s  equation along with the  Fanno l i n e  w i l l  y ie ld  P 

8 .  SUMMARY: RANGE OF DOWNSTREAM CONDITIONS FOR GIVEN UPSTREAM CONDITIONS 

In order t o  descr ibe the  possible  conditions t h a t  may be achieved down- 

stream of the  expanding je t  ( i . e . ,  a t  s t a t i o n  2 ) ,  it is  es sen t i a l  t o  keep t h e  

following questions i n  mind: 

0 

0 

Is the  flow a t  t h e  nozzle e x i t  choked o r  not? 

What is  the  s tagnat ion enthalpy (or  boost) relative t o  the  

quan t i t i e s  ho and h ? 
* * 

0 What is  the  r e l a t i v e  magnitude of the  pressures  P2 C -arid P2'? 

0 What i s  t h e  ac tua l  downstream pressure P2 r e l a t i v e  t o  P C and P2'? 
2 

Depending on the  answers t o  these  questions,  the  s ta te  of the  f l u i d  a t  

locat ion 2 may be a compressed l iqu id ,  saturated l iqu id ,  o r  a two-phase mixture. 

We s h a l l  attempt t o  cover a l l  poss ib le  cases i n  an encyclopedic fashion. 

In a l l  cases bear i n  mind t h a t  the  d e t a i l s  of the  "jumpt1 from s ta te  1 t o  2 are 

beyond the  scope of t he  present  study. 

CASE I .  CHOKED FLOW AT NOZZLE EXIT: P2 2 P2 . C 

* 
A. If ho ho , then s ta te  1 is always saturated l iqu id ,  and 

1. If P2C > P* then s ta te  2 w i l l  be: 

C S a. compressed l iqu id  i f  P 2 < p* < p2 9 

sa tura ted  l iqu id  i f  P2 = P2 S , o r  b. 

c. two-phase mixture i f  P c PZS. 
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S 
2.  If P2' S P2 , then state 2 cannot be a compressed l i qu id ,  and s ta te  

2 w i l l  h e :  

S a. sa tura ted  l i qu id  i f  P2 = P2 , o r  

S b. two-phase mixture i f  P2 < P2 . 
Cases I .  A .  1 and 2 are depicted i n  Fig. l0Ca) . 

* 
E. If h* B ho < ho , then s t a t e  1 is  always a two-phase mixture, and state 2 

- T i  ~ can only be a compressed l i qu id  providedthe following th ree  conditions are 

met: 
C S 1. P2 > F2 , 
S C 2. P2 < P2 < P2 , and 

Case I .  B is  depicted i n  Fig. lOcb) . 
* 

C. If ho < h , state 2 can never be a compressed o r  sa tura ted  l i qu id ,  and 

only two-phase mixtures are poss ib le  a t  state 2 ,  as can be seen 

Fig. lO(c). 

C CASE 11. FLOW NOT CHOKED AT NOZZLE EXIT: P2 > P2 . 
* 

A. If ho > ho , then s ta te  1 is always compressed l i qu id ,  and: 
S , then state 2 must be compressed l i qu id ;  C 1. If P* > P2 

C S 2. If P2 = Pp , then s t a t e  2 w i l l  be:  

S a. 

b. 

compressed l i q u i d  i f  P2 > P2 , o r  

sa tu ra t ed  l i q u i d  i f  P2 = P2 s.  , 
' C  3,  If P2 < P2', then state 2 w i l l  be :  

compressed l i qu id  i f  P2 > P2 , S a. 

b. 

c. two-phase mixture i f  P2 < P2 < P2 . 
S sa tu ra t ed  l i q u i d  i f  P2 = p 2  9 o r  

C S 

from 



19 

Case 11. A i s  depicted i n  Fig. l l ( a ) .  

1. If state 1 i s  compressed o r  saturated l iqu id ,  the  s i t u a t i o n  is  t h e  

same as f o r  Case 11. A. 

2. If s ta te  1 i s  a two-phase mixture, then: 

C S a. If P2 > P 

b. If P2 

Case 11. A. 2; 

then state 2 must be compressed l iqu id ;  2 '  
C S 

= P2 , then state 2 w i l l  be as described under 

C S c. If P2 < P2 , then s ta te  2 w i l l  be as described under 

Case 11. A. 3. 

Case 11. B. 2 is  depicted i n  Fig. l l ( b ) .  
* 

C. 

Once again we wish t o  emphasize t h a t  t h e  dashed l i n e s  connecting states 1 

If h o ? h  , state  2 can only be a two-phase mixture, as shown i n  Fig. l l ( c ) .  

t o  states 2 are merely schematic and do not represent  a well-defined process. 

However, the  method described i n  t h i s  study does allow t h e  ove ra l l  entropy change, 

As = s2 - sl, t o  be calculated using the  fact t h a t  s1 = so and eq. (36). 

9. SAMPLE RESULTS FOR REFRIGERANT 114 

A program has been wr i t ten  i n  BASIC f o r  use on a Hewlett-Packard Model 

HP-85 desktop computer t o  give the  f l a sh  and choke conditions i n  R-114. The 

l i s t i n g  of t h e  program is  given i n  the  Appendix [12].  

For given reservoi r  conditions, and s i z e s  of t he  o r i f i c e  and downstream 

pipe,  the  program provides the  following information: 

0 

0 

Flash-point and choking conditions a t  t h e  e x i t  of the  o r i f i c e ;  

Indicat ion of whether t h e  flow i s  o r  is not  choked: 

0 Iden t i f i ca t ion  of the  phases present  a t  sec t ions  1 and 2 as compressed 

l iqu id ,  sa tura ted  l iqu id ,  o r  two-phase (liquid-and-vapor). 
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The relatlonship between the pressure in the stagnant region, Ps , and the 
downstream pressure,.,P2, is ghen for a particular set of conditions in Table 1 

and in Fig. 12. With reference to Table 1, the four chosen examples correspond 

to the earlier crted cases as follows: 

0 Example 1: Case (b) , Fig. 3 

0 Example 2: Case (a), Fig. 3 

0 Example 3: Case (.c) , Fig. 3 

0 Example 4:  Case (e), Fig. 3. 

Examples 1 and 3 are illustrated graphically in Fig. 12 where Ps and P2 have been 

normalized with respect to the stagnation pressure, . 



21 

Acknowledgements 

This work was funded by t h e  U. S. Department of Energy, Division of 

Conservation and Renewables, through the  Los Alamos National Laboratory under 

Subcontract LASL 9-X63-H4003-1. 

ind iv idua ls  f o r  t h e i r  support and encouragement: 

D r .  Ronald S. H. Toms, DOE-Washington; M r .  RaynondP. LaSala, DOE-Washington; 

D r .  Joseph Kestin, Co-Principal Inves t iga tor ,  Brown University. 

The authors are g r a t e f u l  t o  t h e  following 

D r .  Robert J. Hanold, LANL; 



22 

REFERENCES 

[l] Maeder, P. F., Kestin, J., Dickinson, D. A., DiPippo, R. and Olia, H., 
"Design and Operation of a Two-Phase Flow Research Facility," Rep. No. 
GEOFL0/16, LA-UR-82-1838, Brown University, Providence, RI, May 1982. 

[2] Abuaf, N., Jones, 0. C., Jr. and Wu, B. J. C., "Critical Flashing Flows 
in Nozzles with Subcooled Inlet Conditions," Polyphase Flow and 
Transport Technology, R. A. Bajura, ed., ASME, New York, 1980, 
pp. 65-74. 

[3] Cumo, M., TJnbounded Critical Flows and Jet Forces,11 Advances in Two- 
Phase Flow and Heat Transfer, Fundamentals and Applications, Vol. 11, 
S. Kakac and M. Ishii, eds., Martinus Nijhoff Pubs., Boston, 1983, 

I pp. 555-576. 

[4] Giot, M., "Singular Pressure Drops," Ch. 13 in Thermohydraulics of 
Two-Phase Systems for Industrial Design and Nuclear Engineering, 
J. M. Delhaye, M. Giot and Riethmuller, M. L., eds., Hemisphere Pub. 
Co., Washington, DC, 1981, pp. 247-254. 

1 [5] Watson, G. G., Vaughan, V. E. and McFarlane, M. W. "Two-Phase Pressure 
Drop with a Sharp-Edged Orifice", NEL Report 290, 1967. 

Harshe, B., Husain, A., and Weisman, J., "Two Phase Pressure Drop 
Across Restrictions and Other Abrupt Area Changes," NUREG-0062, 1976. 

I 

[6] 

[7] Dukler, A. E., Wicks, M. and Cleveland, R. G., tlFrictional Pressure Drop 
in Two-Phase Flow: 
Drop and Holdup,1t AIChE J., Vol. 10, 1964, pp. 38-43. 

A. A Comparison of Existing Correlations for Pressure 

~ 

~ 

~ pp. 440-445. 

[8] Petrick, M. and Swanson, B. S., "Expansion and Contraction of an Air- 
Water Mixture in Vertical Flow," AIChE J., Vol. 5, No. 4, 1959, 

1 , 
[9] Hall, D. G. and Czapary, L. S., "Tables of Homogeneous Equilibrium 

Critical Flow Parameters for Water in SI Units," Rep. No. EGG-2056, : EG G Idaho, Inc., Idaho Falls, ID, Sept. 1980. 

1 

I 

I 
[lo] Maeder, P. F., DiPippo, R., Delor, M. and Dickinson, D., "The Physics 

of Two-Phase Flow: Choked Flow," Rep. No. GEOFLO/10, DOE/ET/27225-15, 
Brown University, Providence, RI, May 1981. 

I 
I 

I 
~ 

[ll] White, F. M., Viscous Fluid Flow, McGraw-Hill, New York, NY, 1974, 
p. 509. 

[12] Olia, H., "Expansion of Liquids Through Nozzles and Orifices into the 
Two-Phase Region," Sc.M. Thesis, Brown University, Providence, RI, 
June, 1982. 

i 



23 

TABLE 1 

Relationship Between Ps and P2 f o r  Refrigerant 114 

f o r  Orifice Diameter = 31.75 mm and Pipe Diameter = 50.8 mm 

Example 1: T = 3OoC, Po = 300 kPa, > 1 
0 

0 Fluid f lashes  and chokes a t  @ : 
P1 = P = 250.001 kPa 

S 

P2 = 273.804 kPa 

Ps/Po = 0.8333 

P2/Po = 0.9127. 

0 Fluid f lashes  at @ : 
P = 210.968 kPa 
S 

P2 = 250.225 kPa 

Ps/Po = 0.7032 

P2/Po = 0.8341. 

Example 2: To = 3OoC, Po = 270 kPa, % = 1 
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TABLE 1 (continued) 

Example 3 :  T = 3OoC, Po = 255 kPa, 

Fluid f la shes  at @ : 

P1 = Ps = 250.008 kPa 

P2 = 252.385 kPa 

Ps/Po = 0.9804 

P2/Po = 0.9897. 

Fluid f la shes  at @ : 
P1 = Ps = 245.757 kPa 

P2 = 250.032 kPa 

Ps/Po = 0.9638 

e 1 
0 

0 

0 

P2/Po = 0.9805. 

Fluid chokes at @ : 0 

P1 = P = 242.619 kPa 
S 
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FIGURE 3, MOLLIER DIAGRAMS FOR VARIOUS FLOW PROCESSES. 
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FIGURE 4, SCHEMATIC SHOWING MASS FLUX VERSUS VELOCITY 
FOR VARIOUS STAGNATION ENTHALPIES, 
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FIGURE 7, FANNO CURVE FOR CHOKED CONDITIONS AT NOZZLE EXIT, 
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FIGURE 8, NOZZLE PROCESSES ILLUSTRATING JUMP CONDITIONS. 
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APPENDIX 

FLOW CALCULATION PROGRAM 

Coded in BASIC for use with 

Hewlett Packard Model HP-85 computer 

RF : JET 

113 ! Flow in an Orifice and its 
expansion into a pipe. 

20 ! Entropy Production's calcu 
lation as a function of pres 
sure in seperated region 

30 ! Workin? fluid is FREON 114 
.Reservoirrorlfice exlt end 
downstream flou are denoted 

40 ! Pressure in searated resi 
on is siven by P.P3 correspo 
nds to sat. condition at 2 

50 ! The numbers lr2 and 3 in b 
racets correspond t o  flash P 
oint,cond. at 1 uhen flow at 

60 ! saturated and choking cond 
i t ion .Exceptxon:P0<3)rT8(3)  
stands for sat. conditions a .  

by 8 r l a 2  

2 is, 

25 0 
260 

278 
28 8 
290 

300 

.310 
320 
330 

IF UlSClrl3#'P" THEN 248 
IF U2fClrl3#'S' THEN 248 ELS 
E Y<3>fVAL<UlfC?3> @ Y<5>=UA 
LCU2SCsJ) C DISP 'WRIT!' @ G 
OT# 2268 
! ****.%**% OU?PUt 12 **%%%** 
PRINT TRB<12)iUQ e PRINT TRB 
€12)jDSjY<3> e GOTO 300 
PRINT TRB<12)iCSiP @ PRINT T 

.PRINT TABC12)j"P2=';Y<5) @ P 
FIB<12)iUS C GOTO 300 

,RINT e CLEAR e PRINT @ PRINT 

! t****t*~ Input ' $2 *t*t*t** 
PRINT C GOSUB 4270 @ CLEAR 
P1=0 e P2=0 @ P=9 (3 F0=8 e Y 
<3)=0 e Y<5)=0 Q DISP 'Subch 
0ked:Orifice exitPress.Pl=?" 

l? GOTO 330 

e O I S P  - 
340 DISP 'Choked:Downst ream pres 

s,P2=?' C DISP 
350 DISP "Enter proper pressure" 

;e INPUT U%@ IF Us="" THEN 3 
78 
88 

90 

108 

118 

129 
130 

146 
156 

160 

30 
360 IF U1Cl123='P1' OR UbC1821=" 

P2' THEN 338 ELOE 338 
370 IF USC1,23=yP1" THEN Fl='JflL< 

UP.C43> @ FO=l ELSE 390 
380 IF Pl<P1(3) OR Fl>PO THEt.I,,CL 

EAR (3 DISF 'Out of  ranse! @ 
GOTO 338 ELSE 488 ' 

390 P2=VAL(USf43) B FQ=2 Q IF P2 
>P2C3) THENICLEEP. C! OISP 'Ou 
t o f  ranse! Q GOT# 330 

400 ON F GOTO 418,420,438 
410 ON F1 GOTO 440,540,610 
420 ON F1 GOTO 7188?S0#1010 
430 GOTO 1210 
440 IF FO=l THEN GOTO 450 ELSE 5 

- N  e 1=12 
Ab=oSubchoktd flow" B Bb='Ch 
oked f l o w "  e CS="Pl=" e DImn 
Tf.="KT3" 12 Sb="CS3 @ GE="P= 
" LS="fLX" @ Hf-"'  
! XX%**%%% Input #1 %*%**%*% 
DISF 'Orif ice,pipe diameter 
in inch";@ INPUT J1,JZ 
IF Jl=0 THEN CLERR @ DISP 'N 
o flow!' e GOTO 130 
DISP 'Stas.conditions:Liquid 
#Saturate$ or in T-phase res 
ion:L/S/T > @  INPIJT Y S  
IF YZ='S" OR Yl="T' THEN GOT 

p2=" E$='FrOm:* F$='To:" 

0 200 
170 DISP 'Stas.conditions,P=?,T= 

'I:KparC';@ INPUT UltrU2fe I= 
23 

180 IF Ulftlrlf#'P' THEN 170 
198 IF U22C1,13#'TR THEN 170 ELS 

E Y<3>=VAL<UlbC?3> e Y € ? > = V A  
L(U2fC33) @ OISP 'WAIT! @ G 

10 
450 GOTO 1290 
460 IF Fl=P1(2) THE!! Y<3>=P0<2) 

e Y<S)=S0<2) C! GOTO 280 
478 IF Pl>P1<2) THEil GOSUE ZSlO 

ELSE 496 
488 GOTO 280 
490 IF Pl<P1<2) THEll GOSUB 3630 

OTO 2260 
200 IF Yt="T' THEN GOT0 240 
210 DISP 'Sta~.conditionsrx=?rs= 

3 :  rKJ/K9 ;@ INPUT UltrU22e 
1=15 

E Y<l>=VAL<UlSC33) (3 Y<?)=VH 
L<U22C33) @ OISP 'WAIT! @ G 
OTO 2260 

240 DISP 'Stas.conditionrP~?~s=? 
*KPa,KJ/K9';@ IIJFUT UltrU2f(3 

22Et IF Ul$Clr13#ax' THEN 210 
238 IF U25Clr13#"sn THEN 218 ELS 

I =35 

500 
510 
528 
538 
5 4 8  
550 
560 
570 
S I 0  
598 
608 
618 
620 

GOTO 2%O 
GOTO 1368 
IF P2<P2<3) THEN 
GOTO 2?0 
IF FO=1 THEN 550 
GOTO 1290 
IF Pl>PlCS) THEN 
GOTO 280 
GOTO 1360 
IF P2<P2<3) THEll 
GOTO 298 
IF F#=1 THEN 62P 
GOTO 1250 

GOSUS 3770 

ELSE 580 

GOSUB 3510 

GoSue 3730 

ELSE 650 
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630 IF Pl>P1<3) 
640 GOTO 280 

THE!? GOSUB 3510 

650 GOTO 1360 

670 IF P2>P0<3) AND 02<P2<3> THE 

680 GOTO 298 
690 IF P2<P0<3) THEE! GOSUB 3770 

660 IF ~2=pe<3) THEH P = P ~  e YCS) 
=S8<3> e GOTO 290 

N GOSUB 3510 ELSE 690 

ELSE 1030 
1620 GOTQ 280 
1030 IF Pl<PI<l) TrlEN GOSUB 3560 
1040 GOTO 2ga 
10S0 GOTO 136B 
le60 IF P2<P2<3> TAEEl GOSUE 3778 
i870 GOTO-230 
1086 IF F@=l THEN 1890 ELSE 1150 
1090 GOTO 1290 

1100 IF Pl=PlCl) THEN Y(3)=P2<1) 

1119 IF Pl>P1<1) THEN GOSUB 3510 
e Y<~)=szc~) e GOTO 280 

ELSE 1130 
1120 GOTO 280 
1130 IF Pl<Pl<l) THEti GOSUE 3568 
1140 GOTQ 280 
1150 GOTO 1360 
1160 IF P2=P0<3) THEN P=P3 e Y < 5  

1170 IF P2>P0<3) RNC P2<P2<3> TH 
EN Gosue 3810 ELSE 1190 
?=S0<3> @ GOTO 290 

COTD ~ 290 
IF P2<P0<3> THEY GOSUB 3778 
GOT0 290 
IF F8=1 THEN 1220 ELSE 1250 
GOTO 1290 
IF Pl>P1<3> THEN GOSUB 3630 

1 I80 
1198 
1200 
1210 
'1 220 
1230 -. 
1240 GOTO-280 

-. 1250 GOTO 1360 

1270 COTO 296 
1280 ! Subroutine f o r  OutFut t2 

1290 IF Pl=PB THEN YC3>=P0 e Y<S 
?=S0 @ GOTO 280 

1300 IF Pl=P1<3> THEN Y<3>=P2C3> 

1260 IF P Z C P ~ C ~ )  THEN Gosue 3770 

************t********X**r* 

a2 Y<5>=S2<3> @ GOTO 288 
Y310 ON F GOTO 1328,1330,1350 ' 
1328 OH Fl GOTO 468r560r630 
1338 ON F1 GOTO 1340>1008r1108 
1340 ON F2 GOTO 748,S30r898 
1J50 GOTO 1238 
1360 IF P2=P2<3) TirEN P=P1<3) e 

Y<S>=S2<3) @ GOTO 290 
1370 IF P2=P2C4) THEN P=P4 e Y<5 

>=SO e GOTO 29P 
1380 ON F GOTO 139b.1480r1410 
1398 ON Fl GOTQ 528*590,660 
1468 ON F1 GOTO 960t1660a1160 
1410 GOTO 1260 
1420 ! t*t Equation of state X t X  
1430 DISP 'NOT AVRILRBLE!;SuPerh 

1440 DISP 'ComPrezscd liquid! In 
1458 Y<16>=FNFl<Y<2>> 
1460 Y<ll)=SQR<le98CFNH2<Y<~))) 
1470 Y<14)=Y<6)*FNP2<Y<2)>/F~F6< 

YC2)) 
1480 YC12>=Y<14)/SQP<Y<16)+Y<l>% 

FNF2CY<2>>) 
1490 Y<7)=Y<lZ)tY<ll) 
1508 Y C 8 j =':; 7) /Y < G i  
1518 Y < l S ) = < F N P 6 < Y < 2 ) ) / Y < 3 ) + F t ~ V l  

eatcd vapor' E! STOP 

put P.T =-;e STOP 
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. .  1558 IF 1=23 THEN 1718 

1576 N=N-6 @ IF N<9 THEN 1680 
1588 N=N-7 e IF N<12 THEN 1666 
1598 N=N-S e IF N>lZ THEN N-14 

1890 Y<l>=FNXG<Y<2)) C B=FNH<y(2 1560 N = I - I ~  e IF NG THEN i6a0 

1608 ON N Gosue 2em,i680,169~,1 

1610 DEF FNNCN) = FP<I/ie>*ia#t4 
1628 IF FNN<3> THEN Y<J)=FNP2<YC 

1630 IF FNNC4) THEN Y<4>=FNH<YC2 . 

1649 IF FNNCS) THEN Y<S>=FNS<Y<2 

)) @ GOSUE 1998 P IF N THEN 
1888 ELSE RETURN 

1900 G=Y<S> @ Y<l)=FNX6<Y<2>-.5> 
e H=FNS<Y(2>-.5) e Y<l)=FN 

X6<Y<2>+.5) e C=FNS<Y<Z>+.S > 
1910 Y<l>=FNX6<Y<2>i @ B=FNS<Y(2 

) >  @ GOSUB 1990 C IF N THEN 

1930 DEF FNHCT) = FtIHl<T>+Y<i>XF 

1940'DEF FHX4<T> = CY<4>-FHHlCT> 

780r1560,1770~1780,17961188 
8~1S20~1840~18C0,1880~1998 

REID IP<I/lB)#d 

2) > . 1920 ! SUBROUTINES 
> >  
> >  ' )/FNHPCT) 1658 IF FNH<6) THEN Y<6>=FNV<Y<2 2958 DEF FNS<T> = FNSl-(T>+Y<l>XF > >  

1960 DEF FNXS<T) = ZT+27J>XCY<5> 1660 IF Y<1)<0 THEN 1440 
1670 IF Y < 1 ) > 1  THEN 1430 ELSE RE 

TURN 1970 DEF FNV<T) = FNVl(T>XFNU2<Y 
1680 G=Y<4> I2 e=FNHiY<2)) I2 C-FN <3> >+Y < 1 >%FNPG<T>/Y <3> 

H<Y<2>+.5) @ A=FNH<YC2>-.5) 1988 DEF FNX6<T> = FNP2<T>X<Y<€> 
I2 GOSUB 1998 e IF N THEN 1 -FNVl <T> )/FNPC<T) 
680 ELSE RETURN 1990 D=<G-B)/<C-A> e Y<2>sY<2>+D 

@ N=flBS<D>>.Bl 12 RETURN 1650 G=YC5)  @ B=FNSCY<2>) @ C=FN 
S<Y<2>+.5> e fi=FNSCY<2)-.5) 2006 C=LOCCY<3>> e B=LOC<FNP2<Y< 

@ COSUE 199 E IF N THEN 1 2))) e C=LOG<FMP2<Y<2)+.5>) 
e A=LOG<FNP2<Y<2>-.5>> @ G 

1700 G = Y < 6 >  @ B=FNVfY<2>> I2 C=FN OSUE 1390 
2810 IF H THEN 2009 ELSE RETURY V<Y<2>+.5) e A=FNV<Y12>-.5) 

@ GOSUB 1998 @ IF H THEN 1 2828 DEF FNFl<T> = iFklSl<T+.S)-< 
700 ELSE RETURN FNSlCT-.S~)>*<T+273.15~n2/F 1710 IF Y<3><FNP2CY<2>) THEN 143 
0 2038 DEF FNFZ<T> 

1720 Y<6>=FNVlCY<2) )XFNV2<Y<Z>> 2040 F2=CFNH2(T+.S>)*<FtIP~<T-.5> 
1738 YC4>+Y<6)*<Y<J)-FNPE<YC2)>) )X<FNP2<T+.5)5*<T+272.65> 
I f 4 0  Y<5>=Y<4)t<-.0~8b082J)tY<3) . 2@50 FZ=F2/<FNH2<T-.5)>/<FNPG<T+ 

/<2?3+YC2)> .J))/<FNP2CT-.S>>/<T+2?~.~5 1750 YC4)=Y<4)+FNXlCY<Z>>X<i- .80 
00087XYC3>> @ Y<S>=<Y<5>+FN 
Sl<Y<2)>)t<l-.080800i%Y<3)> 2070 FN END 

1900 ELSE RETLTN 

NHP(T> 

NH2<T>/<273+T) 

. -FNSl<T))/FNHZ<T> 

.690 ELSE RETURV 

NH 2 < T > 

> 
2060 FNf2=<1+2?3.15j*LOG<F2) 

1779 Y<l?=FNX4<Y<2)) 12 RETURN 2898 I POLYNOMIALS FOR EF114 

1730 Y<l>=FNX6<Y<2)> @ RETURN 2110 ! h < f s )  1888 GOSUB 2000 

1828 GOSUB 2800 S>%f+137.40273 
1840 GOSUB 2000 214b DEF FNP€<T> nz r<<TX-.806D00 
18515 GOTO 1798 00J2-1.16291E6E-~>XT-.BU022 

8?33374>XT+.e364781433)*T+1 1E60 G=Y<4> e Y<l>=FNX5CY<2>-.5> 

XS<Y<2>+.5) B C=FNH<Y<2>+.5 2150 ! P > 2160 DEF FNPE<T> = 19^<<Tt.@00{ti:t 
1870 Y<l)=FNXS<Y<2>) @ B=FNH<Y<2 . 848?-.06197495~>XT+7.973869 

>) e Gosue 1949 e IF H THEN 
2180 DEF FNH!(T> = C<T*-.0000813 1888 G=Y(4) @ YCl)=FHX6(Y<2>-.5) 

1769 RETURN .20m ! * * * t * t ~ * * X X l f * * * * * * X * * * t  

1789 Y<l)=FNX5<Y<Z>) @ RETURH 2100 ! * * * * * t * f * * * * * * *X* * * * * * * *  

1830 GOTO 1780 2130 ! P*v<fs> 

2120 DEF FNHZCT) = <<Tt-,O@QQOZ-l 
1810 GOTO 1770 402-.801145511i*T-.33154283 

@ R=FNH<Y<2?-.5) @ Y<l)=FN 2.75321704 

665-1649.18S/€T+273.15>) 
1860 ELSE RETURN 2170 ! h < f >  

e A=FNHCY<2>-.5) 0 Y<l>=FN 4 i 9 ~ + . e e i 2 1 2 € 3 1 > t ~ + . 9 s s 1 ? ~ ~  
%6<Y<2)+.5) @ C=FHH<YC2>+.5 ) *T > 



-A4- 

! s < f >  
DEF FNSl<T> = C<Tt-1.62754€ 
-8+ .0060849173~) tT - .09017~~  
4)%T+LOG<T~2?3+1> 
I u<4> 
DEF -FNUl <T) = <<T%3.4858654 
E-11+3.6841033E-9)tT+.00000 
1192772)*T+6.539242679E-4 

21?! 
2 2 m  

2210 
2220 

2238 ! Compressibility of  liquid 
2240 DEF FNV2CP) 1-.080004336Z 

P 
2250 ! %*%%%%% Output fl X t t t * X %  
2268 Rl=FNA<Jl) 11 M=FNA<J2) e G 

OSUB 1530 
2270 ERINT TABCS) i 'Ori f ice- -"iJl; 

.in" @ PRINT TA6<8)i'Pi~e=" 
iJZi'in" 11 PRINT 11 GOSUB 43 
?I3 

2280 T6=Y(2? e P0=Y<3> @ H0=Yi4? e SB=Y<S) e W=YCC) e PRIN 
T TRE<8?i'Sta4.conditions' 
e PRINT 

2290 PRINT TAECS)I'PB='IP~ 11 PRI 

2300 PRINT TAE<8>im~0='iS8 @ PRI 
C GOSUB 4370 

2310 IF YS='S' OR Yf='T" THEN 32 
40 ELSE Y<1)=0 e Y<5)=S0 @ 
1 ~ 1 5  11 GOSUG 1530 

2324 GOSUB 1450 
2338 Tl<l)=Y<2> 11 PlCl>=Y<3> C H 

l<l>=Y<4) @ Vl<l)=Y<6:) 11 Wb 
= Y < 7 )  

2340 PRINT TAB<5);mFlash point c 
onditions' 11 PRINT @ PRINT 
TRe<8>i'Pf=a~P1<1> 

PRINT TAB(S?;'sf='- 8 sO 

PRINT 11 GOSUE 4370 
2370 Y<l)=b @ Y<4)=HB e Is14 @ G osue 1530 
2320 P0<9>=Y<3) @ Wl<l)=FNM<Hl(l 

>)  B Q2<1~=Wl<l)*A~~<Vl<l)* 
A2) e H=(1000*Hl<l)+W0^2/2) 
r 1 0 m  

2390 IF HB>=H THEN F=l @ PRINT T 
A8<3)i'Fl0~ chockes i s  i t  f 
lashes' ELSE 2fSO 

2488 P1(3>=Pl<l) t? Tl<3)=T111) @ 
H1<3)=HI<l) @ V1<3)=Vl<l> 

e W1<3>+NW<H1 if)) 
2410 Q ~ < ~ ) I W ~ < ~ > X A ~ / ( U I ( S ) * A ~ )  e 

kin9 cond. = Flash cond.' C 

NT TAE<S)i'TB="iT8 C PRINT 
TAB<8>i'hB='iH@ 

NT TAB<8)i'vB="iUB @ PRINT 

2350 PRINT TAEC8)i"Tf~'iT141> e 
PRINT TAB<8)i'hf='iHl(l) @ 

2360 PRINT TAE<8)invf='iV1<1) @ 

PRINT @ PRINT TAE(2)i 'ChoC 

PR I NT 
2420 Gosue 4390 

2430 GOSUE 4370 
2440. GOSUE 4210 
2450 Q=Q2<3) I? GOSUE 4030 
2460 P0<3>=Y<3) @ S0<3)=YC5) @ T 

8<3) =Y (2) 
2470 P2=P0<3? @ GOSUE 3810 
2480 IF P=P1(3) THEt? F1=2 e P2<3 

>=P8<J) e S2(J)=S0<3) ELSE 
2540 

2490 GOSUE 3420 
2500 PRINT TAB119)iCfjP1<3)iSf @ 

. PRINT TRB<10iiDfiP2<3?iS4 
@ GOSUB 3440 

GOSUB 3488 

2510 GOSUE 3450 

4530 GOTO 320 
2540 IF P<P1<3> THEN Fl=3 11 Pl=P 

1<3) @ GOSUB 3510 ELSE 2630 
2550 P2<3)=P2 C S2(3)=Y<5) 
2560 P2=P0€3) @ GOSLIB 3810 
2570 P3=P 11 GOSL'B 3420 

@ GOSUB 3440 

GOSUE 3470 

2520 PRINT TAB<10>i@tiPE<S)iS$ @ 

2580 PRINT TRB<l@>iC*iP1<3)iS$ @ 
PRINT TAB<10>iD2iP2<3)iLO 

2590 GOSUG 3450 

-2619 GOSUB 3480 
2620 GOTO 320 

2600 PRINT TA6<18>j0SiP2<3>iLf e 

_ _ _ _  - - -  
2630 IF P>P1€3> THEN Fl=l 11 P2=P 

1<33 I? K=3 @ GQSUE 3860 
2640 X2<3)=Y<1) 11 PI-Pi(3) 12 COS 

UB 3630 
2650 P2(3)=P2 @ SE<?:)=Y<J) 
2660 GOSUB 4306 

. 2670 GOSUB 3420 
2680 PRINT TAE<l@?iCS;P1<2?iLO @ 

PRINT TABClB>iD*iP0C2>;S3 e PRINT F$ 

e GOSUB 3440 

2690 PRINT TR6<18)iCSiPlC3)iS4 E! 
PRINT TAE(l0i;DSiP2<3>iTS 

2700 GOSUB 3450 

2720 GOTO 320 
2730 IF Hl<l)<HO AN@ HO<H THEN F 

2740 PRINT TABC6)i "Chockins cond 

'2718 PRINT TAB<10)jOSiP2<S);T$ 12 
GOSUE 3480 

=2 e GOSUB 4 M C  

itions' PRINT 
2750 PRINT TAB<S)~"PC="~F~<J) @ 

PRINT TAB<8)imTct";Tl<32 @ 
PRINT TRBC8)i "hc="iHl<S? 

NT TA13(S)ia~~="iV1<3) 12 IF 
2760 PRINT TAEi8)i'sC="iSO e PRI 

F=3 THEN RETURN 
2770 GOSUB 4390 
2780 GOSUE 4370 
2790 Q2<3)=W1<3) tAI* 'CUl<Z>*A2)  @ 

GOSUB 4210 
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2808 l?=Q2<3> @ GOSdE 4030 
2310 P0<3>=Y<3> @ S0<3>=Y<S) @ T 

0<Z>=Y<2) @ P2=P0<3> 8 GOSU 
E 3310 

2820 IF P=PlCZ> THEN Fl-2 C P2<3 
>=PB<3> @ S2<3>=S0<3> ELSE 
2980 

2530 Pl=Pl<l? C GOSIJB 3510 
2840 P2<1>=P2 C SZCl>=Y<5) @ GOS 

UB 3420 
2850 

2S60 

2870 GOSUB 3460 

2890 GOTO 320 
2980 IF P<P1<3> THEN F1=3 @ Pl=P 

1<3> @ GOSUB 3560 ELSE 3000 
2910 P2<3)=P2 C S2C3>=Y<S) @ Pl= 

Pl<l> @ GOSUE 3510 
2920 P2<1>=P2 C S2<1)=Y<5) @ P2= 

P0<3> C GOSUE 2810 
2930 P3=P C GOSUE 3429 
2940 PRINT TABC10>ICS;P1<1)iS6 e 

@ GOSUB 3440 

GOSUE 3480 
2830 PRINT TAB€lB>iDSiP2<3>iSf C 

PRINT TAB<lB>iDOiPE<l);Lt 

PRINT TABCI0>jCt;Pl<l>iSf 8 
PRINT TRB<l0jiDI;P2Cl>iLS 

C PRINT Fb 
PRINT TAE<l0>;CSiP1<3)iTf C 
PRINT TAB<10>;DO;P2<3>;SO 

C PRINT Ff 
2,458 PRINT TAE<10)iCfiPl<3)~T$ B 

PRINT TAG<l@)iDJiP2<3>iLS 
e Cmue 3440 

2960 Gosue 3460 
2,470 PRINT TAB<lO>iDfiP2<3)iLf @ 

GOSUB 3470 
2980 GOSUE 3480 
2996 GOTO 320 
3000 IF P>P1<3) THEE! Fir1 @ P2=P 

1~3) e ~ = 3  e CCSUB 3860 
3810 X2<3)=YC1> e Pl=Pl<J) C COS 

3020 P2<3>=P2 11 S2<3)=Y<5>  
3038 Q=Q2<1> 12 L=lBA3XPl<l>+W1<1 

)*Q e L = I P < L ~ ~ O " ~ > / ~ W ~  e G 
osue 4030 

3040 P2=YC3> B L1=1OA3XP2+W2XQ e 
Ll=IP<Ll%1RA3? '1W3 
IF L1-L THEN F2=2 C P1<2)=P 
1 < 1 >  @ P0<2>=P2 @ S0<2>=Y<5 
) ELSE 3000 

UB 3630 

3060 GOSUE 3420 
3870 PRINT TAB<l0)iCS;Pl<l>iSS @ 

PRINT TflB<10>jDSiP0<2>;SO 
@ GOSUE 3498 

940 ELSE 3150 

3080 GOTO 3200 

3100 Pl=P1<1) @ GOS'1'6 3510 
3110 P2(l)=P2 e S2<f)=Y<5> I2 COS 

3890 .IF Li<L THEN *FZ=I e GOSUE 3 

ue 3420 

3120 PRINT TAB<lB>;C6iPl<l>;Sb 2 
FRIHT TAB< 10) I D S i  P2< 1 > i LS 

@ PRINT FS 
3130 PRINT TflB<l0?iCfiP1(2>;TS R 

PRINT TRB<lB>iOSiP8<2>iSS 
@ GOSUB 3490 

3140 GOTO 3200 
3150 IF Ll>L THEN FZ=3 e GOSUB 4 

300 
3160 Pl=Pl(l) C GOScl6 3630 
3170 P2<1>=P2 e S2il>=Y<5> @ GOS 

318B PRINT TAe<l0);CS;P1<2);LS e 

-3190 PRINT TAB<l0)iCbi')Pl<l>iSd @ 

ue 3420 
. PRINT TRC<10jiD%iP0<2>iSE 

@ PRINT FO 

PRINT TAB<l@>;DfjP2<1>;TS e GOSUB 3490 
3200 GOSUE 3440 
32ie GOSUB 3464 
3220 PRINT TAB<l0>iDSiP2<3>iTS @ 

GOSUB 3480 
3250 GOTO 320 
3240 F=3 @ Tl<l>=Ta C GOSIJS 40E2 
3258 Q2:3 )=W1<3>*Al . '<V1<3)XR2)  @ 

P0<3)=P0 B FBC2>=PB B P1<: 
)=P0 B GOSUB 4210 

GOSUS 3360 
3270 X2<3>=Y<l> C P?=P1<3> e CCS 

UE 3638 
3280 P2<3)=P2 C S2<3)=Y<5> 
3290 PRINT TAB<l>i'Entire f l o u  i 

n Two Phase region' C PRINT 
3388 GOSUG 2740 
3310 IF Yf="S' THEH NS=SS 12 GOTO 

.3260 pz=pi<3) e K=Z (I? Q = Q ~ W  e 

3348 
3320 NirTf @ PRINT e GOSUB 4370 
3330 GOT0 3350 
3340 PRINT TAB<S>t'YX=O' C PRIM? 

TAB<S)j'J/JX=C!" e PRINT @ 

3350 PRINT @ PRINT TAB<10);AS I? 
GOSUB 4370 

PRINT EI @ PRItlT TASClB>;CZ 
tP0itlS C PRINT TRB<lO>;DSiP 
B i N b  

3368 GOSUE 3490 
3370 PRINT e PRINT TRB<ll>iE6 @ 

PRINT EZ 

PRINT TFtB ( 18 > i Dli P2<3) i TZ 
3380 PRINT TAB(lO)jGS;P1<3);TS E! 

3390 GOSUB 3480 
3400 GOTO 320 
3410 ! Subroutine for output # l  

* * * * t X % * * * * X t * * % * * * * ~ ~ ~ ~ ~ ~  
3420 PRItlT C PRINT TABC10)iAS @ 

3430 PRINT TAB<l8)iCfiPO;L% e F2 
PRINT E$ 

IHT TAE<l0)jDt;F%iLf C PRI!I 
T FS C RETURN 



-A6- 

3 4 0  PRINT e PRINT TRB<ll?iES Q 
PRINT E$ C RETURN 

3450 PRINT TAB<lO>iGSiPl<S);SS e 
RETURN 

RETURN 
.346a PRINT TflB<l0)iGbiP1<3)iTS @ 

3.170 PRXNT Fb @ PRINT TRS<10)iGO 
iP3iTJ @ PRINT TAB<l0)iDSiP 

3480 PRINT FS @ PRINT TABCl0)iGO 
iP4;TI (3 PRINT TRBC10)iDfiP 

3499 PRINT FS @ PRINT TABCl0);Cf 

2500 ! %:XX*% Subroutxnes ****** 
3510 Wl=FNWJ<Pl) @ Q=WltAl/~VB*R 

3520 W2=Q*V0 @ P2=<len3XP1-QX<W2 

3530 Y<3)=P2 e Y<2)-Tl<T) 8 1-23 

3548 RETURN 

8~3);s~ e RETURN 

2<4)iTS @ RETURN 

iP1<3>;1$ PRINT TAB<lB)iD 
SiP2CJ)iTS @ RETURN 

2) 
-W1))/10"3 

e Gosue 1530 - 
3556 ! ......................... 
3560 IF Pl=Pl<3) THEN Wl=bll<3> C 

B=Q2<3> 8 GOTO 3590 
3570 Y<3)=Pl C Y<5)=S0 Q Is35 
3520 Wl=FNW<Y€4)) @ Q=WlXRl/<Y<6 

3598 W2=Qt'J8 C P2=<10*3tPl-Q*<W2 
3608 Y<3)=P2 Q Y<Z>=T0<3> e Is23 

GOSUB 1530 

)*R2> 

-Wl))/l0^3 

e Gosue 1538 
3610 RETURN 
3620 ! __.............*...._.... 
3630 IF Pl=Pl<l) THEN bil=FNW<HlC 

3640 IF Pl>Pl<l> THEN Wl=FNWJ<Pl 
1)) e Q=Wl*Al/<Vl<l)tR2) @ 
GOTO 3670 

) @ Q=U1tAl/<U@%82) Q GOTO 

3680 K2=Y<3> @ Rl<l>=:8 
3698 Kl=P1<3) e ft2<1>=X2<3) e R2 

3700 L1~1008%P2+l?%W2 @ LlSIP<LI* 

- 
=X2<3) @ R1=8 12 K=3 @ GOTO 
3740 

GOTO 367V 
3640 IF Pl>Pl<l> THEN Wl=FNWJ<Pl 

) @ Q=U1tAl/<U@%82) Q GOTO 
3670 

3658 IF Pl<PICl) THEN It35 e Y < 3  
>=Pl @ Y<5)=S0 e GOSUB 1530 

3668 Wl=FNW<Y<4)) I2 Q=UlXfll/<Y<6 
)*R2? 

3670 L=1800tPl+Q*Wl E L=IP<Ltl0) 
N10 @ IF F=3 THEN Y<3)=P0 E 
LSE Gosue 4833 

10)/18 
3710 IF L1-L THEN RETURN 
3720 IF Ll>L THEN K2=P2 e Rl=R e 

Rl<l)=R e R2=R2<1) e GOTO ~ 

3746 
3730 IF Ll<L THEN Kl=P2 Q R2=R e 

R2<1)=R e Rl=R1<1) 

3740 P2=<Kl+K2>/2 @ R = C i ? l + R 2 > / 2  e Gosue 3916 .- 
3758 GOTO 3780 
3760 ! .. ......._..___......_-. 
3770 IF Pi=P2<4> THE% GOTO 3738 
3780 K=6 @ Q=QEC3? @ GOSUB 3850 
3799 P=FNZ<PZ) C RETURN 
3800 ! ......................... 
3810 h2=Q2<3>%W e P=FNZCP2) 
3820 IF P2=P0<3) THEN 3848 
3830 Y<3)=P2 @ Y<2)=T0<3) @ I=23 e GOSUB 1538 
3849'RETURN 
3850 I ......... 
3860 Rl=0 e R2=1 
3870 U2=Q*Y<6> I2 

3888 IF J=O THEN 
3890 IF J<0 THEN 

3900 IF J>0 THEN Rl=R E! R=<F,+RZ) 
3918 Y<l>=R C Y<3)=P2 @ It13 e G 

GOTO 3910 

)-W2̂ 2/2 e 

/2 e GOTO 3910 
/2 

osue 1530 

................ 
e R=<Rl+R2>/2 (3 

J=lB00X€HB-Y<4) 

RETURN 
R2-R (3 R=<R+Rl> 

J=IP<lBnKZJ) 

3920 GOTO 3878 
3930 ! ......................... 
3940 K2=P1<1> C Kl=Pl<J) I2 GOTO 

l A B Q  _- - -  
3950 Wl=FNW<Y<4)) e Q=WlXAl/<Y<6 

)tA2> e L=10~JtPl+Wl*Q e L= 
IP<LXl0>/lB e GOSUB 4830 

3960 P2=YC3) @ L1=1608XP2+QZW2 e 
3970 IF Ll-L THEN P1<2)=+1 C PO< 

2>=P2 Q S0<2)=YC5) @ RETURN 
3380 IF Ll>L THEN Kl=P1 12 GOTO 4 

000 
3990 IF Ll<L THEN K2=P1 

Ll=IPCLlX10>/10 

4800 Pl=<Kl+K2>/2 @ I=35 C Y<3?= 

4016 GOTO 3950 
4820 ! ......................... 

P1 (3 Y<5?=S0 e GRSUG 1520 

4030 W2sQtUO e H2=CHOLl088-WZA2/ 
2)/1000 I2 YCl>=O @ Y<4>=H2 
e Is14 @ GOSUB 1530 

4048 RETURN 

4068 T2=Tl<l? e IF F=J THEN M l = C ? .  
4850 ! . . . . . . . . . . . i . . . . r . . . . . . . .  

@ Tl=TO E! GOTO 4100 ELSE T 
Q 1-25 

. l=Tl<l> Q Y<2)=T1 (3 Y<S>=S8 

4070 

9090 

4100 

4880 

4110 



-A7- 

4126 Wl<Z)=FNW<YC4>) L M2=bl1<3)/ 
Y<f> I? IF H2<1 THEN GOTO 41 
08 

4130 IF 1PCt12*10^4~~18A4=1 THEN 
H=M2 e GOTO 4148 ELSE GOTO 
4170 

4140 IF M-1 THEN TlCJ)=Y<2> e P1 
<3>=Y<3> @ Hl<3)=YC4) e U 1 <  
z > = Y < ~ )  e RETURN 

4150 fF n > l  THENpT2=Y<2) @ R 2 = M  
e GOTO 4170 

4160 IF tl<l THEN Tl=Y<2> @ Hl=M' 
4178 Y<2)=<1-ME)*<Tl-T2)~~t~l-N2~ 

+T2 e Y<5>=S8 @ 1125 e GOSU 
E 1530 

4180 GOSUE 1450 
4190 Wl<3>=FN&l<Y<4)> @ M=WlCJ>/Y 

< 7 )  L H=IP<M*1QA4>/10A4 @ G 
OTO 4140 

4290 ! ........................... 
4218 #1=0 @ K2=P1(3f e Q=IP<Q2<3 

>%10>/10 @ P2=K2/2 GOTO 4 
378 

4220 k=FNW<Y<4>> @ Ql=W2/Y<6) 
Ql=IP<Q1%10~/10 

4230 IF Ql=Q THEN P2<4>=P2 GOS 
UE 3778 ELSE 4250 

4256 IF Ql>Q THEN K2=P2 I? P2=<P2 
+K1>/2 e GOTO 4270 

4260 IF Q1<Q THEN Kl=P2 t2 PE-CP2 
+K2 > 12 

4270 1=35 e Y<3?=P2 @ YCS)=SB @ 
GOSUE 1536 

4280 GOTO 4220 
4230 ! ......................... 
4380 Kl=Pl<l) @ K 2 = P O  
4310 Pl=<Kl+K2>/2 @ Wl=FNWJ<Pl) 

e Q=WlXRl/<VBXA2) B L=1Gn31: 
Pl+Q*Wl 12 L=IP<L*l0>/10 @ G 

4240 P ~ = P  e RETURN 

OSUE 4630 

l*lc1~/16 
4320 Ll=10~3*Y<3)+Q*W2 e Ll=IP<L 
4330 IF Ll=L THEN P1<2>=Pl e PO< I 

2)=yc3) e s ~ < ~ ? = Y < w  e RETU 
RN . 

310 
4340 IF Ll>L THEN Kl=Pl e GOTO 4 
4350 IF Ll<L THEN K2=P1 e GOTO 4 
4368 
4370 

4330 
4390 

4408 

310 
! .........-............... 
FOR Or1 TO 32 @ PRINT TRE<O 
> ; " X * ; @  HEXT 0 I? PRINT 
RETURN 
D6=WlCl)/WB @ PRINT TAB<!); 
'MX=*:D6 e PEItlT TAEC8)i J/ - 
J%=";06 e PRINT @ RETURN 
OEF FN~I<X> = <X/2*.0254>^2* 
P T  

4410 DEF FNl.I<X> SC!R<2000*<H0-X 
) >  
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