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1. INTRODUCTION

The.behavior of a fluid’undergoing a phase change from liquid to vapor
whilé flowing through a duct is of intergst'to engineers in many practical
situations. For the case'of_interest to us, geothermal hot water flowing
through various'channels (well bores, surface pipes,'eqﬁipment, etc.) may
reach its flash point and choke point under appropriate conditions. The

_proper design of energy conversion systems .depends on fhe ability of the engi-
" neer to predict this behavior with an acceptable degree.of accuracy.

The present study was in part motivated by the task of designing the blow-
down,>two—phase fluid flow test facility at Brown University [1]. In that faci-
iity, a refrigerant '(dichlqrotetrafluorethané lor R-114) is boosted to a select-
ed stagnation state and allowed to flow through a nozzle orifice into a long
straight tube. The operation relies on the fluid being choked at the inlet sec-
tibn, and under certaih circumstances, at the downstream sectioﬁ as well, A sim-
ple schematic_of the test section is shown in Fig{ 1.

This paper treats the problem geheficélly and analytically, making use of
the basic laws’of fluid mechanics and thermodynamics.' Specific calculations have
been performed using R-114 as the flbwing'medium. We attempt.to identify and des-
cribe all possible flow conditidns in and downstream of the nozzle for all possible

stagnation conditions.

2. LITERATURE SURVEY

‘The-subjectvof critical flows of two-phase mixtures has been treated by a
iafge number bf inVeSfigatoré both analytically‘and experimentally, with emphasis
on the latter and focuséd on'problems relating to-the operation of nuclear power
stations. |

A recent summary of such work was given by Abuaf et al [2]. Cumo [3] reported




on measuiements‘of two-phase jets during transient flow as might occur during a
loss—of-coolanf-accident (LOCA). Giot [4] discusses methods of predicting the
pressure drops associated with two-phase flow throngh abrupt enlargements, con-
tfactions, combinations of enlargements and contractions, sharp-edged orifices,
bends, tees and Y's. Wétson'gg.gl [5] focused on the sharp-edged orifice and
developed semi-empirical correlations for pressure drop, quality and mass flow,
‘using water and steam in various combinations of pipe and orifice diameter, but
for low quality flows (x < 0.11). A freon boiling loop was used by Harshe‘gi_gl
[6] to study pressure drop in a contraction-enlargement section. In their analy-
sis of the results, they allowed for slip between the phases everywhere in the

flow except at the vena contracta where the flow wasassumed to be homageneous.

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 [7], and Petrick and Swanson [8]. ‘The applicability of results
obtained on two-component systems td one-component systems remains an open ques-
tion owing to the 1ank.of complete thermodynamic .similarity between the two cases.
It is felt that the latent heat effects play a crncial role in determining the be-
havior of one-compdnent, two-phase flows. No such effect is present in two-

component, two-phase flows.

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 conveiging nozzle, as shown
in Fig. 2. ‘The nozzle is of a~¢ertain length, the eXit plane of which is labeled
as 1 in the figure. The fluid is fed to the nozzle from a large reservoir charac-
terized by certéin stagnation properties (state 0) such ns PO, To, ho’ So2 Vor 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.




The assumptions are:

(1) The flow is horizontal.

(2) Thermal, mechanical; and chemical equilibrium exist between the liquid
and vap&r phases of the flow.

(3) There is no slip betﬁeen-the phases, i.e., the velocity of the liquid
and the vapor phases are the same.

’(41 The flow is one-dimensional, i.e., the velocity is perpendicular to
the nozzle cross-section and uniform in each.cross-seétion.

(5) The flow is steady, i.e., at each point the fluid properties and
velocity do not vary‘with time, Alternativély we may imagine that
small variations have‘heen averaged out over the-short time interval
associated with an actual ﬁeasurement, and the sequential measurements
are constant within the.standard deviation of this averaging process.

(6) The system is adiabatic, i.e., there is no heat transfer between the
fluid and its surroundings.-

(7) The effect of wall shear stress is negligible.

Thus, the flow process is assumed to take place isentrépically between the
stagnation state and anyvpoint inside the nozzle. We shall deal later with the
situation that occurs wﬁen the fluid leaves the nozzle and enters the constant-
area enlargement.

| We now shall ap?ly the usual COhser&atidn laws for energy and mass to the
fluidpontained within control volume CV-1. From conservation of energy (Firsf

Law of thermodynamics), we obtain:
h, = hy * 1/2 wiz yiln o ‘ (D

and the continuity equation gives

m = wA/v = constant., ' ' ().
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The Second Law may be expressed simply as

s =s.. . ' (3)

Py = ﬁ/A = w/v = pW.. v 4)

Finally the equation of state for the fluid is needed. This may be

~ expressed in general form as
f(s, h, v) = 0. - (5)

It turns out to be convenient to define the following dimensionless
parameters:
e Mach number, M,
M = w/a. . (6)
® Reference Mach number, M;
o L
M=w/a . (7)
e Dimensionless mass flux, J;
J=y/y . A , (8)

_In these equations, the term, a, is the choking velocity, namely,

()] e

This‘quantity is well-known for single-phase fluids, -and has been calculated |
for mixtﬁres of liquid and vapor by various people, according to a no-slip
(or homogeneous) flow model. Tabulated fesults are ayailable for water sub-
stance, for example, in Ref. [9], and for R114 and water in Ref. [10]. The
term, a*, is ‘the chokihg Velpcity at the flash point{ i.e., under saturatién
~conditions ieacﬁed isentropiéally from the’stagnation state. The term, w*,
is given by .
* *

v o= a*/v s | (10)

and is a reference mass flux achieved when the fluid flashes and chokes
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simultaneously with a velocity just equal to the choking velocity, i.e., when

* * —
w=w =a,orM=M=1.

4., NOZZLE FLOW AS A FUNCTION OF "BOOST"

" .The. flow through the nozzle will be described és'a function of the "boost'--
-the excess enthalpy, i.e., stagnation enthalpy minus the saturation enthalpy for

an isentropic procéss starting from the stagnation state:

h (P_,s.) - h*(so) | (11a)

v*(so) x { P, - P*(so)} . . (11b)

boost

R

In the description that follows, we wili assume that the fluid is choked
at the‘nozzle exit. We discern five cases of interest.
o Casel: h = ho* . See Fig. 3(a).
The stagnation enthalpy is equal to that value which causes the fluid
to reach the choking velocity just as it reaches the flash point. For this

special case, the reference Mach number equals unity; i.e.,

* * .
- W W a
M=—F=—4=—=1, _ ’ (12)
a a a :
Furthérmore, the dimensionless mass flux is also equal to unity; i.e.,
* .
J=t =¥ -, | o a3)
v ¥

The fluid flows as a compressed liquid through the nozzle and reaches its
vflash point and chokes simultaneously at the end of the nozzle.
o Caée 2: .ho>»ho*-. See Fig. 3(b).
SinCe the boosﬁ in this case is greater than in Case 1, the fluid flows
as a compressed iiqﬁidrup to the flash poiﬁt where it immediately chokes because
its veloéity‘will exceed the local choking velocity. Thus, Fi>i.
e Case 3: ‘hé* >h, > h*.‘ See Fig. 3(c). -
Here the stagnétion enthalpy lies between theévalue of ho* and the satuiation
enthalpy~for the isentropic process. For thisVCASe there is ihsufficient boost

to cause the fluid to choke upon flashing. Thus the fluid first flashes at some

point inside the nozzle with a subcritical velocity, and then continues to




. accelerate until it reaches the choking velocify as a two-phase mixture. ' The chok-
ving point must, ofvcourse, be ‘at the end of the nozzle since the Mach number reaches
unity at that point and the mass flux is a maximum.

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

For this case the reservoir conditions are those of a saturated liquid_so'the
fluid flashes immediately uponkenfering the nozzle. Since the fluid is assumed
to start from a stagnation state, i.e., W, = 0, then the reference Mach number
sfartéyfrom zero, i.e., M = 0. The fluid will choke as a two-phase mixturé, as
soon as it reaches the local choking velocity, a.
| io Case 5: hO < h*. See Fig; 3(e).

This case is similar to Case 4 éxcept’that the initial conditions consist
of a two-phase mixture at the stagnation state.

Thesé five cases can be visualized with the aid of the (y, w)-diagram given
in Fig. 4. Here we have plotted the mass flux versus the fluid velbcity. The -
steep'straight line represents purely liquid flow where the density is essentially
constant, i.e.,

Y = pgW = constant x‘w. ‘ ' (14)
One can imagine a sequence of fluid state points starting from the origin and pro-
‘ceeding up the iiquid line until the flash point is reached. As long as the fluid
is not choked, it can continue from the flash point as a two-phase mixture along
one of the branch curves until the choking poiht isvreached, i.e., until one reaches
the maximum in ¢. This will signify the end of the nozzlé for the chosen conditions.
~Each branch curve in Fig. 4 represents a constant value of boost or a particular
stagnation entha;py. The entropy’is constant and equal to Sy for all processes.

The uppér two branch curves, (1) ahd 2), are forVCase 2 where the fluid
flashes with M > 1. Thus the‘curves are hypothetical since the fluid remains a
liquid throughout the nozzle, and we would need to insert a smooth diverging sec-

tion following the throat for the fluid to continue along a branch with increasing .
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velocity; That is, we would,need a DelLaval nozzle to carry the fluid into’the two-
phase supersonic regime. A similar conclusion can be drawn for the next lower
branch curve,. (3), Case 1, where it can be seen that the fluid flashes and chokes
withM =1, M = 1, and ¢ = wi. At this point the branch curve has é horizontal
rtangent. |

The remaining five branch curves, (4)-(8), all exhibit a maxiﬁum, i.e., a
point where the mass flux reaches its greatest value, namely, its choking mass
flux. The loci ' of these maxima trace the line, M = 1. Physically realizable
flow states must proceed from the liquid line and up the rising portion of these
branches to the point where M = 1; flows continuing down the descending portions
would violate the equations of motion if the nozzle extended beyond the point
where M = 1 with a decreasing cross-settional area. Again a Delaval nozzle would
be required; Although it may not be obvious from thé schematic diagram, Fig. 4,
the Branch curve for ho = h* is tangent to the line y = pfw-at the origin, ¢-= w = 0.

It is clear from Fig. 3 that the flow need not be choked in all cases. As
long as the pressure at the end of the nozzle, Pe’ is greater than the choking
pressure, Pc’ then the flow will not be choked. ' For Cases 1 and 2, the unchoked
flow will reach the exit as a compressed liquid; for Cases 4 and 5, it will emerge
as a two-phase mixture; for Case 3, if Pe > Psat’.it will leave as a compressed

liquid; and if Poae > Pe Pc, it will leave in a two-phase state.

5. NOZZLE PERFORMANCE CURVES

‘Nozzle performance cufves cén be drawn up from the solution of eQS. (1-5)
together with the appropriate choking velocity and the definitions given in egs.
(6-8). The method is straightforward. The stagnation properties are specified
for a given working fluid. Successive values of enthalpy, hi’ are selected; velo-
city values, w., are then found from eq. (1). The specific volume, v, can be found
using eqs. (3) and (5), and the mass flux, ¢, is then calculated from eq. (4). The.

choking velocity, a , is found for the selected fluid conditions from eq. (9) or
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Refs. [9] or [10], and the velocity, w, is compared with it to see whether the
chosen state is subcritical, critical, or supercritical.

Detailedrcalculations have been carried out for refrigerant-114 (R114), and
the results are shown in Fig. 5. The coordinates are similar to those used in
the illustrative diagram, Fig. 4, except that they have been made dimensionless:
‘the ordinate is the dimensionless mass flux, J, and the abscissa is the reference
Mach number, M.

The diagram shows performance curves for the following values of the para-

meters:
, . ;
2. = 3734.4 kg/(s.m°),
v
. .
a = 2.56 w/s,
*
h = 24.654 kJ/kg,
*
and T = T = 25°C.
‘ o
One will notice that the constant boost lines are actually plotted as lines of
*
ho - h = constant in accordance with the definition given in eq. (1la). Also

_shown are several lines of constant Mach number, constaht quality, constant values
of v/vf, and constant AT where AT is the difference between the flash temperature
~and the local fluid temperature. A pair of auxiliary curves at T* = 20°C and 30°C
are also included to éhow the effect of changes in-stagnation temperature. These

~ are shown as broken and dashed lines, respectively.

6. NOZZLE FLOW FOR VARYING BACK-PRESSURE

| For this part of our study we shall take the reservoir or.stagnation conditions
as fixed, ahd examine.the effect of changes in the downstream pressure,.Pz, as

shown in Fig. 2. In a practical sense, this represents the case of controlling the

flow from the reservoir, through the orifice, and into the pipe, as illustrated




in Fig, i, by setting the opening of the downstream control valve, i.e., by
setting the pressure, Pg.»

 Before wé tackle the problem quantitatively, let us first describe quali-
tatively,tﬁe ﬁature of the flow as a funcfion of the pressure, Pg. It should be

understood that P, is measured just downstream of the point where the issuing jet

2
éttaches itself to the wall of the pipe, and corresponds to the place where we
can once again treat the flow as one-dimensional. Since a free, tgrbulent,jet
spreads with a roughly constant half-angle of 13° [11], this point may be closely
approximated in practice. ‘
The pressure drop alohg the pipe from station 2 to the control valve where
P _is measured wili depend on the nature of the flow between these points, e.g.,
liquid only, two-phase, etc. We shall not consider this latter aspect of the
flow, but shall concentrate on the flow from state 0 to state 2.
The nature of the flow depends on. the émouﬁt ofrboost. Let us assume that
ho > hb*’ i.e;, Cases (1) and (2). See Figs. 3(a) and 3(b).  Initially suppose
that‘the pressure is uniform throughout‘the system with P2 = Po. There will be
no flow. This is Case I shown in Fig. 6(a). When P2 is lowered to a value slight-
1& less than Po, (Case II), flow will bégin. The pressurerfalls through the noz-
‘zle, and the fluid leaves the nozzle with an exit velocity less than the choking
velocity, separates ffom the ndzzle; expands as a free jet, and attaches itself
t§ thé wall of the stfaight pipe. Pressure recoVery7is incbmplete during the
expansion because Qf eﬁtrdpy production associated with.thevjet process. The
, preséure in the separated region, PS, is equal ;o thaf at the exit plane, Pl‘

As P, is lowered further, the mass flow rate increases and the nozzle exit

2
préssure falls (Case III). At a particular value, (Case IV), the nozzle exit

pressure reaches the saturation pressure for the given stagnation conditions
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and the fluid flashes and chokes at the nozzle exit. We shall call this pérticular
back pressure ch. _As the jet immediately begins to expand, the pressure increases
and the fluid returns to a compressed liquid condition. The details of that pro-
cess are beyond the scope of this analysis.

For values of PZ < ch , (Case V), a complex fluid process, consisting of
Prandtl-Meyer expansions, oblique and»nofmal shock waves, occurs in the highly
turbulent jet. The process.may even be reasonably isentropic for a short dis-
tance downstream of the exit plane of the nozzle. In any event, we are interest-
ed.in the state of the fluid at position 2. |

In a similar fashion one may déscribe what takes place when'the boost is
such ;hat hf < ho'<<ho*, i.e., Case (3). See Fig. 3(c). It ought to be meﬁtioned,
however,,thét in practice ho* is so close to h* that such a condition is very dif-
ficult to create. This is.a result of the extremely low choking velocities en-
countered along the saturated liquid line. Thus only a tiny boost is necessary to
accelerate the fluid to its choking velocity when it flashes.

'- Nevertheless, for,sdch a condition, Cases I, II, and III, as shown in'Fig. 6(a)
would apply here as well. See I, II, ahd IITI in Fig. 6(b). At a certain back pres-
sure, ?25, the pressure at the nozzle exit reaches the saturation pressure, P1= Psat’
~and the fluid flashes, but does not chéke (Case IY'). For P2 slightly less than
st, the fluid flashes inside the nozzie, flows to the éxit as a two-phase mixtufe,
expands as a two-phase jet, and may recover sufficient pressure to recondense
before ‘it attaches itself to the wall (Casé V'). “Eventually P2 may be reduced to
a Value ch that gauéés thertwo-bhase mixture tohchoke at the exit (Case VI').
Further reduction in PZ will result in the kind of complex flow'processes descri-
bed above for Case V, shown as Cases VII' and VIII' in Fig. 6(b). As the back-

pressure P, is reduced below PZS, the flash front moves upstream from the nozzle

exit plane until the fluid chokes, at which point the flash front remains fixed.

|
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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., from the exit plane of
the nozzle to a point just downstream of the point where the jet attaches itself to
the pipe wall, and including the regioh of separated flow.

The continuity equation givés«

mo= Wy AI/V1'= , Az/v2 , . (15a)
or m=y A=Y, A, . (15b)
where A1 is the exit area of the nozzle.
The energy equation may be written as
- 2 _ 2
h.o = h1 + 1/2,w1 = h2 + 1/2 LON . | (16)

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, Pl.. Under choked condition, the pressure

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

Tegion. They'will be equal only for the special case when the back pressure, P2 s

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

pressure, the pressure Pl 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

m(wz - wl) = Pl Al + PS(AZ - Al) - Pz Az . . (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 - Pz) . (18)
When P2 is the maximum value possible under choked. flow conditions, i.e., when

P2 ='P2C, eq. (17) may be written as

m (w, - a,) = A (P - P . . (19)
For choked flow with any lower value of P2, P2 < ch, the momentum equation is
mc(w2 - al) = Plc Al + PS(AZ\- Al) - P2 A2 . 20)
The eqﬁation of state for a one-component pure substance, as before, is
given by
f(s, h, v) = 0. v B (5)

As long as the flow is not choked, we can combine eqs. (15a) and (18) to

give the following expression for P1 in terms of PZ:

2
w v :
1, 2
1 2 Vl (I‘ 7; - 1)1’ EH (21)

where 1 = Al/AZ' Unfortunately this equation by itself does not in general allow

us to calculatevP1 from a known P2 because the specific volume vz-is a function

of both P2 and Sys the latter of which remains unknown. Owing to the dissipative

separation process, the Second Law requires

. | | o 22
Gt s | o (22
However, a drastic simplification becomes possible for the special case where
the fluid is in the liquid state at both section 1 and 2. We may write the

Bernoulli equatioh for CV-1 between states 0 and 1:

Po = P1 + TR o ‘ (23)

Solving this for wlz, substituting into éq. (21), and rearranging, we find

v v
= 2

1

P, = (2r2

2 v
2 = - 2r + l)P1 - (2r el 2r)Po . (24)

1
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But since thefe is liquid at states 0, 1, and 2,

Vy ® VoV = constant, (25)
and

P,

@2r? - 2r + 1)P, - 2r(r-1)P, . (26)

Thus for this special case, Pl_and P, are linearly related, i.e., as long as the

2
flow is not choked and is in the liquid state at 0, 1, and 2.

Turning now to the case of choked flow, we may combine eqs. (15), (16), and

(18) to obtain the following equation for the pressure in the separated region:

1 ! -2

ety (P et ) @

‘ \ 1lc .
Once again we are unable to calculate either PS or P2 from the other, exactly, since
v, depends on both P2 and the unkhown Sy But as before we are able to use the ap-
proximation, vV, =V, , as long as the fluid is in the liquid state at 0 and 2. Thus,
we may use eq. (27) to find'Ps for any value of P2 under these conditions since all
the othervterms,— T, Plc > 315 V.o wz , and v, =V, - are known constants. vAgaln,
the equation becomes linear in Ps and P2 for these conditions.

We may shed some light on the effect on Ps of variations in P2 under choked

conditions by implicit differentiation of eq. (27):

1 2. B
P = 1= »{ dP, + ¥, vy | | ;' | (28)

Similarly from eqs. (4) and (15) we find

dw, = b, dv, , » (29)

and from eq. (17), we find
dh, = -w, dw, . v (30)

From eqs. (29) and (30) together with wz = wz/v2 » it follows that
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2
dh, = -," v, dv, . (31)

The Gibbs equation applied to section 2 is

T2 ds2 = dh2 -V, dP2 . (32)
The last two equations combine to form
2 _ .
dP2 + wz dv2 = —(Tz/vz) ds2 . - (33)
The left-hand side of eq.(33) is just the bracketed term in eq.(28); thus,
T .
I U »
P, = - [1—‘5 "2] ds2 . | (34)

Since the bracketed term in eq.(34) is always positive (0 < r < 1 by definition),

we see that PS and s, are inversely related, i.e., the pressure in the separated

2
region can only decrease whenever the entropy at state 2 increases.

If we now view the problem from the perspective of the classic Fanno-type flow
problem and consider the overall control volume consisting of the union of CV-1 and

CV-2, the energy equation, eq.(10), may be combined with the continuity equation,

-eq. (8), to yield

. 1]
ho - h2 *3 (‘

e

|

, |
] v’ (35)

>

2

where m can be any value not greater than the choking mass flow rate, ﬁc.. The
equation of state, eq.(5), may be expressed as

sp= £y vp) | (36)

Thus it is a simple matter to compute all possible statesrz, i.e., all possible com-
_ binations of enthalpy and entropy, for a given pipe size, given stagnation conditions
and a $pecified mass flow rate. A value is selected for vy and eq.(35) is solved

for h2. From these values, one finds S, from eq. (36) which is usually represented

as a set of correlations programmed on a computer.
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In particular we may‘fiﬁd the solution curve for the case when the flow is
choked, i.e., wheh m= ﬁc is at its maximum value. Under these conditions we
may also determine the appropriate back pressure from the equation of state ex- -
pressed in the form

= £(h,, s (37)

P, 2).
With this in hand, we can return to eq.(27) and calculate the corresponding pres-
sure in the separated region, PS

Thus we are able to consfruct a Mollier diagram (h,s cqordinates) to show
"the various processes as welltasva diagram of PS versus P2. These are given sche-
~matically in Figs. 7 and 9, respectively.

Figure 7 Shows the behavior of the system for choked conditions at the noz-
zle exit and for ho > ho*. Thus’the flow chokes and flashes at the exit of the
ndzzle. VariouS back pressures,'Pz, will produce corresponding states 2 along the
Fanno line as can be seen, starting from P2 = P2c and for lower values. It will

be observed that the final state 2 may be: (a) compressed liquid if ch < P2 < PZS;

v(b)’saturated liquid if P2 = PZS; or (c) tﬁo-phase, liquid and vapor if P2 < st.
The superscript "sJ_refers to the condition of saturation.

The pressuré st where the Fanno line crosses the saturatéd liquid line is
easily calculated. The entﬁalpy may'be computed from eq.(35) using known values
of h, i, A,, '

ted liquid at the temperature}To; i.e., R

and vy = Ve where Ve is taken as the specific volume of the satura-

hS=h - 1-[ 9—-} v | (38)
2 ) S |

Using the’eqUations of stategleqs.(36) and (37), or in practice, tables or correla-
tions of properties, we can then find the entropy, szs, and the pressure, st:

szS = f(hzs, ve), , (36a)
and

S -1 S
P,” = £(hy°, 5,7). (37a)
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The lowest 5ack pressure possible at state 2, consistent with the Second Law
Qf thermodynamics, is P2 = P2c; which represents the case when the flow experiences
a second choke, at the position 2. |

Although it cannot be treated explicitly under our assumptions, for P2 < P2c
it may happen in reality‘that'exp;nsion occurs in the jet from state 1 to some
state within the two-phase region before the "jump" to the Fanno line. Shopld
this occur it is possible that the jump would involvevthe fecondensation of a two-
phase jet to a compressed liquid for'a particular range of baék pressures.- Figure
8 illustrates this schematically. We show this effect océurring over a range of
P; < P2 < st. Neither Pé nor the location of the recondensation point R can
| 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. As
a further note, it should be appreciated that this type of "jump" is theoretically
possible within our model for stagnation conditions h* <‘h° < ho* (Case(S); Fig. 3(a)),
but the extension from state 1 into the two-phase region follows an isentrope.

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

»Ps, and the back pressure P,. Starting from no-flow conditions at point O, Ps

2

falls linearly with P, according to eq,(26) until the flow is choked at the nozzle

2

exit. As P2 falls below ch the relation becomes non-linear and results from the
solution of eq.(27) and the Fanno line. At the point 2 where this curve passes
through a minimum, the back préssure just reacﬁes a value, P2c’ where the flow is
also choked at section 2. The pressure’iﬁ the separated region is theh PSc and
cannot decrease further as long as the flow is choked at section 2. For such a

2c

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

case, section 2 must occur at the end of the straight pipe. O0f course P, cannot

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

this study, the curve relating Ps to P2 will simply end at point 2 in Fig. 9.
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~ It should be noted that Ps may exceed P2 before the flow is choked
at section 2. This occurs at point E in Fig. 9 for which we may substitute

P2 = PS = P2E in eq. (27) to obtaln

P2E ='Plc T T | (39)
1c

The solution of this equation along with the Fanno line will yield PZE'

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

In order to describe the possible conditions that may be achieved down-
stream of the expanding,jet’(i.e., at station 2), it is essential to keep the
following questions in mind:

. ‘Is the flqw at the nozzle exit choked or not?

; What is the stagnation enthalpy (or boost) relative to the

quantities ho* and h*?

e What is the relative magnitude of the pressures P‘c;and ?28?

2

e What is the actual downstream pressure P, relative to P € and st?

2 2
Depending on the answers to theserquestions, the state of the fluid at
location 2 may be é compressed liquid, s;turated liquid, 6r a two-phase miﬁture.

We shall attempt to cover all possible cases in an encyclopedic fashion.

- In all cases bear in mind that the details of the "jump" from state 1 to 2 are

beyond the scope of the present study.

- CASE I. . CHOKED FLOW ATFNOZZLE EXIT: Pz < P2

N * : . .
A, 1fn® > ho , then state 1 is always saturated liquid, and

1. I£P° > P,S, then state 2 will be:

a. compressed liquid if ch <P, < st,
b. saturated liquid if P2 = st, or

c. . two-phase mixture if P, < P s,

2 2
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C S

2, IfPp ~ = P2 , then state 2 cannot be a compressed liquid, and state

2
2 will be:
a. saturated liquid if P2 = st, or

.b. two-phase mixture if P2 < st.

Cases I. A. 1-and 2 are depicted in Fig. 10(a).
* *
B. Ifh = hp < h.o , then state 1 is always a two-phase mixture, and state 2

-+ can only be a compressed liquid providedthe following three conditions are

met:
1. p°>p5,
2. st < P2 < ch', and
3. hzs >h'.

Case 1. B is depicted in Fig. 10(b).
*
c. Ifh° < h,,‘state 2 can never be a compressed or saturated liquid, and
only two-phase mixtures are possible at state 2, as can be seen from

Fig. 10(c).

CASE II.  FLOW NOT CHOKED AT NOZZLE EXIT: P2 > ch.

A. Ifh®> ho*, then state 1 is alwaysS compressed liquid, and:

1. If ch > st, then state 2 must be compressed liquid;

s
2
s

a. .compressed liquid if P2 > P2 s OT

2. If ch = P, , then state 2 will be:

b. saturated liquid if P, = PZS;,

>3, If ch < Pés, then state 2 will be:
a. compressed liquid if P, > Fzs,

b. saturated liquid if P2 = PZS, or

c. two—phase mixture if ch < P2 < st.
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Case II. A is depicted in Fig. 11(a).
* o * .
B. Ifh < h < ho , then:
1. If state 1 is compressed or saturated liquid, the situation is the
same as for Case II. A. .
2. If state 1 is a two¥phase mixture, then:
a. 1£p.5 PZS, then state 2 must be compressed liquid;

2

c
b. If P2

Case II. A. 2;

= st, then state 2 will be as described under
c. If P2c< st, then state 2 will be as described under

Case II. A. 3.

Case II. B.v2 is depicted in Fig. 11(b)-
c. If ho'sh*, state 2 can only be a two-phase mixture, as shown in Fig. 11(c).
Once again we wish‘to emphasize that the dashed lines connecting states 1

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

However, the method described in this study does allow the overall entropy change,

As = S, - sl,ﬂto be calculated using the fact that $1 = 8, and eq. (36).

| 9. SAM?LE RESULTS FOR REFRIGERANT 114
B A programvhas been written in BASIC for use on a HewlettfPackard Model
HP-85 deSktdp computer to give the'flash and choke conditions in R-114. The
listing of the program is given in .the Appendix [12]. |

For giren reservoir condifions, and sizes of the.orifice and downstream
pipe, the program provides the followihg informationr

e Flash-point andrcheking conditions at the exit-of the orifice;

o Indication of whether the flow is or is not choked;

e Identification of the phases present at sections 1 and 2 as compressed

liquid, saturated liquid, or two-phase (liquid-and-vapor).
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The relationship between the pressure in the stagnant region, PS ,» and the

downstream pressure,.

'P2, is given 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 cited

Examples 1 and 3 are

cases as follows:

Example 1: Case (b), Fig. 3
Example 2: Case (a), Fig. 3
Example 3: Case (c), Fig. 3
Example 4: Case (e), Fig. 3.

illustrated graphically in Fig. 12 where PS and P2 have been

normalized with. respect to the stagnation pressure, Po’
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Examgle 2:
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TABLE 1

Relationship Between PS and P2 for Refrigerant 114

for Orifice Diameter = 31.75 mm and Pipe Diameter

= 50.8 mm

T =30°, P = 300 kPa, M > 1
o o .

Fluid flashes‘and chokes at (:):

P

P2
P/P,

PZ/Po

Ps = 250.001 kPa

273.804 kPa

0.8333

0.9127.

-Fluid flashes at (:) :

P 210.968 kPa

s

Py

Ps/P

250.225 kPa

0.7032

(o]

H

P,/P, = 0.8341,

v o _
.To = 30°C, P0 = 270 kPa, M =1

Fluid flashes and chokes at (:) :

P, =P = 248.3 kPa
1 s

P2 =.259.6 kPa

P /P = 0.920
s' o .

P,/P = 0.962.

Fluid fiashés,at (:) H

p
S .

P2

PS/P

"

231.7‘kPa

249.3 kPa

- 0.858
(o]

0.923.

P/,

(continued)




Example 3:

Example 4:

2
TABLE 1 (continued)

T = 30°, P, = 255 kPa, M < 1
Fluid flashes at (:) :

Pl

Py

P /P

PS = 250.008 kPa

252.385 kPa

0.9804
0

P,/P, = 0.9897.

Fluid flashes at (:) :

s~
1]

Ps = 245,757 kPa

1
_ P2 = 250.032 kPa
P /P = 0.9638
s 0
PZ/PO = 0.9805.

Fluid chokes at (:) :
P, = Ps = 242.619 kPa
P, = = 247.827 kPa

0.9514

-]
v
~
la~]
n

= 0.9719.

o
N
~
s~
Q
I

T, = 30°C, P_ = 200 kPa, M<1

Fluid flashes before nozzle entrance.

Fluid chokes at (:) :

P. =P = 155.7 kPa
1 [
P, = 173.5 kPa
P /P =0.778
S (o] :
0.867.

2=
N
~
o~
(=]
n
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FIGURe 1. SCHEMATIC OF SYSTEM AND ORIFICE.
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ho=hg | ho=h*
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_ at inlet
h* , h* L
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\ b
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(a) s ) s
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| x L /R0 |
flashes he / 2-phase
s 0 at inlet
chokes '
e ) S/ Pe
o ~~chokes,M= |
(e) s

(c) . s
FIGURE 3. MOLLIER DIAGRAMS FOR VARIOUS FLOW PROCESSES.
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FIGURE 7. FANNO CURVE FOR CHOKED CONDITIONS AT NOZZLE EXIT,
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Fanno line

ENTROPY, s

FiGurRE 8. NozzZLE PROCESSES ILLUSTRATING JUMP CONDITIONS.
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~P,
° Kk=FR

‘use eq. (26)

~Pic =Fsat

BACK PRESSURE , P,

. / Flow
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.Flow also : A / choked
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| —.— |
| | - R<Ph
C - use eq.(27)
Ps—2 . and
' Fanno line
////// .
e Flow is choked ~—1
/ o | at nozzle exit o
7 e |
' ’ | !
Fc P | PP R

FigURE 9, RELATIONSHIP BETWEEN PRESSURE -IN THE

SEPARATED REGION AND BACK PRESSURE.
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APPENDIX

FLOW CALCULATION PROGRAM

Coded in BASIC for use with

Hewlett Packard Model HP-85 computer

RFIJET

19
20

3a

48

53

€0

110

126
130

140
150

160
179

t Flow in an Orifice and its

exPansion into 3 pPirPe.
! Entropy Production's calcu
lation as a function of pPres
cure in sererated resion
t Workine fluid is FREON 114
_Reservoir,orifice exit and
downstream flow are denoted
by ©,1.2
! pressure in serarated resi

on is eiven by P.P3 corresro

nds to sat. condition at 2

! The numbers 1,2 and 3 in &b
racate corresrond to flash p
oint,cond. at 1 when flow at
2 is_

! saturated and choking cond
jtion.Excertion:PB(3),TB(3). .
stands for sat.

2.
OPTION BASE 1@ CLERR
COM YC18),U1$rL201,U28L261,U¢
£2el ,INTEGER I.N
FOR N=1 TO 6 € Y(H)=1 @ HNEXT
N R I=12
A$="Subchoked flou™ @ B$="Ch
oked flow® € Cs="Pl="
P2=" @ E$="From:* @ F¢="To:"
T¢="CT]1* €& $%="LS]I" € GE="P=
“ @ L$£="CL]" @ MH&=""
1 o¥xrrrixx Input #1 TXEXXIIX
DISP "Orifice,pire diameter
in inch*;@ INPUT J1,J2

IF Ji1=0 THEN CLEAR £ DISP "N

o flow!” 8 GOTD 138

‘DISP *Stas.conditions:Liguid

+Saturated or in T-phase re<
ion:L/S/T";@ INPUT Y$

IF Y$¢="S" OR Y$="T"
0 2680

ngPa.C‘aE INPUT Ul$.U2%¢ I=

IF UleCt,138"P* THEM 178

IF U2$C1.,1348"T" THEN 176 ELS
E Y<(3)=VALCUISLZI) @ Y<(2>=VA
LCU2¢C3]) @ BISP *"WAIT!" @ G
070 2268 :
IF Y¢="T" THEN GOTO 240

DISP "Stas cond:tions.x=°.s-
2: ,KJsKs“; @ INPUT Uls,v2se
I=15

IF U12C1,13#"x" THEH 210

IF U25C1.,134"s" THEN 210 ELS

E Y(l)=0ﬂL(U1$[’]) @ Y(S)=ua
LCU2¢C2Y) € DISP *"WAIT!" @ 6
0T0 2268

DISP *Stas.condition,P=2,s=7

1Kpa,KJ7Ks"

;@ INFUT Uls,u2se
I1=35 : »

condxtxons a-’

THEN GOT’

DISP *"Stas.conditions,P=2,T=

258
268

270
28@
290
3806
318

328
338

348
356

360
370

- 2e0

398

400
410
420
438

430

45@
460

479

480
490
500
518
520
539
549
SSe

. 569

$70
sSea
599
€08
610
620

“ERR @ DISF

IF UtsC1.134"P" THEN 2486
IF U23C1.138%<™* THEN 249 ELS
E YC(3Iy=UAL(U1sLTI> B Y(S>=VR
LCy2:Cz1> @ DISP "WARITI* € G
O0TD 22¢8 i
I oXEXEXIEX Outputl $2 XXXIIXX
PRINT TARBC12>:Uf € PRINT TBB
12);D%;Y¢(3) €& GOTO 288
PRINT TABC12);Gf:;P € PRINT T
ABC12>;11¢ & GOTO VBB
PRINT TARB(12);%c2=";Y(5) € P
JRINT ® CLEAR @€ PRINT € PRINT
€ GOTO 332@
1 EIEXEELE Input #2 TEREXXXX
PRINT @ GOSUE 43279 @ CLEAR
P1=@ @ P2=8 € P=8 @ F8=0 € Y
(3)=8 @ Y(5)=p @ DISF "Subch
cked:0rifice exitrress.P1=2"
e DISP
*Choked:Downcstream rFres
s.P2=2" € DISP
DISP "Enter Prorer pressure”
;@ INPUT Us® IF U$="" THEHN 3

30

IF U$rC1,23="P1" OR UsLC1,2]="

pP2* THEHN 370 ELZE 2329

IF Us$C1.,23="P1" THEM P1=VALC

UsC41, €& FO6=1 ELSE 390

IF P1<P1<(3> OR FP1>PO THEH CL

*Out of rance!" @
GOTO 338 ELSE 468
P2=VAL(USL4]) & Fa=2 @ IF P2

2P2(3)> THEN CLESR @ OISP "Ou
t of range!* @ GOTO 336

ON F GOTO 4106.420.,430

oM F1 GOTO 448,549,610

ON F1 GOTO 710,950, 1080

GOTO 121

IF Fo=1 THEN GOTO 450 ELSE S

10
GOTO 129¢@

IF P1=P1(2) THEH Y(3)>=PB(2)
€ Y(S5>=58(2> & GOTD 28&0n

IF P1>P1(2)> THeH GOSUB 3510
ELSE 499

GOoTO 28¢ )

IF P1<P1(2)> THEN GOSUB 3630

GOTO 280

GOTO 1360 .

IF P2<P2(3) THEH Gosue ‘3770
GOTQ 2949 '
IF FO0=1 THEN 540 ELSE 589

GOTO 1290

IF P1XP1(3) THEN GOSUB 3519
GOTO 280

GOTO 1359 ‘

IF P2<P2(3)> THE!l GOSUB 3770
GOTO 239 )

IF FB=1 THEN 629 ELSE 650
GOTO 1250




&30
€40
€506
660

670

€89
620
Jee
710
728
730
V40

750
7609

779
720

799
800
219
826
830

40

€509
863
evg
gen
890

Se9
910
926

920"
548

o568

o132}
o076
92u
acfn

- o

1090
1e1e

1020
1630
1040
1850
18506

~A2-

IF P1>P1(3> THEY GOSUB 3518

GOTO 288
GOTO 1268
IF P2=P9(3> THEH P=P3 @ Y(5)

=50(¢(3> € GOTO 296
IF P2>PO(3) RND.P2<P2(3> THE
N GOSUB 33810 ELSE €90

GOTO 226 '

1F P2<P8(32> THEW GOSUB 3778
GOTO 299

IF Fo=1 THENH 720 ELSE 95@

ON F2 GOTO 738,820,880
GOTO 1299

IF Pi=P1C1) THEN Y(3)-P°(1)
& Y(S5)=S2(1) e GOTO0 2%

IF P1=P1(2> THEH Y(3)= Pa<4)
@ Y(5>=588(2> € GOTO 280

IF P1>P1<1) "THEH GOSUB 3518
ELSE 789

GOTO 288 '
IF P1>P1C(2) RND P1<P1(1). THE

N GOSUB 356e ELSE £98

GOTO 288

IF P1<P1<2> THEH GOSUB 3630
GOTO 286

GOTO 1298

IF P1=P1C1)> THEN Y(3)=P8(2)
£ Y(5)>=58(¢2)> € GO0TO 286 :

IF P1>P1C1) THEH GOSUB 3518

ELSE 269

GOTO Zto

IF P1<P1<1) THEM GOSUB 3639
GOTO 288

GOTO 1298

IF P1=P1(2) THtH 7(3) PB(2>
£ ¥(5>=5B(2)> £ GOTO 280

IF P1=P1(¢1) THEN Y(3>=P2(1)
e Y(5)>=52(1> & GOTO 280

IF P1>P1<(2> THEH Gosue 3510
ELSE 939

GOTO 2€8

IF P1<P1(2) THEN GOSUB 3638
GOTD 28

GOTO 136 G

IF P2<{P2¢(3)> THEH GOSUB 3778

GOTO 298
IF Fe=1 THEN °99 ELSE 1e5e
GOTC 1299
IF P1=P1(1) THEH Y(3)=P2(1)
@ Y(5>=82(1> # GOTO 28
IF PIDPLC1D THEH GOsuB uSIB
ELSE 10306
GOTO 288
IF-P1<P1<1> THEN GOSUB 350
GOTO 230
GOTO ‘1368
IF P2<P2(3> THEN GOSUEB 3770

iere GOT0 290

1686

IF Fe=1 THEN 19299 ELSE 1158

1258 GOTO 1298

4

1100
1118
1120

1360
1370

1280
1398
1408
1410

1428

1438
1440
1456
1460
1470
1480
1490
15600
1519

1529
1530

15406

IF P1=P1(1) THEH Y(3>=P2(1)
€ Y(35)=S2¢(1) B GOTO 289
IF P1>P1<1) THEN GOSUB 351i@

9
IF Pi<P1(1)> THEHM GOSUB 32568
GOTO 280
GOTO 1366 -
IF P2=PB(3)> THEHN P=P3 @ Y(S
)=50(3) & GOTO 2%9e
IF P2>PB(3) ANE P2<P2(3> TH
EN GOSUEB 381@ ELSE 1190
GOTO 299
IF P2<P6(3> THEN GOSUB 3776
GOTO 299
IF Fe=1 THEN 1220 ELSE 1258
GOTD 1299
IF P1>P1(3> THEN GOSUB 2630

GOTO 280

GOTO 1369

IF P24P2¢3> THEN GOSUB 3778
GOTO 2958

! Subroutine for outrut #2
2393593309323 293339 5055524
1F P1=P& THEHN Y(3)=P8 @ Y(S

=S8 & GOTO 280

IF P1=P1<(3) THEN Y(3)>=P2(3>
8 Y¥(5>=82(¢(3> ? GOTO 236

ON F GOTOD 1328,1338,1358
OM F1 GOTO 465,560,630

ON F1 GOTO 1340,1000,1108
ON F2 GOTO 748.838.8&90

GOTO 1239

IF P2=P2¢(3> THEMN P-Pl(o) e

¥Y(5)=82¢3) @ GOTO 299

IF P2=P2(4) THEN P=P4 € Y(5
)=$8 € GOTO 25¢

ON F GOTO 132906.140@,1410

ON F1 GOTO 522,528,660

ON F1 -GOTO 968.1660,1160
GOTO 1269

! X¥X Esuation of state t**
DISP "NOT AVAILSELE!;Surerh
eated varor” @ STOP

DISP "Compresssd liquid! In
rut P, T =";@ STOP
Y(16X=FNF1(Y(2>)
Y(11)=SQR(10BDF¥FNH2C(Y(2)))
Y(14)=Y{(EIXFMP2(Y(2))/FHPE(

Y2
YC12>=Y(14)/88RCYC16)+Y(1D%
FHF2<Y(233)
Y(PH)=Y(12)%YC1 1)
Y(8r=¥{?)s¥(&»
YCIS)=(FNPGC(Y(2))I/Y(3)+FNV1L
CYCRIIIEVCLIIZYIE) .
RETURH :

IF IPCIZ10)>5>108%FP(1-16) THE
N I=1PC1/10)+100%FPC(I-18)
IF I=12 THEN 152




1559
1559
15706
158
1528
1600
1610
1629
1650
1649
1656

1660
1570

1620

-A3-

IF 1=23 THEN 1710

N=1-12 @ IF N<T THEN 168@
N=N-6 @ IF N<S THEN 1600

N=N-7 € 1IF N<12 THEN 1600
N=N-8 @ IF N>12 THEN N=14

ON N GOSUB 2800, 1688,1693.,1

700.1566,17706,1786,1798, 126

68,1620, 1840,18¢0, 180,124
DEF FHNCN) = FPC(IZ18)%18#H
AND. IPCI/18o4nN

éF FNNC3Y> THEN Y(2)=FNP2(¥(

3 ,
;F FNN(4)> THEN Y<(4)=FNH(Y(2
) .
F FHH{SY THEN Y(S>=FNS(Y(2
> ,
§ FHNCEY> THEN Y(E)>=FRV(Y(2
F

Y(1><@ THEN 1440

IF ¥(1>>1 THEN 1430 ELSE RE

TURN

G=Y(4) @ B=FHH{(Y(2)) @ C=FN

HCYC(2)+.3) @ A=FNH(Y(2)-.5)
€ GOSUB 1990 € IF N THER 1

680 ELSE RETURM

G=¥Y(S) @ B=FNS(Y{(2)) @ C=FN

SCY(2)+.5) B A=FNS(Y(2)-.5>

2 GOSUB 1926 R IF N THEN 1

[ad dal dal

© 698 ELSE RETURM

17680

G=Y(6> € B=FNYW{Y(2)) @ C=FN
V(Y(2)+.5) & A=FHV(Y(2)~.5>
€ GOSUB 1998 & IF H THEN 1

- 789 ELSE RETURN

1710

1729
1730
1749

1750

1768
1779

1789

1720
ieao
1810
1820
18320

‘1849

18506
1€6o

1879

iege

IF YC(3IKFNPZC(Y(2)>) THEHN 143

Y(S) FNV1CY(2) ) XFNV2CY(3))
YC4I=Y(62(Y(32~-FNP2(Y(2)))
Y(S>=Y(4)r%(~. BBB&BBZS)*Y(3)
7(273+¥¢2))

YC4)= Y(4)+FHH1(Y(2))*(1— 6o
020071Y(3)> € Y(S)=CY(5)+FN
S1(Y(2¥)rx(1~. 686980(*?(3))
RETURH

Y(1)=FNX4¢Y(2>> € RETURN
YC1)=FHRSCY(2>3 8 RETURH .
Y(1)=FHX6(Y(2)> @ RETURH
Gosue 2008

-GOTO 1770

GOSUE 2000

GOTO 1788

GOSUE 2006

GOTO 1796

G=Y(4) B YC(1)=FHX5(¥(2)-.5)
€ A=FHH(Y(2>~-.5) @ Y(1)=FN

X5(Y(22+.5) @ C=FNH(Y(2)+.5

p)

YC13=FNXS(Y(2))> @ B=FHH(Y(2
) € GOsSuB 1992 @ IF N THEMN
1860 ELSE RETURN

G=Y(4) @ Y(1)=FNXE6(Y(2)=-.95)
€ A=FNH(Y(2)~-.5) @ Y(1)=FN

KS(Y(2)+ 5) € C=FHH(Y(2)+.5

1g9e

1988

19180

18290

1936
194¢
1958
1960
1976
1980
199@
2086

YC1)X=FNXE{Y(22> @ B=FNH(Y(2

) @ GOSUE 199¢ & IF N THEM
1880 ELSE RETURH

=Y(S) B YC(1)=FHKEC(Y(2>~ .5

€ A=FNS(Y(2)~.5) € Y(1)=FM

§6(Y(2)+.5) 2 C=FHS(Y(2)+ .S

YC1)=FNX6(Y(2>7 € B=FNS(Y(2
) @ GOSUB 1992 & IF N THEM
1989 ELSE RETURN

1~ SUBROUTINES

DEF FNH(T) = FHH1CT)+YC1d%F

NH2¢T)

DEF FHX4(T) = (Y(4>-FHHI(T)
YZENH2(T) o
DEF FHS(T) = FNSIT)+YC1)%F

NH2C(T)7¢273+T)

DEF FHXS(T) = (T+273)%(Y(5)

~FNS1CT)Y/FNH2(T)

DEF FNVU(T) = FHVI(T)XFNU2(Y
€3I +YC1IXFNPSCTI V(3D

DEF FNN6(T) = FNP2(T)>%(Y(E)

~FNY1(T)>/FNPE(T)

D=(G-B>~/(C-A) € Y(2)=Y(2)+D
€ N=AES(D)>>.81 € RETURN

G=LOG(Y(3)>)> @ B=LOGC(FNP2(Y(

233) @ C=LOGC(FHP2¢Y(2)+.5))
@ A=LOG(FNP2{Y(2>-.5)) & G-
OSUE 1529

IF H THEN 2000 ELSE RETURM

DEF FMFI(T) = {FHSI1¢T+.5)=(

FNS1(T~.5))>%(T+273.15)~2/F

HH2(T)

DEF FNF2(T)

F2=(FNHZ{T+.5)YY*(FHP6(T-.5)
YL (FNP2(T+.5) )% (T+272.65)

F2=F2/(FHH2(T~.5)>/CFNPE(T+
.5) )/ CFNP2(T~.5327¢T+273 .65

)

FNF2=(T+273.1552LOG(F2)

FN END

HE$2+23 954345443333 53 4+ 8
I POLYHOMIALS FOR RF114

I 22993339337 +43333 3538544
1" h{fa)

DEF FNH2(T) = <((T%-,Q@00034
402~ .6011455142»%T~,33154233
SOXT+137.40272

! Pxv(f9)

DEF FNP6(TY = €¢¢{TY-, Gﬁcﬂﬁﬂ
80Z2-1.1629186E~6)%T~. 80022
8?93:?4)*T+ 83947814430 %XT+1
2 7 321784

DEF FHNP2(T)> = 16*((Tt 0n¢
8487-.064974952)%T+7 . 9793
665-1649.188/(T+2?3.15))
' h(f)

DEF FNHI(T) = ((T%-.08090
§i$2+.091272631)¥Tf.9551




2400

2410

2420

-Ad-

! s(§)
DEF FHNS1(T) = ((TXx-1.62754E

-8+ .00800491732)2T-. 8081768

4)XT+LOG(T/2?3+1)
Vow i)

-BEF FNV1(T} = ((T*%3.4858654

E-11+2.6841033E~-2)%T+. 6002030
1192772)%XT+6.5392420679E-4

{ Compressibility of liauid
gEF FNV2(P) = 1-_8080004336%

1 XXXXXXX Outeut #1 Iekigx

A1=FHNA(J1> @ A2=FHAR(J2) & G

OEUB 1538

PRINT TABC(8);"0Orifice=";J1;
*in” @ PRINT TAB(8);"“Pire="

;JZ;'in' € PRINT @ GOSUE 43
B

TO=Y(2) @ POB=Y(3)> @ HB=Y{(4)
€ S8=Y<(5) @ Va=Y(6) € PRIN
T TAB(LI;"Stae.conditions"
€ PRINT :

PRIMT TARBC(2);“P9=";P0 € PRI
NT TRB(8);“Te=*;Te € PRINT
TRB(E); "ho=";HO

PRINTY TAB(8);"=H=";58 € PRI
NT TAB(S);"vd=";V¥8 @ PRINT
€ GOSUE 43749

IF Y$=%S" QR ¥¢="T" THEN 32
46 ELSE Y(1)=8 €@ ¥Y(5)=S0 @
I=15 R GOSUB 15306

GOSUB 1456

T1C1)=Y(2) @ P1C(13=Y(3)> € H
1¢1)5=Y(4> @ Ul(l)-Y(S) e ue
=¥(?)

PRINT TAB(S);"Flash point c
onditions" € PRINT & PRINT
TRB(B).'Pf=“5P1(1) ok
PRINT TABC(2);:"T#=";T1(1) @
PRINT THB(B).'hf-';Hl(l) e

PRINT TRE{(S);"sf=";

8 PRINT TRB(8);"vi= ;Vl(l) e

PRINT E GOSUE 43706

Y(1)=8 € Y(4)=HB @ I=14 .G
OSUE 1S329

PB(S)=Y<(3) B WIC1)=FNNC(HI(1
) & Q2<1)=UL(1XTAL/(VLC1)%

A2) @ H=(1080%fH1C(1)>+UB~2/2)

71800

IF HO>=H THEM F=1 € PRINT T

AB(3);"Flow chockes as it § -

lashes® ELSE 2730
P1(3)=P1(1) & T1(3)=Tl(l) e
H1C(3)=H1C(1) 2 V1(3)>=Y1(1)

€ WI(I)=FHUC(HI{3Z)Y)
Q2C¢3¥=U1(IXXR1/(VI(3)>XA2) €
PRINT € PRINT TRE(2);"Chouc
kins cond. = Flash cond." @
PRINT

GOSUE 4359

2700
27106

2720
2739

-.2740

2750

) COSUB 4370
- GOSUE 4218

0=Q02(3) £ GOSUE 4830
PB(3>=Y(3) £ SO(3I=Y(S)> € T
0(3>=Y(2>

P2=PA(3> B GOSUE 32819

IF P=P1{(3)> THel! Fl=2 @ P2(3
I=PA(3) B S2(3»=£6(3> ELSE
2548

GOSUB 3420

PRINT TAB(18);C$;P1(3);S% @

- . PRINT THAB(10>;D$,;F2(3);S%
€ GOSUB 2446

GOSUB 2456

PRINT TAB(10);0D%; Pz(u) St €
GOSUB 3488 -

GOTO 320

IF P<P1(3) THEH F1=3 @ Pi=P
1¢(3) @ GOSUB 3T10 ELSE 2636
P2¢(3)=P2 @ S2(3>=Y(3) .
P2=Pa(3) & GOS.E 3216

P3=P @ GOSUB 3420

PRINT TRABCIA);CE;P1(3);5% €
PRINT TRABC1©6),;03;P2(3):L%
€ GOSUE 2440

GOSUE 3458

PRINT TRB(10);:D%;P2¢(3);L% ¢
GOSUE 3470

GOsUuB 3488

GOTO 320

IF P>P1<¢3) THEw Fl @ P2=
1¢(3) @ K=3 @ GOzUE 3°69
X2¢3)=Y(1) @ P1i= P1¢(3> @ Gos
UE 36306

P2(3)=F2 @ S2(T>=Y(5>

GOSUB 4308

GOSUB 3428

PRINT TAB(16);C%:; Pl(?) Lf e
PRINT TRB(18>:D%;P0(2);8%
€ PRINT Fs

PRINT TABC18);C%,;P1(3
PRINT TRBE(103:D3,;P2¢

€ GOSUPR 3440

GOSUE 3458

PRINT TABC18):DT;P2¢(3); TS @
GOSUE 348&0

GOTO 329

IF HI1C1)><HO AND HO<H THEN F

=2 @ GOSUB 4ase

PRINT TRB(6);"Chockins cond
itions" @ PRINT

PRINT THB(S);”Pc=',P1<3) e
PRINT TRB(SY;*Tc=",;TI(3y @

e

<
>

;8%
Sr;:TH

~ PRINT TRB(S);"he=";H1(3)

2768

2770
2789
2790

PRINT TRE(8);"sc=%;S0 € PRI
NT TAB(S);"ve=";3V1<{3) € IF
F=3 THEM RETURN

GDSUB '4390

GOSUB 4370

Q2¢3)=W1(3>%XAL. (Ul(’)*ﬁZ) e
GoSuB 4210




28689
2818

230
2849

2856
2868
28709

2888

2899
2900

2918
22209

29320
2949

2956

2961
2270

2920
2999
2000
3810 X

3020

28306

- 3848

3659

3668
38ve

3020

 2e98

3100
3110

-A5-

@=02¢3> @ GOSUE 403g

PB(3I=Y(3) @ SB(3I=Y(S> @ T

8(3>=Y(2) & P2=P8(3)> € GOSU

B Se18

IF P=P1(3) THEM F1=2 @ P2(3

%: 3(3) € S2¢(3>=58<(3> ELSE

P1=P1<(1) @ GOSUB 3510

P2¢1)>=P2 & S2(1)=Y(5> € GOS

Ue 3420

PRINT TRB(18);C¢;P1(1);5¢% @
PRINT TRB(165,;D%;:P2(1);L%

€ PRINT F$

PRINT TAB(10);:C$:P1¢(3);Ts €
PRINT TRABC10),;D3$;P2(3);S5% .

€.GOSUB 3446

GOSUB 34606

PRINT TAB(18); D$3P2(3) Ss @
GOSUE 3486

GOTO 320

IF P<P1¢3) THEH F1=3 B P1=pP
1¢(3> 8 GOSUB 3566 ELSE 30080

P2¢(3>=P2 @ S§2(3)=Y(S) € Pi1=

P1{1)> @ GOSUB 3318

P2(1)=P2 B S2(1)=Y(5) € P2=

PO(3> & GOSUB_CZ¢ele

P3=P €& GOSUB 3428

PRINT TAB(18):Cs;P1(1); St e
PRINT TRB(18);0¢%;P2(1);L%
@ PRINT F$

PRINT TABC1BY;CE;P1(3);:TS @
PRINT TRAE(18): DS.P”(’),LS

€ GOSUB 3449

GOSUB 3469

PRINT TAB(10)>,0%; PZ(3).L$ e
GOSUB 3479

GOSUE 3488

GOTO 320 .
IF P>P1(3) THEM F1=1 £ P2=P
1¢3» € K=3 € GLUSUB 3869
X2(3=¥(1> & P1=P1(3) 2 GOS
uB 3620

P2(3>=P2 € '§2¢I)=Y¢5)
0=Q2¢1) @ L=18~3%P1(1)+U1C1
%@ & L=IPC(L%*19~3>/18~3 € G
osue 49’8

P2=Y(3) € L1=18+3%P2+U2XQ €
L1=IP(L1%10+32716~3 .

IF Li1=L THEM F2=2 @ P1(2)=
1¢1) @ PB(2)=P2 & SB(2)'Y(5
) ELSE 3Zpoe

GOosuB 3429

PRINT TABC18);C$;P1(1):S$ E
PRINT TRAB(18)>;0%;PBC(2); S$
€ GOSUE 3496

GOTO 32890

-IF LI<L THEN F2=1 € GOsug 3

946 ELSE 3150
P1=P1C(1) € GO3UB 3510
P2(1)=P2 @ S2(1>=Y(5) € GOS

UB 3420

3129

3138

3140

- 3156

2160
3170

3126

3196

3260
3218
3220
3238
3240
3259
-32¢0
3278

3280
3296

3300
3310

3328
3330
3346

3350

3260

3370

PRINT TARC(18);C%;P1(15;38% 2
FRINT TABC(1085:D3%;P2(17;L3

€ PRINT F#

PRINT TREB(10);C$;P1(2);T¢
PRINT TAB(18)>,D$;P0(2);82

e GOSUB 3498

GOTO 3200

IF L1>L THEN F2=3 @ GOSUE 4

360

P1=P1(1)> @ GOSUB 3630
P2¢1)=P2 & S2{1>=Y(S) € GO3
UB 2429 .

PRINT TRB(18);C$;P1(2);Ls @
PRINT TAB(10,);0%;:PBC(2);ES3
€ PRINT F#$

PRINT TRB(10);C%; Pl(l) St @
PRINT TRB(12>:D&;P2¢1);T2

€ GOSUB 349%9@

GOSUE 3448

GOSUB 34609 )

PRINT TABC1@);D$;:P2¢3);TS @
GOSUB 3480

GOTO 326

F=32 B T1(1>=T8 € GOSUR 48:<2

Q212)=H1C(IIXAL (V1 (3XXR2)> ¢©
PB(’) PG @ PA(2)=P9 & P1¢:
¥=PB # GOSUBR 4210

P2=P1(3) @ K=3 @ A=R2(3> @

GOSUB 33860

X2¢3)=Y(1) @ PI1=P1(3> & GC=

UB 3£312

P2(3)=P2 & S2(I>=Y(5)

PRINT TABC(1);“Entire flow i

n Two Phaze region® & PRINT

GOSUE 2748

IF ¥¢="S*" THEH N$=S$& @ GOTC
3340

N3$=T¢ € PRINT @ GOSUB 43790

GOTO 3350

PRINT TRE(8);"M%x=8" @ PRINT
TAB(8Y; " J/7Jx=2" € PRINT ¢

GOSUR 4370 i

‘PRINT € PRINT TRE(10)>;A% ¢

PRINT Ef € PRINT TAB(10);Cs
éPSst @ PRINT TRB(19)>;D$;P
GOSUB 34920 :

PRINT @ PRINT TRB(11);6% @

- PRINT E$

33¢c0

3399

34600
3410

3420

PRINT THB(!B) Ge:PIC3);:Ts @
PRINT TREC1@);03;P2¢3);T%
GOSUR 3480

GOTO 328

! Subroutine for output #1
P 332352339358 533 34329 I SRS

PRINT @ PRINY TRB(18);As @

PRINT Es

PRINT TAB(18);C$;PB;Ls @ PR
INT TRABC(186Y;D$;FO;Ls @ PRIM

T F$ @ RETURH




2440
3458

3462

3478

-A6-

PRINT ® PRINT TAB(11);E3
PRINT E$ ® RETURM
PRINT TAB(10);5%;P1¢3);S$ €

RETURM
PRINT TRB(10):G%$;P1(33;Ts @
RETURH
PRINT F& € PRINT TABC16);G¥
;P3;T4 © PRINT TAB(18);0%;P
8¢(3>;5% € RETURN
PRINT F$ € PRINT TRAB(16);:G$
;P4;TSs @ PRINT TRBC10)>;D%;P
2¢4)>;T¢ € RETURN
PRINT F$ @ PRINT TRB(1@);CS

C3P1C3);;TE @ PRINT THB(lB);D

$;P2¢3>:;T% @ RETURN
1 ¥3%¥3x¥ Subroutines xxxxzx
W1=FNKW3(P1) & Q=W1XA1/C(VOXA

2) :

W2=0%Vve € P2=(18~3%P1-Q%(H2

-W1)>/718+3

Y(3)=P2 € Y(Z)'Tl(l) e I=23
€ GOSUB 1538 -

RETUPN :

.........................

IF P1=P1(3> THEHN N1=H1(3) e
@=02(3) @ GOTU 3558
Y(3)=P1 @ Y(5>=58 € I=35 e
GOSUB 1538

W1=FNH(Y(4)) @ O=H1¥R1/(Y(6E

YXAZ)

H2=Q¥Y8 €& P2=(16~33P1-QXx(U2

-R1)>/16+3

Y(2)=P2 @ Y(2>=TB(3) € I=23
€ GOSUE 153@

RETURN

T L E R LR e
IF P1=P1<(1) THEN Wi=FNHCHIC

1)) € e=Wi1%A1/(VI(1)XA2) &

GOTO 3670
IF P1>P1C¢1)> THEN W1=FHW3(P1

e o Nl*ﬁl/(UGtﬂQ) € GOTO
3679

IF P1<P1¢1)> THEH I=35 € Y(3
y=pl @ ¥(5)=S0 & GOSUB 1538
HI—FNN(V(4)) 2 Q=H1XR1/C(Y(S

A2>
L=1668¥P1+Q*H1 & L=IP(L¥10)
710 @ IF F=3.THEN Y(3)=FB E
LSE GOSUB .4629
K2=Y(3> € R1(1)=06

K1=P1¢3) @ Rac1)=x2¢2) @ éz

;;233) e Rl‘@ 2 K=3 € GOT

Li=1800P2+Q%xW2 € L1=IP(L1X
18>710

IF Li=t THEN RETURN

IF LI>L THEH K2=P2 & Ri=R @
R1(1>=R @ R2=R2(1) € GOTO
3740

IF L1<L THEN K1=P2 @ R2=R @
R2(1)=R € R1=R1(1)

3968
3570
3588

3999
- 4900

4010
4020
409320

4048
4850
40658

4679
40880
4099

4100

4119

P2=(K1+K2>72 # R=(R1+R2>,2
€ GOSUB 3318 - -
GOTO 3788

IF P2=P2¢(4) THEN GOTO ’?ae
K=6 @ Q@=02¢(32) » GOSUE 38&o
P-FHZ(PZ) € RETURN

.........................

W2=02(3)3V8 8 P=FNZ(P2)

1F P2=pP8(3» THEN 3849

Y(3)=P2 & Y(2)= T6(3) e I=23
£ _GOSuUB 1558

‘RETURN

.........................

!

R1=8 & R2=1 € R=(R1+R2)-2 €
GOTO 3916

H2=0xY(6) € J=1600%X(HB-Y(4)
Y-N2A2,2 € J=IPCla~KxJ)

IF J=8 THEN RETURN

IF J<8 THEN R2=R € R=(R+R1)
s2 € GOTO 3218

I; J>e THEH R1=R @ R=(R+R2)

Y(1)=R € Y(3)=P2 @ I=13 e G
OSUB 1530

GOTO 3870

K2’P1(1) @ K1=P1(3> € GOTOD
40068

Wl= FNN(Y(4)) e Q= Nl*ﬂl/(Y(G
YXA2)> @ L=19~3%P1+U1%0 2 L=
IP(LX108>-310 @ GOSUB 40306 ‘
P2=Y(3) € L1=1003XP2+Q3UZ €
L1=IPCL1Z18)/18 .

IF Li=L THEHN P1(2)=F1 @ PB(
2)=P2 € 8§8(2>=Y(5) £ RETURN
IF L1>L THEN Kil=P! & GOTO 4

IF Ll(L THEN K2=P1
P1=(K1+K2)>/2 @& I=35 @ Y(3>=
P1 @ Y(5)=S8 @ GOSUB 1500

‘GOTO 3958

........................

N2t6ive 6 2 =(HOX1088-H2~2~
2)/1080 @ Y(1>=0 & Y(4)=H2
e =14 e GOSUB 1530

RETURN
Testitis e iFES3 TRER Mish
€ T1=T6 @ GOTO 4100 ELSE T
1=T1C1) @ ¥(2)=T1 @ ¥(3)>=sa
GOSUB 1530

GOSUB 1450

HICI=FHUCYC4)) @ NI=U1(3)/

[ .

T2=T2-5 @ Y(2)>=T2 @ Y(S>=£o
€ I=25 @ GOSUP 1530

GOSUB 1450




=A7-

H1CID=FNHCYC(4)) €@ M2=U1(3)7
Y(7) @ IF M2<1 THEN GOTO 41
09
IF IP(M2%10~4)>/18~4=1 THEN
K=HZ @ GOTO 4145 ELSE GOTO

¢
IF M=1 THEN T1¢3>=Y(2> @ P1
(3)=Y(3) & H13)=YC4) & Vi
3)=Y(6> @ RETURM

IF M>1 THEN T2=Y(2) € M2=M
€ GOTO 417@ ,
IF M<1 THEN T1=Y(2) € Mi=H
Y(2)=(1~M2)X(T1~T2) /(M1-M2)
+T2 @ Y(5)=S8 @ 1=25 € GOSU
E 1530
GOSUE 145@ ,
H1C3)=FNRCY(4)) @ M=W1(3>/¥
C?) & M=IP(M:10~4)/18~4 € G
0T0 4140

K1=0 @ K2=P1(3} € @=1P(02(3
;§éa>/1e e P2=K2/2 @ GOTO 4
H2=FNHCY(4)) @ Q1=H2/Y(6) @
01=1P(Q1%165/18
IF Q1=0 THEN P2¢4)=P2 & GOS
Ue 377e ELSE 4250
P4=P @ RETURN :

IF 21>Q THEN K2=P2 8 P2=(P2

- +K1)rs2 € GOTO 4279

4356

4366

4370
4320
4290
4408
4410

IF Q1<Q THEN K1=P2 € P2=(PZ
+K2)s2

1235 @ Y(3)=P2 @ Y(5>=50 @

GOSUE 1530
GOTO 4220
K1=Picis @ kazpd T
P1=CK1+K2)/2 & W1=FNW3(P1)

€ Q=H1XA1/CVOXA2) R L=18~3% .

P1+Q%H1 € L=IP{L¥10)>710 @ G

OSUE 4636
L1=18232Y(3)+2%¥H2 € L1=IP<(L

220 IF L1=L THEHN P1(2>=P1 € PO(

2)=Y(3> & SB{2>=Y(3) e RETU

%F'L1>L THEN Ki=P1 @ GOTO 4
10

IF L1<L THEN K2=P1 € GOTO 4

FOR 0=1 TO 32 @ PRINT TRB(O
Y:*x*;@ HEXT 0 & PRINT
RETURN

DE=W1C1>-UB @ PRINT TRAB(8);
"Mx=*;D6 @ PRINT TAB(8Y:"Js
Jx=4;D6 @ PRINT € RETURHN
DEF FHACH) = (Hr2%.06254)~2%

PI
DEF FNI(X) = SOR(2000%CHO-X
) .

4420 DEF FNW3I(X) = RC(2

PB-X>)

4438 DEF FHZ(¥> = (02(32
W1(3))+10~3%(X¥q2-P1(3)>%XA1>

27(10+3
4440 END

*(RA2-A13)>

B9 VRN(
J¥AE(HZ-
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