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ditions if the feed is subcooled to an

extent e
cooled liquid models). ; nt (see Section 3-2-3-3 for sub-

follovlv)i:gecste::iztllll.ogi)rofhsemuet1110n e s DAHEM) cases are given in the

. g eral_CaSC with a slip option, the complexities
of phase equilibrium and slip relationships rule out an analytical integration
or good .ShOI“t-Cl‘Jl methods of solution. The general approach requires nu-
merical integration of Equation (II-15) at constant entropy and at phase
equilibrium, with or without slip. Equation (I1-18) is an alternative formula-
tion for the slip case.

If the pressure drop is high enough to attain maximum flow, the con-
ditions at the nozzle throat will satisfy the criterion of Equation (II-11).
This criterion is expressed by Equation (II-12) for the slip case. For these
equilibrium models, the maximum flow condition exhibited by the integrated
Bernoulli equation (or the equivalent momentum form) is also the solution

of Equation (II-12). Slip models for nozzles are not pursued further in this
document.

3-2-2-2. Homogeneous-Equilibrium (HEM) Model. An analytical
pseudo-one-component solution :for the no-slip homogeneous-equilibrium
(HEM) model is as follows (Section 2.2.1 of Reference [7]):

(G0)22 = vs(Po — P) + (XHg/To + Ce)(To— T) — CTIn(To/T)  (11-34)
where 6 = Xv, + (1 — X)vs from Equation (II-1)

C; = average liquid Cp over the range T'to T
X, vg, vy, and Hy, are evaluated at T, and P,.

Equation (II-34) corresponds to the line labeled “integrated at equilibrium-
flash quality” on Figure II-1 (Section 3-2). N .

The critical flow condition is reached if the throat conditions satisfy the
following no-slip formulation of Equation (11-12)

Gz%= Xu I (kP) + (vse/Hy)*(CT — XHy,) (11-35)

Where the parameters are evaluated at 7 and P. ; s 1E

Equation (II-35) corresponds to the dashed line labeled “‘equilibrium-
flash (HEM) model” on Figure II-1 (Section 3—2)._ Equations (II-34)
and (I1-35) can be solved simultaneously foi the maximum ﬂ(?‘w anq the
corresponding pressure at the throat (lal?eled HEM model flow” on Elgure
II-1). Alternatively, the throat pressurc in qu.latlon (I1-34) can l?e varle.:d to
find the maximum flow condition. This maximum flow condition satisfies
Equation (11-35).

The above pseudo-one-comp
Tesults if mixture composition an

onent approach may not yield satisfactory
d mean properties vary significantly over
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the pressure range of interest. A better approac}} in such cases is to fit the
results of selected flash computations to some simple expression ang thep
use the resulting expression in the flow equations. The method is descripe,
below.
The adiabatic flashing of the fluid as the pressure falls along the fi,
path is computed by conventional flash distillation methods (see Appendice
II-A and II-B for a description of the required thermophysical property bage
and computational routines). In principle, the flash path should be isentropjc
for flow in frictionless devices (nozzles, short pipes, etc.). In practic,
little error is introduced by carrying out the flash computations at constant
enthalpy. The flash results can be expressed in terms of the homogeneous
two-phase specific volume and a pressure drop parameter as follows [7]:

6/80 = a(1 — m)/m + b[(1 — m)/m]* + 1 (I1-3¢)

where n = P/P,
Xvg+ (1 - X)vg (1)

0

The coefficients a and b are evaluated from the results of two flash calcu-
lations from the upstream pressure. One flash is to the pressure downstream
of the duct and the other is to the average of the upstream and downstream
pressures. Once evaluated, Equation (II-1) provides the requisite density
versus pressure results for homogeneous-equilibrium two-phase flow models
Actually, only the first term on the right of Equation (II-36) is needed _f0r
an adequate fit over the limited pressure range of nozzle flow. A flash routin®
is used to determine the specific volume value at 70% of the initial pressur
This value is then used to evaluate the a coefficient in Equation (11-36)- The
HEM flow versus pressure ratio is obtained from the following integral fort®
of the Bernoulli equation [7,11]

G ={[-2Po/b][a(In n) + (a — (1 - n)]}llzl{[a(l i 77)/77] 3 1} (II-37)

The critical flow condition of Equation (II-12) can be represented using only
the first-order term of Equation (I1-36)

1_38)
Gc, homogeneous = 7¢ [PO/(QDO)]I/2 (I
; tical
Note that Equation (II-38) can be used to obtain a value of € critl®

pressure ratio if the flow rate is known. The dashed line labeled “eqUilibri

un”
flash (HEM) model” on Fi on 0139 1
( ) model” on Figure II-1 corresponds to Equation I 30\3\’ .

mtersectl‘(‘)n with the Equation (II-37) line gives the maximum® ' o dt
(labgled HEM model flow”). The value of : btained from the 2 SClssazlﬁ
Fhe intersection is the critical pressure ratio ?f (t)h atl)nek ressure Of ) noi 2
is higher than the value obtained from thi.s critiecala(r:ago, then th ai
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subsonic. In this case, the flow IS o
backpressure value for the throat pressure
Note once again that the above e

; : quations are developed for ideal fric-
tionless nozzles. See Section 3-2-4 for yse of 5 discharge Cl?)efﬁc' ; MG
geometries. ient for real

3-2-3. Auxiliary Models

3-2-3-1. App.roximate HNE and ERM Models. The ERM model of Sec-
tion 3-2-1-2 pr0v1.des the basis for a rather simple method for obtaining
approximate ﬂashlng flow rates at low quality levels. As can be seen from
Figure II-1 (Section 3-2), the ERM critical flow js attained with little pressure
drop. Thus, the use of upstream conditions in Equation (II-25) (with N =1
for the ERM model) will give a value of flow, which is close to the value
at the critical nozzle condition. This result is labeled “approximate ERM

flow” on Figure II-1. For the zero-quality (saturated liquid) condition, this
ERM approximation becomes

Gt = (vg — ve)(Cp)s vag/H%g (II-39)

The specific volume change on vaporization, vy, is evaluated using the
vapor composition for the condensed phase. For one component systems,
the phase specific volume difference factor is the same as the density change
of vaporization. For multicomponent systems, this factor is the specific vol-
ume difference of the vapor and liquid phases at their respective compositions
at the maximum flow (critical) condition. '

Equation (II-39) is good enough for approyfimatlng the ﬂc_njv for low
quality one-component systems and for mixtures with a narrow boiling range.
The method is not expected to be as good for mixtures with a wide boiling
Tange, since the one-component form of the Clausmg—Clapeyroq gquaﬂog is
used in the derivation. Also, the effect of changmg composition during
flashing is not considered. Equation (II-23) is the rigorous form, wh?re
Properties are evaluated at the equilibrium conditions attained upon flashing
from upstrea at pressures. el

; Eguatiorri1 E?Ifgg)o is lIlsed as the relief ﬂow' capacity in some DIEdRIS
Simplified venting models [15]. Due to the appfox1mate nature of this model,
10 distinction is made between frictional and ideal nozzle flow. However, a
discharge coefficient as defined in Section 3-2-4 should be applied for consis-
tency with . ur

yA sim;;?;gdrrg;irilswhich retains the nonequilibrium factprlN has Il()'een
Published subsequent to the DIERS contract vs{ork [16]. St?ct)f spea 1mg,
tis form should be used only for saturated liquid flow. Application tlo c:x
quality flow conditions will yield flows on the high side. Fort exgm\s :t, 5°/e
fesult can pe high by as much as a factor of two for steam-water 1o A
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fuids was explored in the DIERS program. Solutions of polybutadiene in
pexane Were used in these studies. These results show time-dependent be-
havior [39,40,41]. Also, large and apparently anomalous effects of pipe inlet
configuration are observed. For example, placing a flow restriction at the
inlet to @ piping run can result in increased flow. The restriction changes the
controlling behavior from that of high-viscosity pipe flow to that of a fric-
le. The pipe flow regime is presumed to change from liquid-
continuous 0 vapor-continuous. Further work was done with the ethylben-
zene—polystyrene system to gain a better understanding of this effect [42].
See Chapter IV in this book for details of this work and subsequent studies
sponsored by the DIERS Users Group. In any event, the results obtained
using the low-shear apparent viscosity in the homogeneous-equilibrium flow
model are always conservative; grossly so for the inlet-constriction case. A
model for treating annular flow for power-law fluids is presented as an
example approach to the problem (see Appendix A-6 of Reference [43]).
See Chapter IV of this manual for other models.
The styrene—ethylbenzene—polystyrene system was used extensively for
the development and verification of the DIERS system models [44]. The
polymer concentration and/or molecular weight generally was low enough
so that the mixture flow is described quite well by the Newtonian models at
the temperature level of the tests. Further details are presented in Chapter

III of this book.

tionless NOZZ

4. NOMENCLATURE

The designated units apply for the parameters in equations. Numerical values

may be given in related units (temperature in Celsius = K — 273.2, absolute

}e):es)sure in bar = N/m? x 10~>, time in minutes, quality in weight percent,
€:):

a
general constant

ﬁ! cross-sectional flow area, m’
A first Antoine constant of component (pressure in N/m?)
b” coefficient in liquid-phase activity relationship
B general constant
c second Antoine constant of component (temperature in K)
Cr general constant
C, third Antoine constant of component, K
C, ﬂu{d jet area coefficient
C, ﬂuld jet loss coefficient
liquid specific heat, J/kg - K (at constant pressure unless otherwise
o defined in text)

specific heat at constant pressure, J/kg - K
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for nozzle models (subscript DO dengtg
ient

. efficien .
d;slcl:l Srfgor Zfﬁ;gegieli (’);lfz;f\f;?e: D in relative roughness ratig =
qrilagi::ru?nts as roughness value)
Fanning fncnor]l( f?lcatsosrof components, expressed as a fraction of
weight of the t{t of the two-phase RIS . .

the total Welg /s> in English units)

. 2
gravitational acceleration, m/s” (ft

avitational constan
Ig;ass flow rate, kg/m” -8 (total
e St 'J/kixponent
i ic expansion 5
:;eaztstggicgﬁtepd-mean k for class of components (j = I for class Ig,
i = V for class Vg)

loss factor (fittings, etc.) : v )

duct length, m (Leg 18 equivalent length including fittings)
polytropic exponent

Reynolds number

partial pressure of component in vapor, N/m”

absolute pressure N/m® (AP is pressure drop, upstream minus
downstream values)

pure component vapor pressure, N/m*

heat added to fluid, J/kg

volume fraction liquid holdup

slip ratio (ratio of vapor velocity to liquid velocity)

specific entropy, J/kg - K

temperature, Celsius

temperature, K

linear velocity, m/s

specific volume, m?/kg

¢, (ft-Ib mass/1b force/s> in English units)
’ flow if not subscripted “f” or “g)

weight-flow-m ¥ :
mean specific e\::(i)llluzs p‘[b G iti
volume rule) of components of class jk, m>/kg (additiV®
effective kinet;
holdup_emkel:: ttlc encrgy two-phase specific volume, m’/kg

: Wo-phase specific volume, m’/kg :

: ntum 2 S
specific volume, 13 /ktr‘r"l’glphase specific volume, m>/kg

work done by fluid, j/k
:]ellght rate of ﬂow’ kg/g
Ole fractiop of :
Weight- on vaporcat i liqus
o flow fraction vapor int i e L e
N Mmixture (weight fraction vapor !

soneral exponep,
eleValiOn m

)

vol .
ume fraction Vapor

No menclature

ratio
activ
finite
pipe
ratio
Wilsc
visco
poly1
sumr
volur
inelli
Lock
gene

-
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Subscripts

arith:
Burn
at ch
point
at va
X of ex
liquic
natio
fg chan;
value
fr fricti
ftt turbu
g gas (
b stagn
L], k,jk indic
Ig, If inert

w2

0o 0 Q0

0 stagn
5 subcc
S at co
Sat at sa
: ¢ at ths
¢ two-|
TI‘) two-p
W at Fre
. point
at ve

Ygz’ Vi distri
; upstr
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8 rati.o.of smalle}' to larger duct diameters

y act.wlty‘coefﬁment of component i

A finite difference

. pipe surface roughness (used as dimensionless ratio with D)
" ratio of nozzle throat pressure to inlet pressure

A Wilson constants

L viscosity, N - s/m?

W polymer—solvent interaction parameter

b summation

o volume fraction of components in liquid phase (or Lockhart-Mart-
inelli two-phase multipliers if subscript includes f or g)

X Lockhart-Martinelli correlating parameter
0] general function designator (defined where used)
Subscripts
av arithmetic average value over increment
B Burnell model
¢ at choke (critical) condition
d point downstream of flow expansion
- at vapor-liquid equilibrium condition
eX of expansion P 2 w4
f liquid phase; “fe”” at phase equilibrium conditions, fo” at stag-
nation conditions ) e
fe change in property on vaporization (vapor value minus liquid
value)
fr frictional me
fi turbulent—turbulent regime, based on liquid 8 o AR
g gas (vapor) phase; “ge” at phase equilibrium con.d‘ltlons, go” at
. stagnation conditions, “gt” at nozzle throat conditions.
Lisk,jk  indices
le, 1f inert gas, inert liquid components
0 stagnation (negligible velocity) condition
SS subcooled liquid
et at constant entropy
¢ at saturation o I
" at throat of no;zle (or minimum
t two-phase friction
T two-phase flow
i at transition point '
v point upstream of flow expansion
at vena contracta , s
Y,gi Vi distributed (volatile) component in vapor liquid

upstream and downstream stations



