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Chapter
Two-Phase Flow
NTRODUCTION
12-1- asc flow phenomena are of utmost importance in liquid-cooled
Two-phd

When 2 flowing coolant undergoes a partial change in phase,
(eaclors: flow occurs, giving rise to interesting heat-transfer and fluid-
e flo

wo-pha lems.  The phenomena occur reg_ulz}rly in boiling-water reac-

oW prOd presSUFiZCd'Water and other liquid-cooled reactors at high
n n

{ors, &

, ies. In general, two-phase flow implies the concurrent flow
wer densit .uch as liquid and its vapor (one component), liquid and gas
hases, 51) gas and solid, etc. This chapter deals mainly with the
. [iquid’a“d vapor flow.. Flow in reactor channels, past res-
first tyPE: d critical flow will be discussed.
rictions, an e flow takes several forms, shown in Fig. 12-1. These have
Two-phaz only in adiabatic two-phase, two-component flow, such as
been O.bser\;e water. However, there is good reason to believe that they
wi?h ar na:nﬁ diabatic two-phase flow. Bubble flow is the case in which
§x1§t i.ijnual dispersed bubbles move independently up the channel. Plug,
mdly flow is the case where patches of coalesced vapor fill most of the
:;;n?]i] cross section as they move upward. P.ll..lg flow has been reported
25 being both a stable and an unstable transition flow between bubble
flow and the next type, annular flow. In annular flow the vapor forms a

Liquid Liquid film 3 Vapor
Vapor % e
bubbles o°
Vapor '_° .
Vapor v,
Liquid Liquid drops ", «t~Liquid drops

(b) (c) (d)
=l. Types of two-phase flow. (a) Bubble; (b) plug (slug); (c) annular
(channelized); (d) fog.
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326 Two-Phase Fiqy,
. . only dispersed liquid droplets, and trayeg
contmuouslphgiz. T&:g:;an aynnullzls of supcrl‘lcatcd liquid adjacen, 1:2
t:z \ilgl;lllsmc'r?'lc f;,urth type shown in _Fig. 12-1 is called fog, disperseq. or
ho"mge"‘;o“_g flow. This is the oppositc of tl}e ﬁ\zst typlc, bubble n"‘}" i
that in the latter casc the vapor fills tl‘w cntm_: channe and the liquid js

. d throughout the vapor in the form of individual droplets,
dlsp(l:j'sltl:lc 1S no:v known about the exact type of “}’O'Phasc flow taking
p]acclin hi;gh-prcssurc reactor sys.lcms. It is c.onc{cl'vablc, however, thy,
it is determined by the void fraction (volumetric rath of vapor- 1o vapor
and liquid). It is also believed that }he lype 0.f flow is a function of the
Froude number (a measure of the ratio of inertia to gravity forces).
12-2. QUALITY AND VOID FRACTION

IN A NONFLOW SYSTEM

The importance of coolant-densit.y and void-fraction studies ip 5
boiling-reactor core will be discussed in Chapter 14, It §ufﬁces now to
point out that, among several things, when a m-o<_flemlor boils, vapor voids
displace this moderator and affect the reactivity of the system. Cop.
sequently only vapor of extremely low quality (a fcxlv percent) is to be
produced in the core. The quality X of a Yupor-hquxd mixture in g
nonflow system, or where no gross relative motion between the vapor ang
liquid phases exists, is defined as

~_ Mass of vapor in mixture 1
" Total mass of mixture (12-1)

The void fraction « is defined as

Volume of vapor in mixture

%~ Total volume of liquid-vapor mixture (12-2)

The term void here is somewhat misleading, since there is actually
no void. However, the vapor present in “voids™ has no moderating
value because of its relatively low density.

The relationship between x and a in a nonflow system can be
obtained by assuming a certain volume containing 1 Ib,, of mixture in
thermal equilibrium (Fig. 12-2). That volume will be equal to (v + Xp)
f’, where v is the specilic volume (ft*/lb,,). In the notation used in thgis
chapter, the subscripts f, g (below), and fg refer to saturated liquid,

saturated vapor, and the difference between the two, respectively, the
usual notation used in steam practice.

In an equilibrium mixture, the two ph
saturated vapor and the volume of va
x 1b,,, times its specific volume Us.

ases are saturated liquid and

/dpor present is equal to its mass,
a 1s thus given by

|
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,-Phas Flo .
w q= —_i— 250
Ur+ XU,

on can also be written in the form
all
This eqV? l

a =

B

ecific volumes are all taken at the system pressure from
Jhere l_clc thcrmodynamic-property tables, such as the Keenan and
gpproP"! .m tables in Appendix D. Equation 12-3b serves to show
eyes Secvalucs of a associated with small vatues of x, especially at low

FIG. 12-2. A mixture of liquid
and vapor in a nonflow system.
Mass of mixture =1 Ib,,; com-
posed of x Ib,, saturated vapor
plus 1 — xIb,, saturated liquid;
volume of mixture = vy + xuy,.

Example 12-1. Calculate a corresponding to x = 2 percent for ordinary

yater at atmospheric pressure.
Solution. From the steam tables, at atmospheric pressure,

y= 001672 [V/1b,, | and v, = 26.800 {t/1b

=111 - 0.02)/0.02]0.01672/26.800

m

=0971 or 97.1 percent

Thus a small steam fraction by mass corresponds to a very large
fraction by volume. The difference decreases at high pressure, however.
Figure 12-3 shows calculated values for « versus x for light water at
various pressures. Examination of the curves reveals the following:

l. For constant x, a decreases with pressure. As the pressure
approaches the critical pressure (3,206 psia for ordinary water, 3,212 psia
for heavy water) @ rapidly approaches x. At the critical pressure the
two phases are indistinguishable and a = x.

1. For any one pressure, da/dx decreases with x.
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FIG. 12-3. « versus x for nonflow walter system

3 At low values of x (such as those used in boiling-type
da/dx increases as the pressure decreases and becomes ver 'feac[(,rs)’
large at low pressure. This has a bearing on reactor stability [ilsevme[y

12-3. THE FLOW SYSTEM

[n the above calculations it was assumed that no relative moy
existed between the (wo phases, i.e., between the vapor bubbles and i?,n
liquid. However, if a two-phase mixture is moving, say in a venicLl
direction as between fuel elements, the vapor, because of its buovv.ncs
has a tendency to slip past the liquid, i.e., move at a higher velocity th;[;;
that of the liquid. While there are variations in velocity within each
d is now available to predict phase and velocity
vo-phase flow system. The lumped-system
assumed to move at one speed, however,

phase, no accurate metho
distributions in an actual
solution in which each phase IS
has been found satisfactory in most cases. In the lumped system, a slip
al to 1.0 in nonflow or homogeneous flow and greater than
phase systems is used. It is defined as the

apor V; to that of the liquid V.  Thus

ratio S, equ
1.0 in nonhomogeneous tWo-
ratio of the average velocity of the v
v,

(12-4)

S=-%
Vr




qtio modifies the relationship between Vo

i : id fractj
d in the previous section.  This wi| o tion ang

. W be showp with
Zl' Fig. 124 Figure 12-4a shows a two-phase Mixture flowing

e help i channel. A certain scction, be.:tween the dotted lines, smaly
n £ d a remain unchanged, is considered. '

slip T
Thcd velope

Fuel elements

Z==

(b)
FI1G. 12-4. Two-phase flow in a heated channel.

[n a flow system, the quality at any one cross section js defined by

_ _Mass-flow rate of vapor
© " Mass-flow rate of mixture (12-5)

Thus if the total mass flow of the mixture is m, (Ib,, /hr), the vapor-
flow rate is xm, and the liquid-flow rate is (1 — X)m,, where x is the

quality at the particular section in question. Applying the continuity
equation, the velocities of vapor and liquid are given by
v,m
V,= £ 1
g A,

and
V= Yl = x)riy
As
where A, and A are the cross-sectional areas of the two phases, perpen-
dicular to flow direction, if the two phases are imagined to be completely

separated rom each other (Fig. 12-4b). Combining the above equations
gives

L. (12-6)
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The void (raction in the section considered is the raiq of th
hase volume 10 the total volume within the scction. In the small Vipar,
r;r.c‘lfmncl considered, this is the samce a8 the ratio of cross. scelj
( i .

the total cross-sectional area of the channel S¢Cliony) ey
of vapor A, 10 C Thyy

X = __,iﬁ—-—

A}! -+ Af

A _l-a

o A, a
§ (|2.7)

Equation 12-4a now becomes
S = X | —a EE_

l-x a v (12.g)

This cquation can be rearranged to give a relationship between
x, including the cffect of slip, as @ anq

1 1
a = =
e ™
X 'Ug X
and |
X =
X ¢
where
i
= = §
; Uy (12-11)

Note that the relationship between a and x for no slip (S = 1) given by
Eqs. 12-3 is a special case of the general relationship given by Eqs. 12.9,

The effect of slip is to decrease the vaiue of a corresponding to a
certain value of x below that which exists for no slip.  This can be scen
if Eq. 12-9 is examined. At constanl pressure and quality, the factor
(1 — a)/a is directly proportional to . Thus, « decreases with S. A
high S is thus an advantage from both the heat-transfer and moderating-
effect standpoints. Figure 12-5 shows « versus x for light water at 1,000
psia and several slip ratios.

S has been experimentally found to decrease with both the system
pressure and the volumetric flow rate and to increase with power
density. It has also been found to increase with the quality at high
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but to decrease with it at very low pressures [122].  Figures 12-6
rcssureshow some of these effects. Figure 12-9 gives a versus xp//p,
to 12:8 $ lues of V2/D, where V; is the inlet velocity, at a pressure

jous va
r(}r3;aartlr(1)1 [123], from which S may be computed.
0

As a function of the channel length, S has been found to increase
'dl)sf at the beginning and then more slowly as the channel exit is
rap!

—
\ 150 psig —

\\
3 ~J
0.01 \\
°] 2 3 4 5
V;, tps

FIG. 12-6. Working curves [or predicting slip ratios
at 150 psig (Ref. 122).
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it lence seems to cause a sudden ;
4. At the exit itself, turbulence s en jum
?rf?l:ga;;zc of S. This effect is shown in Flg-. 12-10 “?4]. P
von Glahn [125) proposed the followmg empirical rclalionship
between x and a, based on much of the experimental data available 4
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FIG. 12-8. Slip ratio as a function of pressure for ¥; = 2 ft/sec and x = 0.05
(Ref. 122).
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overing a wide range of operating conditions and

jm¢ s:
lgc (.1
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X s
ontal data o thcorct'ical correlations for S covering all
and design variables do not now exist. In boiling-
values for S may be estimated from data that closely
of interest. In this a certain amount of individual
onch S cessary. Otherwise, experimental values of S under
ment 15 qs of a particular design must be obtained. This proc-
. conditio ive and lime-consuming but may be necessary in

'[nlltl
St - usua“y expens .. i
edure The importance of obtaining accurate values of S may best

im
- X erin X
EXD erating

ed® . those

n<eS. . .
some Cd}iisEZCd by the following: One step in the procedure of core
be Cmfl’ design in 10 sel a maximum value of « at the channel cxit.
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FIG. 12-9. Void fraction as a function of VD and x plp, for vertical tubes
(p = 32 atm) (Ref. 123).
This is usually determined from nuclear (moderation) considerations.
A corresponding valae of x, at the selected S, is then found from the
above equations. The latter determines the heat generated in the channel.
In design, the usual procedure is to assume a constant value of S
along the length of the channel. This, of course, is a simplification,
which may introduce further error into the results. In Fig. 12-10,
hO\f/evcr. S is seen Lo be fairly constant over most of the channel length,
indicating this assumption to be a good one.
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FIG. 12-10. Typical plots of slip ratio versus channel length .
(Ref. 124). gth at 114.9 psiy

12-4. BOILING AND NONBOILING HEIGHTS

A boiling fluid in a flow system, such as a coolant flowing through
the various channels of a boiling-reactor core, encounters several resis-
tances to flow, manifesting themselves in pressure drops. Two of the
largest are (1) the pressure drop due to friction (Sec. 12-5) and (2) the
pressure drop caused by the acceleration of the coolant that undergoes
an increase in volume as it receives heat in the channel (Sec. 12-6).
Other pressure drops are due to the obstruction of flow by submerged
bodies such as spacers, handles, tic plates, ete., and to abrupt changes
in flow areas, such as at entrances and exits 1o the core, downcomers,
etc. (Secs. 12-7 to 12-10).

In order to evaluate correctly the above-mentioned and other pressure
drops as well as the average density in a boiling channel (necessary,
among other things, for evaluating the driving head in a natural-circulation
reactor), it is necessary to calculate the nonboiling height in the channel.
The nonboiling height H, (Fig. 12-11) is that in which only the sensible
heat is added to the incoming subcooled coolant at the channel bottom.
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" oolant becomes saturated. The remainder of the channel
ec

A‘z;(ﬁmwhich boiling takes place and is called the boiling height Hy.
s that !

{1=H
1 r=rxe

'

x

=

o

J_leo [

FIG. 12-11. Vanation of quality
with height in a uniformly heated
channel.

Some subcooled boiling may, of course, occur in H, but will have little
effect on pressure drops or density. The ratios H,/H and Hyz/H may be
evaluated from the ratio of sensible heat added to total heat added in the

channel:
qs hf . h;
q  (he+ x.hp) -k

(12-13)

where g, = sensible heat added per pound mass of incoming coolant,
Btu/lb,,

gi=total heat added in channel per pound mass of incoming
coolant, Btu/Ib,,
hi= enthalpy at inlet of channel, Btu/1b,,
The ratio qs/q, is related to the height ratio H /H according to the mode

a&heal addition in the channel. In the case of uniform heat addition
8. 12-11),

-

o A (12-14)
q: H

aM%Wﬂ—%W-
Mrapolation |engyhs negl
Udded per unit length o

In the case of sinusoidal heat addition, with
ected, Fig. 12-12, the area under the g™ or ¢"(heat
[ channel) curve is proportional to gq,. The area



= H, s equivalent 10 4. Thus

(I—cos ”H”) (12-15
H £ 13)

hounded by z =0 and z

(/" gz sin (nz/H) dz

| —

—ls- = .-_‘77—/_’_’ =
i ],, g, sin (n=/H) d=
T
14
s ————J‘o’z
q ’
M
Ty
Ho / Area
proportional
N _d
Y Z'—'O

F1G. 12-12. Void fraction with
<inusoidal heat addition in a boiling
channel.
where ¢. is the heal addition per unit length of channel at the channel
center, z = H/2, Bu/lt. Hy/H (and Hy/H) may then be evaluated from
Eq. 12-15. |
For other modes of heat addition that can be represented by a simple
function, a similar procedure may be used. Otherwise, a stepwise or

graphical solution bceomes necessary.

12-5. THE FRICTION DROP IN A TWO-PHASE CHANNEL

The friction drop in a boiling channel of height H, (Apy)y, is com-
posed of friction due to single-phase (liquid) flow in H,, (Ap,,)y , and two-
phase flow in Hy, (Ap-,-,.),,ﬁ, or 0

(A= @pspu, + (Apreu,, (12-16)
Single-Phase Iriction

The single-phase [riction pressure drop in H, (Apsp)y is evaluated by
the standard methods used in single-phase flow, such as the Darcy
formula. Thus

Hy V2

(Apsp)y, =
H,=to D, 2.

(12-17)
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- friction factor in Ho, degendcnt upon average Reynolds’
qumber and wall roughness in H, dimensionless, (Appendix F)
- equiva[cnt diamcter_ of.channe], ft
¢~ average liquid density in H,, lb,,/ft?
ﬂ)’/": average liquid velocity in H,, ft/hr
’ ; conversion factor, 4.17 x 10% Ib,, ft/Ib, hr?
“be cvaluated, for linear change in density in H,, or for small
oling, quite closely from

whcre f 0

T m

l I /1 I
ﬁozf(pﬂrpf):j(;:ﬁLq) (12-18)

e subscripts i and [ again refer to channel inlet and liquid saturation.
wle fic volumes v; and vy are obtained at 1; and I, respectively.

S eCi
{?kccwii)se 7 may be evaluated from

-]
== Vit V}) (12-19a)

_ the velocity of the saturated liquid atz = H,. For a constant

where ¥,
area channel and steady flow,
= 1
°1 Vi(l +T—JI) (12-19b)
2 Ui
The average Reynolds number in H,, at which /o is evaluated 1s also
given by
Re, = Delolu _ Delip (12-20)
Ho to

where 7, the average liquid viscosity, is obtained quite closely from

I
o i+ ).

Two-Phase Friction

Two-phase flow friction is greater than single-phase friction for the
same height and mass-flow rate. The difference appears to be a function
of the type of flow (see Fig. 12-1), and results from increased flow
speeds. It is experimentally determined by measuring the total pressure
drop in a two-phase flow system and subtracting calculated drops due
o single phase in H,, acceleration (Sec. 12-6), and inlet, exit, contraction
and expansion losses (Secs. 12-7 to 12-10).

The two-phase friction drop in Hpg, (Aprp)i, is usually evaluated by
lirst calculating a single-phase pressure drop in Hp assuming that only
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saturated liquid of the samc total mass-flow rate exists in the ch
This is given by anne|.

Hs oY,
D, 2gc (12-21)

where [ is the friction factor in Hp, a function of a single (liquig

Reynolds number in A, D, Vil = DepiVilpy. )-phase
A two-phase friction multiplier, R, greater than 1, is then muly; li

the above to give (ApTp)H,: Thus Plied

(Apse)u,=/B

by
(Ap7P)H,
(Apsp)ny (12-22)

and the total friction pressure drop in the channel, Eq. 12-16, is now give
by "

R=

H, 5V2\  5(, Hs p/VJ
sppn= (i P70 4 R (fy 2 24
(Apu (0 D. 2z. /B D. 2z (12-23)

If the degree of subcooling is not too great, Eq. 12-23 could be written
with little error, in the form '

V? =
(Appy = ( p L1 ) (Hy + RHp) (12-24)

P
28D,

Many attempts at finding a correlation for R have been made with
varying degr.ees of success. The most widely accepted correlation is that
of Martinelli and Nelson [126]. It is based upon previous correlations
of two-phase turbulent flow by Martinelli and represents an extrapolation
of pressure-drop data obtained for isothermal flow of air and various
liquids at low pressures and temperatures. The Martinelli-Nelson
correlation is presented in the form of a chart (Fig. 12-13) giving Rasa
function of pressure and exit quality.

As seen, the Martinelli-Nelson correlation shows that R is a function
of quality and pressure but is independent of mass flow rate. While that
correlation is widely used at reactor operating conditions, an experimental
investigation by Huang and El-Wakil [127] on a two-phase flow loop with
electrically heated rods (simulating fuel elements) at low pressures and
consequently high void fractions (as would be expected in 2 loss of
pressure accident) has shown that the two-phase friction multiplier is 2
function of quality, pressure and also mass velocity at these conditions.
It has also shown that the Martinelli-Nelson correlation greatly under
estimates that multiplier under these same conditions. Figure 12-14
shows the two-phase friction multiplier at the relatively low pressures
of 25. 35, and 50 psia for various mass flow rates, a5 well as the
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FIG. 12-13. Martinclli-Nelson friction-multiplicr correlation (Ref. 126).

Martinelli-Nelson multiplier _und_cr the san?e conditi
Another correlation for R, given as a simple f}m
fraclion, a,, but onec that lacks a pressure term in
by Lottes and Flinn [128] on the basis of an annular-
uniform heating, and very low qualities. .
plots of measured values of R. versus vari
of operating conditions but with uniform
qualities, R is a function only of L/

[t was theorized then that the increased friction drop was due to the
increased liquid velocity caused by the reduced liquid flow area.
that 1/(1 — a,) is the ratio of the tota] chann

al the exit.  The friction in the annular-flow model considered would be
mainly due to the friction between the liquid and the channe| walls.

The above model is, of course, restrictive, and Lottes and Flinn
reported later [129] that their correlation represents most data more
qualitatively than quantitatively. Its derivation, however, is useful in

understanding some two-phase flow concepts and will be presented here.
Since the liquid velocity is variable along the channel, the Darcy formula
Is wrilten in the differential form:

ons for comparison,
ction of the exit void
i, has been derived
flow model (Fig. 12-1),
The model was conceived when
Ous parameters for a wide range

heat flux indicated that, for low
I — a,).

Note
el area to the liquid flow area

dz V}(z
dprp = /3 %— —f—(—)-

12-25
e 28, ( )
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Thcn p H
(APTP)HB =/3 2gch¢,_J.H Viz)dz (12-26a)

]

Vi(z) = speed of the saturated liquid at z, feet per hour and f = friction
wher¢ { Hy, assumed constant. To evaluate the integral, a relationship
factor If ), z and a-, the void fraction at z, will be obtained. From
petween ation, it can be shown that the mass-flow rates of the

tinuity €qu Ui
e con . and of the saturated liquid at z, m(z), are given by

jotal mixtures e

m, =V Apy

and .
iy(z) = (1 — xam, = Vi(2)A(l — a)p,

Vi(z) | —x.
i - (12-27)
where X: is the quality at z.
For small values of x, | —x=1. Thus
prVi J‘H |
A & Z |
(pmin=Jo2g D JH T ey (12-26b)

For the case of uniform heat flux, the quality is a linear function of z,
Fig. 12-11, or

z—H
= Xe ° (12-28)
Equation 12-10 can be modified, for small values of x, to
-
X, =—— n
Tl —a, v (1222
and similarly
(43
X, = £ .
T o (12-30)

Il §is assumed constant over Hp, Eqs. 12-28 to 12-30 can be com-

bined to give
z—an(l_ae)( a; )HB (12-31)
@, | — a,

— el
et ere T A TR ST T TN
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from which

B 2
dz=(l af)(l l ) Hpda,
@, — &, (12_32)

Substituting this equation in Eq. 12-26b gives

H Pfoz Tl —a |
(prp)g=fo 8 L (122} (LY
TP)Hg D, 2g.Jo @, | —a, da. (|2-26C)

The portion outside the integral sign on the right-hand siq
above equation is recognized as (Apsp)up EQ. 12-21. The ilne of the
therefore the two-phase multiplier R. Thus tegral g

ﬁz("“f) ( 1 )’da,
&g J O l—-a'z -
:(l—ae) —_l_( l )] a.=a
X, [ 3\l —a, ]a_:o
() 5 (==) -5
a, L3 | — a, B 3] “2‘33;1)

This equation can be rearranged to the more convenient form

. 1 Y
R=7 [l+(l—ae)+(l—a8)] (12:33b)

which is the Lottes-Flinn correlation for R.

Example 12-2. A 6-ft-high boiling-water reactor channel has an equivalent
diameter of 0.145 ft, and fuel cladding corresponding to smooth-drawn tubing.
eives heat sinusoidally and operates at a pressure of 1,000 psia, an exit
n inlet velocity of 3 fps, and inlet water temperature of
friction drop in the channel. Assume that the friction

It rec
quality of 8 percent, a
522°F. Compute the

multipliers apply to sinusoidal heating.
Solution. Using Eq. 12-13 and the steam tables (Appendix D),

g _ 542.4 — 514.3 _ 0351
q  (542.4 +0.08 x 649.4) — 514.3 -

Thus 0.351 =7(l — COSs -%Zi—)

aH
or 0 —-(.298
cOS H

from which H,/H = 0.404, H, = 2.424 ft, and Hg = 3.576 ft.
We now evaluate f, at a Reynolds number corresponding to the average flow
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sinH, The product p¥is constant along the channe|.

i The inlet ligy;
cond}“on (at 5220[:) IS I/'U,' — 1/00209 = 47847 Ibm/&] ThLIS quld
denslly Pi

D,piV; 0.145(3 x 3600)47.847
Reo""lfep l - l ) = 314,165
3 (ur + 1) 5 (0.233 1 0.244)
is evaluated by interpolation from Tgble E-1, Appendix. The relatjve
wher;n!;,;s corresponding to smooth-drawn tubing is 0.000005/0:145 < 0.0000345
ug : '
Tﬁms. from Appendix F,
/o =0.0143
| l
=—= =46.296 1b,, /1
= T 00216 m!t

1
ﬁo =% (pi + py) = = (47.847 + 46.296) = 47.072 1, /1

0.0216
0.02094

i

Ix

3.095

0

U
o=
!

o=l
=

(V4 V)= % (3 + 3.095) = 3.047 fps

| —

The single-phase [riction drop in H, is

- 172
rerl = . Hy, Vs — 00143 2424 47.072(3.047 x 3600)2
SPIH, D, 2g, 0.145 2x4.17 x 108
= 1.623 1b/ft2 = 0.0113 Iby/in?

To obtain the two-phase friction drop in Hp:

Dopi¥; _ 0.145 x 47.847(3 x 3600)
no 0.233

RCB =

= 321,580

For the same roughness as above, and at Reg, f3 is obtained from Appendix F.
Jp=0.0142

The two-phase friction multiplier may now be obtained from the Martinelli-
Nelson Chart, Fig. 12-13. Thus

R=238

The two-phase friction drop in Hp is

T 3576 46.296(3.095 x 3600):
@pradi,=R 1y Z8 2% _ 58 00142 (

D, 2, 0.145 2 x4.17 x 10¢
= 1.756 Iby/ (12 = 0.0469 Ib//in’

Thus the totq] riction drop in the channel is

(Ap)y = 0.0113 + 0.0469 = 0.0582 Iby/in?

Yy
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In the above case, the degree of subcooling is not too greay
at and yy,
e

computations may be simplificd by assuming all densities, viscosit ab
to be those for saturated liquid.  Thus » YISCOSities ang vcloci?ivc
es

P,I‘VJ? =
(Apy =f-5-7—;" (H, + RHp)
e=sc 112
46.296(3.095 X 3600)? 4
0.145 x 2 x 4.17 x 102 -376)
= 8.452 b/ [t* = 0.0587 b/ in?
If the Lottes-Flinn correlation were to be used under these condiy

of slip ratio should first be obtained, as from Fig. 12-7. (A mClhodmons' avalye
S values for pressures other than the 600 psig shown is outlined by?\zcorrccting
archate”e

and Petrick [122]) Say S=1.9.
Thus, for x, = 0.08, a, is obtained with the help of Eq. 129 359 486
100, Thyg

E——l—[l+(-——|——)+( ¥
3 | —0.486 1—0.486)] S

giving a total friction drop of 0.0493 psia.

12-6. THE ACCELERATION PRESSURE DROP

When a coolant expands (or contracts) because of heating, it
accelerate as it travels through a channel.  There will therefore E)e afaos o
F equal to the change in momentum of the fluid. ~This force e,qualsrCe
acceleration pressure drop times the cross-sectional area of the channa;1
This pressure drop is usually small in single-phase flow, but can be qu;.
large in two-phase flow. In reactor work where single-phase fluid cntcr:
the channel and two-phase fluid, with a high exit void fraction, leaves jt
the change in momentum is particularly important. In such a case '

nigV, + Mg Vee m,V;
8¢ 8¢ 8e

F=A4ap,Ac= (12-34)

where Ap, = acceleration pressure drop, due to change in momentum,
between inlet and exit of channel, 1b,/ft?

A= cross scctional area of channel, in square feet, assumed
constant
total mass flow rate and mass-flow rates of saturated liquid
and vapor, at exit of channel, Ib,,/hr
Vis Vies Voo = velocities of water at inlet, of saturated liquid and of satur-

ated vapor at exit, ft/hr

g. = conversion factor, 4.17 x 10® Ib,, ft/Ibshr?
Equation 12-34 can be written in the form

1, Mg, My =
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0- . . .
L (1 - .\'e)’nrlfe + XM, r{ge _m Vl'
Apﬂ = gcAc gcAc gcAc
ZE[(I —xc)lj'e'{'erge_' V;] (|2-35)
8

s velocity = total mass-flow rate per unit cr
= mas

0ss-sectional
) 2
where area of channel =71 /A, (Ib, /hr ft2), a constant

quantity,
m the continuity equation,
Fro | |
vy (= Xedmioy (1= )iy _ (= x,)Gy,
I-’}CT_T B Aﬁ’ (l - a’e)Ac | — @,
ﬂ’ (12-36)
X Gl
V.'gt’z ‘.e Ig (12-37)
Similarly, o
Vi= Gu,; .
and

{, = cross-sectional area of liquid at channel exit
where Aﬁ':speciﬁc volumes of saturated liquid, saturated vapor, and
U, Vg, Ui = subcooled liquid at channel inlet.
Thus
G2 (] _ xe)z xg ]
= Ur+—£ v, — v. (12-39)
Ap, g. [ l—cr,_, i £ !

@,

where x, and a. are related by Eqs. 12-9 and 12-10. Equation 12-39 is
e 8
usually written in the form

GZ
8c

where r is an acceleration multiplier, having the units ft¥/ Ib,, and given by

Ap,=r

(12-40)

r= [“——-ﬁ Uf-i—-x—‘z'- Uy — v,-] (12-41)
| - a, a

e
The value of r increases ra

independent of the mode
channel,

pidly with « and only slightly with S. It is
of heat addition (uniform, sinusoida!, etc.) in the

Example 12-3.
of Example 12-2.

Solution

Compute the acceleration pressure drop for the conditions

G=pV = 47.847(3 x 3,600) = 0.5167 x 10¢ Ib,,,/hr ft2

1= 0.08)l 0.08: ) i
= 02 : —0.02094 | = 0.0205 ft*/1b
[T:‘O_‘I_S_G—- 00_|6+ 0.486 0.4456 — 0.0209 m
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(0.5167 x 10%)?
\n = 00205
ap, =0 417 x 10°

= 13121/ = 0.0911 1y /iy

12-7. TWO-PHASE FLOW PRESSURE
DROP AT RESTRICTIONS

Two-phase mixtures commonly encounter sudden area ch:
as when they enter and leave fuel channels, pass by spacers ‘lngcs, Such
These can be grouped under the headings abrupt cxpunsionﬂ q'gd Ofbers
\raction. orifices and nozzles. The pressure changes asq‘otci rlum con.
these are usually small.  Their magnitude could, however \as i:: cfi With
circulation systems, be large relative to the driving x)rcssll;cq (Sc"‘dtuml.
and therefore must be evaluated as accurately as possible Si‘ncc 1L}' l4-4)
materially influence coolant flow rates and consequently power :)cy can

As with friction, these pressure changes are higher in lwo_ph“l‘llput.
in single-phase flow because of the increased speed of the li(lui(i -Cuathan
by the presence of the voids. It also follows that the larger th =t
fraction, the larger the pressure change. ¢ voud

In the analysis it is necessary to evaluate integrated momentum ang
Kinetic energy before and after the arca change. These, however, cannot
be evaluated with complete accuracy because detaited vclocil;/ distri-
butions and the extent of equilibrium between the phases are not well
known. Experimental data and empirical or semiempirical approaches
are often resorted to.

The following analysis assumes (a) onc-dimensional flow, (b) adiab-
atic flow across the area change, SO that x is constant, and (c) pressure
changes that are small compared to the total pressure so that prand pgdo
not change (incompressible flow).

The following continuity equations, derived with reference to Fig.

12-4b, will aid in the analysis.

]

In general, i, = pAV
= (1 - X, = (1 = @)pgd Y | (12-42)
and My = Xy = apgd v
l—x m [—x m
et I o7
—a, pf/ 1 @, pria (12.43)
and Vo= ._'"_'_ y = e
B, ped, B ay peds

S p— P s i
- \-M-'il‘—pw\'?—\“vmm.pf—n_ﬁ'1mm
s
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2 refer to before and after the area change

wher® . i analysis with the case of

e ctvely: found instructive to begin the analy b th ;

e il be 10 qssible flow, then follow up with the case of two-
i irlcom.pf‘ihe procedure that will be followed in each of the
This 1S

gngle P ree sections will deal with sudden expansions and

L, {low- .

> ﬂThc fO]lOW'”.1g th ifiees

case™ (ions and with ortices.
activim

contf

pHESSURE RISE DUE TO
suDDEN EXPANSION

ingle-Phase Flow

12—3.

e case of single-phase flow, in a sudden expansion, Fig. 12-15,
For thé ¢

Az
P2
A 2
2, a5
Vi
|
(o]
°© o OO
o o °
oD B
Dﬂau"q”ano o © , O 5 o]
o| @ o ° °
—4—>"9e o 4 o0 o 1™
el0 o o - ° o
:%oonﬂnno s] . 0 o
a © n o
o o o| ©
[e] 0 O

FIG. 12-15. Two-phase flow
in sudden expansion.

the Bernoulli energy equation, written for incompressible (p = constant)
one-dimensional* flow, is

2
P+l p 2V Y (12-44)
2gc 2gc Zg,_.

- Where the change in elevation betw
the terms have the dimensions of

Pressure loss because of v

symbol k s 4 dimension|

effiient. 115 value I8 0

M Which (he upstream pr

een | and 2 is neglected and where all
pressure. The last term represents a
iscous dissipation as the flow slows down. The
ess loss coefficient, also called the Borda-Carnot
btained with the help of a momentum balance
€ssure p, is assumed to still act on the expanded

3 .
Thjs iS . .
an g . .2 . . . i ‘
approximation, since (he flow in this case is not truly one dimensional.
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arca A, immediately after expansion, since the flow lipes
essentially the same as at section 1. Thus there ap,

pA;,—pA, = (V.- V)
gc (|2-45a)

with the help of the continuity equation m, = p4,V,, E
. . ) . 12-45.
written in the form 2o BQ- 12:45 may be

8¢ 8¢ (12‘45b)
Comparing Egs. 12-44 and 12-45b gives
S A AN 7

27gc 2g c 8¢ 2g ¢

V. Y, \? v, \?
k:l— —i p—1s = -2 - A|2
() () (-3 (%) o

giving the pressure-loss term as

BV pV =y
2¢. 2g. (12-47)

or

The total pressure change is obtained directly from Eq. 12-45b as

— p— Al _ Al : lez
pr—py =2 [Az (A,)] 22 (12-482)
1 ( 1 1 ) m?
=— -~ (12-48b
8¢ AlAz A% P )

or by combining Eqs. 12-44 and 12-46 to give

_p=vy  pV, = Vo) (12-48c)
2¢g, 28,

pz—Pl

Since A, is less than 4,, the right-hand side of the above equation s
positive, indicating a et pressure rise in the case of area expansion. This
can be considered to be made of a pressure rise due to kinetic-energy
change, obtained by putting k = 0 in Eq. 12-44 and given by the first term
on the right-hand side of Eq. 12-48c, and a pressure drop due to visco®
dissipation, given by the last term in Eq. 12-48c. This loss can be reduced
in magnitude if the expansion were made gradual, to avoid flow separation,
resulting in what is called a subsonic diffuser.

o
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Two-Phase Flow
(n two-phase flow, Fig. 12-15, several methods
n

the calculation of the total pressure change
for

 [130] compared four of thesc and recommended one by Romie.
‘\ . . . . .
Ll?“;’iQ a momentum balance is written Assuming, as in single-
l]-l . . 1 ,
L‘t‘,o\‘c. that p, still acts on A, immediately after expans

have been suggested
across a sudden expansjon.

phase
1on, as follows

’izfl l/I + ".le l/fu

m; V, m, V
— p?"'] + f' [' + £, £,
L 8. L. 8

Using the relationships of 12-43 and rearranging give

B8 i [y |
P:*p'—z P/ (|—n,).‘|,zl, (1 — a,)A?

SR
pe\a A\ A, ad]

To evaluate the above equation, a rel
needed. Based upon experiments by P
vertical columns near atmospheric press
was suggested:

pA; +

(12-49)

ationship between @, and a, is
ctrick with air and water in
ure, the following relationship

l
) 12-50
RRTNPRIIT —a)la,[(A,/4, )7 4 (12-50)

a decreases somewhat across an expansion, with the percent decrease

becoming smaller the higher the value of @, and the higher the area ratio.
Table 12-2 shows values of @, VS. a, computed for p,/p, ~ |, the case 9(
interest in reactor work. For area ratios 0.5 or larger, and high void

lractions, the change may be ignored, i.c., a, = a, = a, and Eq. 12-49
reduces to

(- ) [ ) o,
-pp=——=—\m + 2
ey 8c (AIAI A'.I* ' p](l - a) Pgt

As in single-phase, there is a Nel pressure rise across an expansion.

for the same mass-flow rate and areas, and since x 1s
pressure rise in two-phase flow, Eq. 12-51, 1s greatf:r
¢ flow, Eqgs. 12-48 and is larger the larger the void

The two-phase equation 12-51 can be reduced to the single
ation 12-48b by putting x =0 and a = 0.

[t can be seen that
Smaller thap a, the

than i single-phas
faction,

phllSC ¢qu
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TABLE 12-2

TWO p
- haSQ
Flg
W

Effect of Arca Expansion on Void Fractiop
in Vertical Air-Water Mixtures*

A, A, a,, percent a,, pereent Percent Change
10 74
-26
20 15.3
0.2 40 32.0 s
] 60 52.0 -133
10 9.0 N Dt
-10
20 18.0 -
0.5 40 36.6 8
60 57.0 _5'
_‘_-‘\

* From Ref. 130.

12-9.

PRESSURE DROP DUE TO

SUDDEN CONTRACTION

In both single- and two-phase flow; area contractiong result i
contracta of areca A, following the contraction (Fig. 12-16) N vepg

then expands to the reduced area 4,. The losses from the cont
to the vena contracta are negligibly small and the contractiop |4
assumed to be totally due to the expansion from the veng cont
where the fluid fifls 4,.

Ay
P
4

)

The flyjg
raCliOn
sses are
racta to

Vena
conracta

FIG. 12-16. Two-phase flow in sudden con-

Single-Phase Flow

Again, it is instructive to begin with single-phase flow. The pressure
change in sudden contraction is given by a Bernoulli equation, similarto

traction.

y




Flow

a0 PP 981
w . _

4 of sudden expansion, except that, since the losses are from the
£q 12-4 (racta 10 the reduce area, the loss term is customarily given in
vena corﬂth'c downstream velocity.  Thus

0
erms 2 2 2
p,+ &t =p, 4+ B 4y PV
2g. 25" :_’_gl
/1 [/'1) 72
_ei- Lk LY .
P] - ]JI - :g‘ A 2“30 (12'521|)
" = [I—(I\'-H)(“’:)1 pV: [2-52
N A,/ 1 2g, (12-52b)

L the dimensionless loss-coefficient, is here a function of Ay and A, and

A, 2
k= (Tn = ) (12-53)

Gince A, is oL known with certainty, & is usually given by
Ince Ag 1S

k=a [1 —(%)2] (12-54)

where a is a dimensionless number, less than unity and re
petween 0.4 and 0.5. Using 0.4 and combining Eqs.
and rearranging give

_M_oc;[]_(_"_z_)l]& 255
AT Vo B P

i givcn by

ported variously
12-52a and 12-54

and since A, V, = A,V,,

: 1 2
p:—p.:——-—”“’ag V) 404 f’\('flzg Vi) (12-55b)
C C

The above equation shows that the pressure change in sudden exp
is composed of a change of pressure due to change in kinetic energy and
a loss term, which, in this case, is 40 percent of the kinetjc energy term.
Since ¥, > ¥, both terms are negative, so that sudden contractions result
inapressure drop.  The above equations can be written in the convenient

ansion

forms
Pr—p, =14 [l — (i)z] T144 (12-55¢)
A, 2g.
and P:—P.=0;7( l’ _ l).‘f’i (12-535d)
gt' Ai Ai P



352 TWo-Phagq Flow

Two-Phase Flow

In two-phase a was found to be more nc_:arl.y 0.2 [139]_ Also the v
i< able to accelerate more readily than the liquid, resulting in 4 consi dcrapb0|
decrease in the void fraction at the vena contracta. - Beyond g, e e
contracta, however, shear forces between liquid and wall apgq b
liquid and vapor steady the flow and cause @, 10 assume sybg
the same value as a, so that @, = a; = a. If p is replaced by th
of the two-phase mixture

lanlia“y
¢ dcnsity

p=(1—-a)p+ ap, (12-56)

and the product ap, is ignored, being relatively small at Pressures
removed from critical, and if the pressurc losses are attribute ar

liquid alone, the pressure change in two-phase flow would be giv:nt]g;
A, V1~V
. — =1. l — 1 \ 1 _
P2 — Py 1.2 [ (Az)] zgc ( @) (12‘5721)
or with the help of Egs. 12-43, by
B _O.6(1_1),~h;(1_x)z
b g \At A} pr (1-a) (12-57b)

Since A, is less than A4,, contractions result in pressure drops in bog
single- and two-phase flow. A comparison of Egs. 12-55 apqg 1257
shows that for the same mass-flow rate and areas, and for most values
of x and o encountered in reactor work, the two-phase contraction pres-
sure losses are larger than in single-phase and are larger the larger the
void fraction.

12-10. TWO-PHASE FLOW IN ORIFICES

In general, the main object of orifices is to measure flow rates, which
are functions of the square roots of pressure drops across them. Orifices,
“however, approximate many flow restrictions, such as spacers in reactor
cores and others. It is the intent here to evaluate the pressure drop
across orifices.

Single-Phase Flow

Starting as usual with single phase, the mass-flow rates for liquid and
vapor are obtained from the continuity and energy equations, and given
by the well-known equations

my = Ay\/2g.p/(Apsp)y (12-58)

e, 1
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My = Ag\/2g.p.(Apcn
;llld g 0\/ g P!.( Psi )g (12_59)
- A,
wher¢ fem | A, '\ (12-60)
- (Lo
( A (.)

(Aps) 1S the singlcl—“phusc pressure dfop, Ay, and A, are the cross
scclioﬂﬁ‘ arcas of l_hc orl‘hcc and cha'lnnel, Fig. 12-17, and Cy is a coefficient
of discharge, obtained Iron.1“cxpcr1mcnts or published data [131] and is
o function of the type of orifice, pressure-Lap locations, etc.

Channel __l_ Orifice

area, area,
"ic _T' Ay
FIG. 12-17. Channel with thin plate
orifice.

Two-Phase Flow

[n two-phase Mow, two similar expressions can be written for coexistent
liquid and vapor phases ol the above mass-flow rates as

my = A :',r \/2gcpf(Apr)j (12-61)

and My, = A 0, V280 (ApTp), (12-62)

(dp7p)y and (Apyp), are the two-phase pressure drops due to liquid and
vapor respectively. A oand 4 og ATC given by

A

Ay = Cy e (12-63)
()
A,
; A
and Ay =Gy O (12-64)

Ve

Ae
Where A, and 4, are the flow areas within the orifice occupied by liquid
and vapor respectively. Thus
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(Aot Ayp)

)
A

and since 4, + Ao, = A,, comparison with Eq. 12-60 gives

Ay + Ay, = 4,

Ag+ Aoy = Ca

(12-65)
Assuming C, does not change materially, Eqs. 12-58 to 12-62 cap be
combined with 12-65 to give

A/ (8pse) 1/ (Apsr)e _
(Apre)y (ApTP)g

Noting that (Aprp)r and (Aptp), must both be equal to a two-phase
pressure drop Aprp, the above equation reduces to

\/Z}); =/ (Apsp)r + V(Apsp)g (12-66)

Aprp is therefore simply obtained from calculated pressure drops of the
liquid and vapor phases as if they were flowing alone through the orifjce.
Their respective flow rates are obtained from the total flow rate ang
quality.

Experimental work by Murdock [132] on a wide range of operating
conditions, showed that the above equation should be modified to

VApre =1.261/(Apse) + /(Apsp)g (12-67)

12-11. CRITICAL FLOW

When the back pressure p, is reduced below a constant upsteam
pressure p, in a flow system, line 1 in Fig. 12-18, flow begins and a pressure
gradient is established in the connecting channel between p, and a
pressure p, at the exit of the channel. The flow increases as p, is reduced
further, line 2. p, remains equal to p, to a point. This point, repres-
ented by line 3, is reached when p, is reduced sufficiently to cause the
flow velocity at the exit of the channel to equal that of the speed of
sound at the temperature and pressure at the exit of the channel, V'*
At that point the mass flow attains a maximum vajue.

Further reduction in p, results in no further increase in mass flow
rate or decrease in p,, lines 4 and 5. The flow remains at the above
maximum value and is said to be critical. The channel, and flow, are
also said to be restricted or choked. As py is reduced and p, remains
constant, free expansion of the fluid between p, and p, occurs outside the
channel and the flow takes on a paraboloid shape there.

B i e

PR Y L,
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FIG. 12-18. Critical flow model.

This phenomenon occurs in both single- and two-phase flow. It has
been well studied in single-phase, particularly gas flow, both theoretically
and experimentally. It occurs, and is utilized, in many flow and meas-
uring systems. In two-phase flow, serious theoretical and experimental
studies of the phenomenon have been made only in recent years, although
the phenomenon has long been observed in boiler and turbine systems,
flow of refrigerants and rocket propellants, and many others.

[n nuclear work, the phenomenon is of utmost importance in safety
considerations of both boiling and pressurized systems. A break in a
primary coolant pipe causes two-phase critical flow in either system since
even in a pressurized water reactor, the reduction of pressure of the hot
coolant from about 2,000 psia to near atmospheric causes flashing and
two-phase flow. This kind of break results in a rapid loss of coolant and

s considered to be the maximum credible accident in power reactors built
lo date.
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30 Flg,,
The loss of coolant exposes the core to o steam eny
when the reactor is shutdown in time, the decay of on !
would. in the absence of adequate emergency cooling, relenge \‘p"}“du
encrgy to heat the cladding to a temperature at which Chl(l(“l:hl
steam chemical reactions can take Ipl:lcc. The combipeg dcb‘.
chemical reaction heating may result in core melting,  Aq cv;llu% 7 g

the rate of flow in eritical two-phase systems is therefore of impq

Tonmey,
[issi

for the design of emergency cooling and for the dc‘cr‘“inmion flang,
extent and causes of damage in accidents. of the

12-12. SINGLE-PHASE CRITICAL FLOW

Again it is instructive to begin the analysis with single-
Compressible, onc-dimensional horizontal flow with ng
teansfer will be assumed.  The continuity and momentum

PhllSc flow
Ol'k or hc“[
ql]ﬂllons are
m=pAV

' (12:63)

" .

and dpA) + — dV = dF

G g (12-69)

where Fis a frictional force, A is the cross-sectional are:

pressure. lgnoring friction (isentropic flow) and combini
two equations yiclds for constant A:

v . 8 _
dp  pV (12-70)

HIId p is lhc
ng the aboye

The continuity equation is now differentiated with respect to P (with
dA/dp = 0) to give

L odin | dp 1 dV
T + = == (12-71)
m dp p dp V dp

When critical flow is reached the mass flow rate becomes a maximum,
Myaxs and dm/dp = 0 in isentropic flow. Thus

| dv _ 1 dp

Vo dp p dp

or dv - ""umx dP
dp pid  dp

(12-72)

Combining Eqs. 12-68, 12-70, and 12-72 and rearranging give

..........
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".1max 2___ , dp
( y ) Eep —d—p- (12-73q)
bove equation is written in the more usug| form
The 2
2 __ dp
Ghax = — g P (12-73b)
« G is the mass 'vclocity m/A anq v the specific volume (v=p,
Whifu =-p) Equz.ltlon I2-:73b. 1S l.dCﬂtlcal to the equation for the speed
d;-]/souﬂd in isentropic flow, indicating that sonjc velocity is reached in
0
iog] flOW. . :
Crmz\a‘/c shall now consider the energy equation (no heat transfer or work)
vdv
dh + =0
o (12-74)
which integrates (o - -
=N —_——
] + T, (12-75)

here h and h, are the specific enthalpy and Stagnation enthalpy of the
H’Ui d and J is Joule’s equivalent, 778.16 ft Ib/Btu. Thus

V= 2gcJ(ho — h) (12‘76)

The above equation applies whether the process is reversible or not,
For an ideal gas dh = ¢,dT, so that it becomes

V=\2gJc,(T, - T)

= \/2gclc,,To (1 - —Z) (12-77)
T,

where T, is the stagnation temperature. Recalling that for an ideal gas
TIT,= (plp)?~"'7 (reversible) and p = p/RT = (Po/RTy) (p/py)''?, where

p is the ratio of specific heats, and applying the continuity equation,
Eq. 12-77 becomes

' rH1
i =i‘£z\/ 2%.Jc,T, [(i)”” = (ﬂ-) ' ] (12-78)
RT, Po Po
where p, is the stagnation pressure and R the gas constant. Thisequation
plots as abd in Fig. 12-19 if the pressure ratio p/p, were assumed to vary
between 1.0 and 0. However, only the back-pressure ratio Ps/p, can
vary between 1.0 and 0. The channel exit pressure p, follows p, as it is
lowered until it reaches the critical value pS indicated by the critical
pressure ratio ry = pf /p,, Fig. 12-19, and remains fixed for all values of
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Mmax

1.0

Po/Po
F1G. 12-19. Effect of pressure ratio on mass-flow ra(e

py below this as indicated earlier. Also, the mass-flow raye :

Pulp, is lowered, reaches its maximum value - r*clncre €5 ag

fixed for all values of py/p, below r¥. The actug] flow ¢y and (eMajpg

is abc in Fig. 12-19. The flow between b and again isrve’_t_herefore

tricted, or choked. * > Critical, e,
The value of rJ can be obtained by differentiatin

: g hin
respect to p and equating to zero.  This results in Eq. 1278 Wilh

. ( 2 )V/(V-l)
ry =
I (1279
A representative value of rf is 0.53 for air at |ow tem
(p=1.4). Thus if the upstream pressure is 100 psia, for ex e

ample, 3 hyoy
flow.  Whje
APProximate

pressure of 53 psia or lower would cause critical or choked
steam is not a perfect gas, r; for single-phase steam flow is
from the perfect gas relationship Eq. 12-79 by replacing  with 131

superheated and supersaturated or metastable (a case where actuai Coor
densation lags behind theoretical condensation in rapid €Xpansion) Slean:.
resulting in an r; value of 0.545. ’

- 12-13. TWO-PHASE CRITICAL FLOW

For frictionless liquid and vapor flow, the momentum equations, for
the same pressure drop, are

1 :

c

or d(pA)) + gl d(pAV3) =0 (1240)

(4

and d(pA,) + gL d(pgA V) =0 (1241

c

BN
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™
w the flow areas, densities and mass-flgy rates of liquid anq
where 10 variable. The above equations are added to gjye
are
1

dp=—— y dl(pA,V7) + (pgd V)]
o

vipal

(12-82)

{;+A. =4, the channel total areg. Using the continuity equa-
r:-héff_{-]r! the two phases, Eqs. 12-43, and the relationships 4 ¢/d =aand
no;; i (1 - a), Eq. 12-82 becomes
.'{.'"" = )

G* | — x)2 x?
dp=— — [‘(————— + ——-] (12-83a)
& Lp(l-a) " po
here G is the total mass velocity m1,/4. and x and a are
wine N

id fraction respectively. Using the lumped mode] of F
-ml{lhoxm that the specific volume of the mixture js relate
be 8

the quality and
12. 12-4b, it can
d to v and v, by

Vo 5 l —x __1—x (]2,343)
i pr(l — @)
X X 2.%.
y voy X o X (12-84b)

w0 that the quantity between the brackets in Eq. 12-83a is simply equal
v Equation 12-83a reduces to

Goe. — g,__d_df) (12-83b)

which is identical in form to Eq. 12-73b for single-phase flow.

12-14. TWO-PHASE CRITICAL FLOW IN LONG CHANNELS

Itis assumed, as in singe-
the pressure grad
long channels, r
Quilibrium bety
into vapor as the
ol the mixture
lion of both x ap
Vllues of § there

phase flow, that critical flow occurs when
lent at channel exit has reached a maximum value. I_n
esidence time is sufficiently long and thcrfnodynamlc
een the phases is attained. The liquid partlglly flashes
pressure drops along the channel, and the spemﬁ_c volume
allains a maximum value at the exit. Since v s a func-
d a, it must be a function of the slip ratio S.  Different
forc1 result in different values of G. Maxi{num pressure
SRdient (ang maximim G) are therefore obtained at a s_hp ratio “;ihl:n
I35 = o, This model, called the slip equilibrium model, is Suggt:;te th
ka"' “33]- L assumes thermodynamic equilibrium between the

Phases, ang therefore applies to long channels.
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q. 12-8, is now combined with v, the quantity ;
in th,

The slip ratio, E s b
a. Lo climinate a, gIVINg

brackets in Eq. 12-83
_ Ly (1 = )8 + vpxl [T+ x(S=1)]
S . ,, ) (12.85)
aU 2 ( U )
thus FES (x )\ S? (12-86)

Equating the above to zcro, the value of S giving maximum floy, S -
2 s 1§

s* =1/ &
Uf (12'87)

now be obtained by combining Eqgs. 12-83b and 12-85 o
— 8¢

_ 5’; {_;_ [o,(1 = )8 + vx] [1 4 x(S - l)]}

Grax €an

2 —
Gmax -

giving finally [102]
dv
e (R

dx
¥ * —ZS* — 2xS*2 *2
+ [0, (1 4 28%x = 2x) + vy (xS xS*? + §*7)] Tp} (12:8%)

in which the term du//dp has been neglected. The value of du,/dp can
be approximated as Avg/Ap for small Ap at p, or obtained from Fig. 12-2)
for the water-steam system. The value of dx/dp at constant enthalpy is

obtained from

h = hy+ xhy
Rearranging,
_h- h
x=—-1 L
n (12-89)

Differentiating with respect to p,
Z_; _ d(hihy,) dp — d(hylhg) 1dp

] dh dh dh dh
_ h _—h_ﬁi)-(h dhy _z&)]
() [( Bap T dp %y T dp

The enthalpy of the water-steam mixture will not change with pressure,
so that dh/dp =0. Using hj = h, — hy, so that dhy, = dhy — dhy, we can
rewrite the above equation in the form
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(12-90)

2000 3000 ‘ )

12-20. .
Some thermodynamic properties of saturated water and steam,
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water-stcam system. The value of x is obtained from the ¢p,

tion 12-75 written for the two phases as follows €Ty equ,.
Vi 2
hy=(1-x (h +—f)+x (h + 2

7o = ( ) { Ay 2g.J 4 2g.J (I2-9|a)

This equation can be rewritten in terms of mass velocity G and sj;

S as P Tatio

GZ

hy=(1 —x)he+ xh, +
. TR g

[(1 — x) Sy, - xvglz[x +
32

(12:91p)

]

where vy, hy, v, and hy are evaluated at the critical pressure. The|

can be determined from experimental data by Fauske [134]. Thiszltcr
was run on 0.25 in. 1D channels with sharp-edged entrances havingh;n a}t::
to-diameter, L/D, ratios between O (an orifice) and 40, and s believcf]{t~
be independent of diameter alone. The critical pressure ratjo was foy ;
to be approximately 0.55 for long channels in which the 1 p ra:]'d
exceeds 12, region IIT in Fig. 12-21. This is the region in which 1;1:

06 = =
Iy [ [ [ | |
| i &—1 |
s 1 R | L/0=40—
— | .
()
< b o !
04— [ B ' o
e / |
& 03— | Data [Initial Press., psiq
o O g | O  Low (100-500) o
2 | O  Intermed.(700-1200)
Zoz|- l & High (1200-1800) =
5 | ® ' ¢
L [ |
S 01 Region I Region | Region o
1 | I | o
S A L T S N M N B N
2 4 6 8 10 12 14 16 18 20

Length/Diameter Ratio (£/0)

FIG. 12-21. Experimental critical pressurc ratio data as a function of length /
diameter ratio (Ref. 134).

Fauske slip-equilibrium model has been found applicable. The critical
pressure ratio has been found to vary with L/D, for shorter channels,
but appears to be independent of the initial pressure in all cases.
Solutions for the set of equations defining the Fauske slip-equilibrium
model have been prepared by Fauske and are presented in Fig. 12-22.
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10°F

Mass Velocily, |bp, /sec t12

T Tl

N i 1 i |
0o 1 2 3 4 5 6 7 8 9 10 11 12 13
Stagnation Enthalpy, Btu/Ib, X 102

FIG. 12:22. Predictions of critical steam-water flow rates with slip equilibrium model
(Ref. 134).

The critical fTow is described by the local conditions at the channel exit.
The flow is seen to increase with increasing pressure and with decreasing
quality at the exit.

The Fauske model assumes thermodynamic equilibrium (no metas-
tability, below), a case which due to the duration of flow, applies to long
flow channels. Experimental data by many investigators showed the
applicability of the Fauske model to L/D ratios above 12.

12-15. TWO-PHASE CRITICAL FLOW IN SHORT CHANNELS

Flashing of liquid into vapor, if thermal equilibrium is maintained, occurs
45 s00n us the liquid moves into a region at a pressure lower than its saturation
pressure.  Flashing, however, could be delayed because of the lack of
nuclei about which vapor bubbles may form, surface tension which
elards their formation, due to heat-transfer problems, and other reasons.
When this happens, a case of metastibility is said to occur. Metastability
oceurs in rapid expansions, particularly in short flow channels, nozzles,
and orifices,
The case of short channels has not been completely investigated ana-
cally. The experimental data obtained in [134] covered both long and
ot lubes, 0 < L/D < 40. For L/D between 0 and 12 the critical pres-
I ratios depend upon L/D, unlike long channels, Fig. 12-21.
rL‘s'dFor or.iﬁce.f (L/D =0) the cxperimental c‘iata ShO“:’tf.d lhzl't because
ldence time g short, Mashing occurred outside the orifice (Fig. 12-23a)

Iyt
sh
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%‘r_
_&“E—_——
7"’//7/{’/6""’
Orifice, L/0=0 0<L/D=<3 3<(/p<
Outside flashing Surface evaporation Core breuklz
up
(b) (¢)

(al
FIG. 12-23. Two-phase critical Mow in orifices and short channels.

and no critical pressure existed. The flow is accurately determined fro
m

the incompressible flow orifice equation
G =06l \/ZEcP(Pu — Pb) (12,92)
12-21, 0 < L/D < 3, the liquid immediately speeds

ble liquid core jet where evaporation occurs
The flow is determined from

For region I, Fig.
up and becomes 4 metasta
from its surface, Fig. [2-23b.

G =0.61/2gp(Po — Pc) (12-93)

is obtained from Fig. 12-21.
3 < L/D < 12, the metastable liquid core breaks up

h-pressure fluctuations. The flow is less than
Figure 12-24 shows experimental

where p,

In region II,
Fig. 12-33c, resulting in hig
would be predicted by Eq. 12-93.

critical flows for region II.
All the above data werc obtained on sharp entrance channels. In

rounded-entrance channels the metastable liquid remains more in contact
with the walls and flow restriction requires less vapor. ForQ < L/D <3
channels, such as nozzles, the rounded entrances result in much higher
critical pressure ratios than indicated by Fig. 12-21 as well as somewhal
greater flows [135]. The effect of rounded entrances is negligible for
long channels (L/D > [2) so that the slip-equilibrium model can be used
there. The effect of L/D ratio on flow diminishes between 3 and 12.

The condition of the wall surface is not believed to affect critical flow
in sharp-entrance channels, since the liquid core is not in touch with the
walls and evaporation occurs at the core surface or by core breakup.
It will have some effect on rounded-entrance channels. The existence
of gases or vapor bubbles will affect the flow also, since they will act as

nucleation centers [136].




W
< Flo 365

=

TI!C'?ha'
.-’.//—
Q a':ﬂj::‘.‘ fo)
i s /0= o) /
al/d=8
;)/

wn

Max masavolocity G, by, /sne (VY 4107

0 5 10 15 20
Stagnation pressure 1% pst X 1072

Expaimental two-phase critical flow rates for region Il of

FIG. 12-24. 1
Fig. 12-21.

PROBLEMS

[2-1. Water enters 2 6-fi-long uniformly heated l-in. tube at 460°F and
g0 psiz.  The entrance velocity is 2.5 fps. Neglecting pressure losses in the
ael. determine the maximum heat input, in Btu/hr ft of channel length, if
tion is not to exceed 60 percent.

[2-2. A boiling-water reactor operates at 600 psig. In one of its channels
iz inlet velocity 15 1.4 fps, the heat generated is 3 X 10¢* Btu/hr, and the total
svolant flow is 76,000 Ib, /hr. The incoming water is | 1°F subcooled.  Estimate
ke exit void fraction in that channel.

12-3. A boiling-sodium, graphite-moderated reactor core operates at an
sverage pressure of 15.4 psia. The average slip ratio is 4. Sodium enters the
core at 1140°F and leaves with an average void fraction of 80 percent. Deter-
mine the amount of heat added per pourd mass of coolant.

124. A boiling-sodium reactor channel, | in.? cross-sectional area, operates
it an average pressure of 9.153 psia. Subcooled sodium enters the channel at
1900 °R and 20 fps. 2.37 x 10® Btu/hr are added in the channel. The exit void
Iraction is 96 percent. What is the slip ratio?

12-5. A 12-fi-high boiling-water reactor channel operating at 1,200 psia
with sinusoidal heat generation has a nonboiling height of 4 It. The inlet water
1527.22¢F subcooled. Find the exit quality of the channel.

126. A 6-ft-high boiling-water reactor channel operates al an average
pressure of 700 psia. Water enters the channel 23.1°F subcooled and leaves

s
Lol

k2 exit void frac
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i Iculate the nonboiling and boilip hei

i t stcam quality. Ca ) ; ] g heightg
#n}?e; ?s paiirccizg along the channel (a) uniformly and (b) sinusoidally. Neglec
|

ion lengths. .

the e;(;r;lpoktéfg_:igi boiling-water channel operates at 700_psn§a average, 23, |op
sub oolil:lg and 6 percent exit quality (as above). The VO.ldS in the Upper pary
:,L; lchc cha;mcl however, cause strong neutron-flux depression there, sg that (he

axial flux distribution is represented by

. nZ
- Ce— nzlH sin —
¢ H

where Cis a constant, z = 0 indicates the channfal entrance, and H is the channe)
height. Find (a) the height z at which the flux is maximum, (6) the valueof iy
terms of the maximum flux, and (c) the nonboiling and boiling heights.

12-8. A S5-ft-high boiling-water channel is 4.25 in. by 045 in, i, Ccross
section. Heat is added sinusoidally at an average pressure of 600 psia. Water
enters the channel 5 Btu/Ib,, subcooled at 2 fps and leaves with a voig fraction
of 32.9 percent. Neglecting the extrapolation lepgths, calculate the power
density in kilowatts per liter of coolant volume (a) in the entire channel ang (b)
in the boiling height only.

12-9. A boiling-water reactor channel operates at 1,000 psia, with 19 6oF
subcooling and 10 percent exit quality. The acceleration pressure dropis0.] psi.
The slip ratio is 2. Compute the amount of heat added in the channel in Bty /hy
if the channel cross-sectional area is 3 in.2.

12-10. A 4-ft-high boiling-water channel is 4.5 in. by 0.5 in. in cross section.
It receives heat uniformly at the rate of 3 X 10* Btu/hr ft2 of wide sides only.
The average channel pressure is 1,200 psia. Water enters the channe] saturated
at 2 fps. For a slip ratio of 2 and a friction factor of 0.03, calculate the friction
and acceleration pressure drops in the channel.

12-11. A 5-ft-high boiling-water channel has an equivalent diameter of 0.5 in.
Water enters the channel at the rate of 2 x 10* Ib,,,/hr at 10 fps (forced circulation),
22°F subcooled. Five Mw(t) of heat are added sinusoidally in the channel. The
slip ratio is 1.8, and the average pressure is 900 psia. Neglecting the extrapolation
lengths, calculate the friction and acceleration pressure drops. Consider the
cladding surface to correspond to smooth-drawn tubing.

12-12. A 12-ft-high BWR channel operates at 800 psia and 18.23°F subco-
oling. The nonboiling height is 4 ft. The slip ratio is 2. The exit quality is ‘
20 percent. The friction factor is0.015. The equivalent diameter in the channel *
is 0.14 ft. (a) Find the acceleration pressure drop if the friction pressure drop ?
is 10 Ib/ft>. (b) Find the power generated in the channel in Mw(t) per [t? of
channel-flow area.

12-13. A boiling-water channel has a cross-sectional area of 0.025 ft. It
operates at 1,000 psia, receives saturated inlet water and has an exit quality of
10 percent. The slip ratio is 3. The acceleration pressure dropis0.1 psi. How
much heat is generated in the channel in Btu/hi?

12-14. A 10-ft-high channel in a 1,000-psia boiling-water reactor generates
2 x 10* Btu/hr uniformly. It has an equivalent diameter of 0.15 ft. Theinlet

J
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252 velocity of 6 fPS anc‘i is.24.610F st}bcooled. The water mass-flow rat
water b /hi and the slip ralio is 3.0. Find the friction pressure drop in th e
s nel ifThC friction factor is 0.015. at
chan

215 A vertical fuel element in a bqiling-watcr reactor is in the form of a
lindrical shell 2in. ID.  Water ﬂow:r}g upward enters at core bottom 220F
) The inlet water speed on the inside of the

_ ; ‘ : cylinder is 3 fps. Th

g pressure within the element 15‘900 Psia.  The portion of the heat genc:
a\'ﬁéfy the element and conducted radially inward is 0s Btu/hr.
alé

) The slip ratio
.10, The element support at the top is such that there is sudden reduction
s 20 inside diameter to 1.7 in., followed by a sudden expansion back to 2.0 i,
in {helate the net pressure change due to this obstruction. The obstruction may
o sidered long enough so that the pressure changes are additive, g
bccolr;__lﬁ. A 2-in.-diameter, two-phase flow channel has an
(he form of a concentric I-in.-diam. disk. The pressure dro
- is 0.1 psf at a total mass-flow rate of 124.3 Ib,,/hr, and a
l\:\?r?at is the quality at the obstruction? Take Cp=06. Th

12-17. 100 lb,,/hr of saturated water enter a I-in
4 1,000 psia. At a point whcrc_3,24.7 Btu/hr have bee
a restriction in the form o'f a 0.2-in.-diam. orifice exists.
drop due to the restriction if Cp = 0.6..

12-18. A PWR pressure vessel is connected to a heat exchanger via a long
pipe. The pressure in the vessel i§ 2,000 psia. A break occurred at the end of
the pipe. Al the break, the quality was found to be § percent. What is the
void fraction at the same location?

12-19. A small hole, 0.02 ft*> in area, developed in the core shroud of a
natural-circulation BWR.  Two-phase mixture at 800 psia and 10 percent quality
spilled into the downcomer. The downcomer is at 799 psia. The coefficient
of discharge through the hole can be taken as 0.6. What is the rate of spillage
in by, /hi?

12-20. A 12-in.-diam. primary coolant pipe carries 2,000 psia, 560°F water
from the pressure vessel of a PWR. A sudden clean break is presumed to have
occurred 2 ft. from the vessel. Calculate the initial rate of coolant loss in Ib,,/sec.

[2-21. A PWR operates at 2,000 psia and 580°F average water temperature.
The outlet pipe is | ft in diam. A sudden break occurred about 20 ft from the vessel.
The break is clean and perpendicular to the pipe axis. The back pressure is

Umospheric. - Calculate the rate of coolant loss in Ib,,/séc at the instant the
break occurred

obstruction in it jn
P due to the obstruc-
pressure of 600 psia.
€ fluid is water,
-diam. boiling channe]
n added in the channel,
Calculate the pressure




