
h,, = enthalpy of vaporization, 
B.t.u./lb.-m 

h,.” = stagnation enthalpy of mixture 
entering test section, B.t.u./ 
1b.-m 

J = mechanical equivalent of heat 
P = pressure, lb./sq.in.abs. 
P ,  = critical pressure, lb./sq.in.abs. 
P , ,  = pressure at  test section exit, 

P o  = expansion chamber pressure, 

V = specific volume, cu.ft./lb.-m 
V, 

X = vapor quality, % 
x” = weight fraction steam 
X,, 

lb./sq.in.abs. 

Ib./sq.in.abs. 

= vapor specific volume, cu.ft./ 
1b.-m 

= vapor quality at  exit based on 
an energy balance with the 
homogeneous model [Equa- 
tion ( 5 ) ]  
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A Study of Carry-Under Phenomena in 

Vapor Liquid Separation 
MICHAEL PETRICK 

Argonne National Loboratory, Argonne, Illinois 

In  systems where the circulating 
coolant is boiled, it becomes increas- 
ingly difficult to achieve effective prim- 
ary separation of the phases as the sys- 
tems volumetric capacity decreases 
and power density increases. When it 
is desired to effect this separation by 
purely natural means (gravity), the 
problem becomes acute. It is virtually 
impossible to effect a complete separa- 
tion of the phases without the use of 
mechanical devices. A certain fraction 
of the vapor phase will be entrained in 
the downcomer with the recirculating 
liquid phase. The fraction of the vapor 
phase that is entrained in the down- 
comer is generally referred to as the 
percent carry under. 

In boiling systems where the fluid 
flow is derived by means of natural 
convection, the carry-under problem 
can become especially crucial. This 

Work performed under the auspices of the US. 
Atomic Energy Commission. 

stems from the fact that the recircula- 
tion flow rates are a function of the 

Fig. 1 .  Bubble trajectory in the reparatian 
plenum. 

density difference existing between 
the upcomer (riser) and downcomer 
segments of the system. Should sub- 
stantial quantities of vapor be entrained 
by the circulating fluid in the down- 
comer, the performance of the system 
could suffer significantly. Forced cir- 
culation systems could also be ad- 
versely affected, since excessive carry 
under into the suction lines could lead 
to cavitation problems. 

A schematic of a typical plenum 
where the separation process takes 
place is shown in Figure 1. The two- 
phase mixture enters the plenum 
through an upcomer and the recircu- 
lating coolant leaves the plenum 
through the downcomer. The separa- 
tion of the vapor phase from the liquid 
phase must therefore occur by means 
of buoyant and hydrodynamic forces 
in the time interval between entrance 
and discharge of the coolant into the 
plenum. The average time interval can 
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be relatively long or short and is de- 
termined primarily by the systems 
physical dimensions and volumetric 
flow of the vapor and liquid phases. 
There is virtually no information avail- 
able which can be used for estimating 
the amount of carry under that would 
be obtained in a given system for vary- 
ing operating conditions. As a re- 
sult an analytical and experimental 
study of the carry-under problem was 
undertaken to establish both quantita- 
tively and qualitatively the effect of 
pertinent parameters. The experimen- 
tal phase of the problem was carried 
out on an atmospheric air-water loop 
and on a high-pressure steam-water 
loop. The air water studies were prim- 
arily aimed at establishing the perti- 
nent parameters that affect the magni- 
tude of carry under occurring. The pur- 
pose of the steam-water test was to 
determine the pressure effect on carry 
under. 

THEORETICAL ANALYSES 

Consider a typical plenum, as de- 
picted in Figure 1, where the vapor 
liquid separation occurs. It is readily 
apparent that the amount of vapor 
phase entrainment that occurs is sensi- 
tive to the liquid phase flow path. As a 
result the first step in the analysis was 
a study of the fluid streamlines in a 
plenum. The analysis was made on a 
pseudo ideal two-dimensional system, 
whereas the plenum is, in fact, an 
axisymmetrical three-dimensional geom- 
etry. However the results were thought 
to be indicative of the true fluid strearn- 
lines. The fluid streamlines were de- 
termined by an electrical potential 
analogue. Basically the method con- 
sisted of determining the equipotential 
lines on Teledeltos paper (uniform 
resistivity paper). 

Figure 2 shows the fluid streamlines 
that were determined for a plenum 
where the area ratio between the 
downcomer and riser was 2/1 and the 
true interface heights were H = R / 4 ,  
H = R, H = 2R, and H -+ co. As can 
be seen there is very little change in 
the flow pattern beyond an interface 
height of H = 2R. This is typical for 
any AJAR ratio. Also the streamlines 
indicate that the liquid flowing out of 
the riser into the downcomer follow 
approximately circular paths. For the 
case where H 5 2R the radius of the 
circular streamlines can be approxi- 
mated by the following relationship: 

- f ( R + W )  
r =  (1) 2 

The center of the circle would then 
be located at a distance x from the 

riser wall, where and tangential components. 
V ,  = dr/dt = V .  sin B ( 5 )  

Vt = rdO/dt = VL + V, cos B (6)  
Substituting Equation ( 3 )  into Equa- 
tion (6)  and combining with Equation 
( 5 )  and simplifying one gets 

( 2 )  

The velocity of the water as it flows 
from the riser to the downcomer was 
assumed to vary in accordance with 

f(R-WW) 
X =  

2 

VL,, - VL.2 
2 

VLJ + VL,Z 
c0s8 + 2 

V L  = 

( 3 )  

which is based on the boundary con- 
ditions 
when 

8 = 0,  V ,  = VL.l (water velocity in the 
riser) 

P VLJ + VL,, 
2 2 

8 = - - , V L =  = VL>3 

(average cross-flow 
velocity 

0 = T,  V ,  = VL,2 (water velocity in the 
downcomer) 

BUBBLE TRAJECTORY 

Consider a bubble being entrained 
in a liquid that is following a circular 
path. Refer to Figure 1. The magni- 
tude and direction of the absolute vel- 
ocity of the bubble is given by 

+ - + +  
v, = VL + v, 

The absolute velocity of the bubble 
considered has the following radial 

(4) 

ENTRAINMENT CONDITIONS 

Suppose a bubble following the 
above described motion completed a 
180 deg. rotation and had a velocity 
Vge2 = VL,z - V .  at the section B = IT. 

If VL,2  > V., the bubble will be en- 
trained with the velocity V,,, = VL,= - 
V.. If VL,2 < V,,  the bubble will rise 
with a velocity V,,, = V .  - VL,2. Con- 
sequently for entrainment one must 
have V, < VL,%. From a force balance 
on a bubble the condition becomes 

or 

A second condition of entrainment is 
that the radius of the circular trajec- 
tory that the bubble follows, as given 
by Equation ( 7 ) ,  must fall within the 
downcomer annulus (see Figure 1). 
Therefore 

Substituting Equation (1) into Equa- 
tion (7) with 8 = T one gets 

- f ( W + R )  
r2 = 

2 

[ ;,;: ;. ]*"o/(~"a+vL,l-"L,2' (10) 

Equating (9)  and (10) one obtains 

f ( W  + R )  
2 

Equation (11) specifies the second 
entrainment condition. When V, = 
VL.=, Equation (11) implies f = 0. 
Therefore at the periphery of the riser 
the maximum diameter of the bubble 
that will be entrained is given by 
Equation (8). When V, = 0, Equa- 
tion (11) reduces to f = 1, which 

Fig. 2. Fluid streomlines in the separation 
plenum. 

satisfies the condition that not even the 
smallest size bubble emerging from the 
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center of the riser can be carried under. 
Equation (11) thus establishes the 
relationship between the maximum 
critical bubble diameter through the 
bubble velocity V,, which can be en- 
trained, and the position from which 
the bubble starts its motion. 

When one solves Equation (11) for f 

I 
0 Stakes Law 

This relationship evolved after a 
scrutiny of a large amount of data ob- 
tained from the literature (1, 2, 3, 4, 
5, 6, 7, 8) on the bubble velocity vs. 
the bubble diameter. Since there are 
very large discrepancies between the 
various sets of data, the development 
of the relationship shown in Figure 3 

I 
@ 1% (wt~ Alcohol-Water - Bryn 

where 
2VO 

2v. +- VLJ- VL,, 
a =  

Equation (12) can then be used in 
conjunction with the average bubble 
size and liquid velocities to calculate a 
pseudo area in the riser from which 
the carry under emanates. That is a 
point is reached when one progresses 
from the periphery of the riser to its 
center beyond which the average sized 
bubble will not be carried under since 
its trajectory exceeds the width of the 
annulus, The distance in from the riser 
edge where this occurs is 

L , = f R  (13) 
The area of the riser from which carry 
under occurs is given by 

A, = J E - , R  2mrdr (14) 

A, = TFP (2f-$) = 
mRZ[l-- ( l - j ) * ]  (15) 

Some credulity is lent to the con- 
cept of a specific area of the riser from 
which the major portion of the carry 
under occurs [as specified by Equa- 
tion (15)] by photographs that were 
taken of a plenum during operation. 
The circular type of trajectories of the 
bubble are readily apparent allowing 
for distortion due to the circular sec- 
tion. Also, as one moves toward the 
center of the riser, the bubble trajec- 
tories become wider and wider, inter- 
cept the outer wall, and then become 
engulfed in the large turbulent eddies 
existing near the surface. The major 
portion of the gas phase carried under 
appears to emanate from the peri- 
pheral region of the riser. A behavior 
pattern of this type is predicted by 
Equation (15). 

PREDICTION OF CARRY UNDER 

All the bubbles having d < do (the 
critical bubble diameter) in that region 
of the riser specified by Equation (15) 
will be entrained. If the water velocity 
VL,2 at the inlet of the downcomer is 
known, the critical diameter can be 
found by using Equation (8) and the 
drag coefficient vs. the Reynolds num- 
ber relationship given in Figure 3. 

was guided by the assumption that the 
gas bubbles behaved almost as solid 
spheres in the Reynolds number range 
of 10 < R e ,  < 900, and by Pavlu- 
shenko's data (2) for Re > 1,000. 

The volume of bubbles in a unit 
volume of riser is QR and the number 
of bubbles in this unit volume is 

Therefore the bubble flow out from the 
region of the riser producing the carry 
under is 

Similarly the bubble flow in the down- 
comer is 

mixtures. A limited study was made to 
obtain such data on air-water systems. 
The bubble size and distributions were 
determined by photographic tech- 
niques. The distributions were fitted 
by a normalized Poissons' equation: 

N d x )  = P(bx) exp (- bx) (20) 
The constants in the equation were 

derived from the data and were found 
to be functions of the liquid and gas 
mass velocities and void fraction. They 
are 

c = 17.7 X loa - ( ZS'> (21) 

b 
P =  

r ( c  + 1 )  

The average bubble size was found to 
be primarily a function of the average 
true liquid velocity. A plot of the aver- 
age bubble size vs. the true liquid 
velocity is given in Figure 4. The 
number of bubbles susceptible to en- 
trainment is therefore given by 

J?'' P (bx) exp (- bx) dx 
Fa = (24) 

J;P(bx)" exp (- bx) dx 

QD (v0,2L 
4/3 7r x82 

The gas velocities in the riser and 
downcomer Vg,, and Vn,2 can be repre- (I8) F,  = AD 

._  
sented by the following relations: 

A bubble balance between downcomer 
and riser yields v,,, = VL,, + v, (25)  

The factor F ,  represents the fraction 
of the bubbles in the riser whose diam- 
eter is less than d, and are thus sus- 
ceptible to carry under. To obtain this 
factor one must have data on the bub- 
ble sizes and distribution in two-phase 

v,,, = VL,, - v. 
The average bubble velocity is shown 
as a function of the bubble diameter 
in -Figure 5. This relationship was de- 
veloped by relating the average bubble 
size to the average gas phase velocity 
which was computed from the meas- 
ured void volume fractions and mix- 
ture qualities. Solving Equation (19) 
for the downcomer void fraction one 
obtains 

( 2 6 )  

@ Water - 1.18 in. Tube - O'Erien 
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Fig. 3. Drag coefficient for bubbles rising in stognont systems. 
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I l l 1  

V L J  + v. 
V'J - v, a D  = ( z )  

1 1 1 1  

Equation (27) states that the void 
fraction in the downcomer is a func- 
tion of system geometry, bubble size 
in the riser and downcomer, the true 
liquid velocity in the riser and down- 
comer, and the mean void fraction in 
the riser. Equation (27) is essentially 
valid only when the interface height 
is much greater than the riser diam- 
eter. 

Also 

V L . 1  + v. - v,,, --= 
V L J  - v. v , ,  

v L . 1  ( v L / v # ) I 2  ( 1 - a D )  

- a R  ( v # / v L ) D  v L . 2  

and 
a x P L  -= 

1-a ( V J V L )  ps 
When X is very small, Equation 
becomes 

The quantity X D / X R  is generally refer- 
red to as the fractional carry under. 

A comparison was then made be- 
tween Equation (30) and carry-under 
measurements taken from the air-water 
loop to check the validity of the analy- 
sis. 

LABORATORY APPARATUS AND 
EXPERIMENTAL PROCEDURES 

The carry-under studies were carried 
out on two laboratory loops, an atmos- 
pheric air-water system and a 2,000 
Ib./sq. in. steam-water system. Each of 
these systems and the experimental 
procedures associated with them are 
described below. 

ATMOSPHERIC AIR-WATER LOOP 

The air-water loop consists of a 
water circulation and air injection 

0.1 o.6 6 

1.0 1.1 1.2 1.3 l .u 1.1 1.6 1.7 1.8 1.0 
Ye. t t lroc 

Fig. 5. Bubble velocity vs. bubble diameter in a flowing two- 
phase fluid. 

system, the mixing chamber, the sepa- 
rating plenum, the air-water separator, 
and associated instrumentation. The 
experimental apparatus is schematically 
illustrated in Figure 6. 

Water is circulated through the sys- 
tem by means of two turbine types of 
pumps having a total combined capac- 
ity of approximately 300 gal./min. 
Regulation of the water flow rate was 
by means of a bypass system on the 
pump. The water flow rate was metered 
by means of a calibrated orifice. 

The operating procedure was as fol- 
lows. The desired air and water flow 
rates were set and the loop allowed to 
come to equilibrium. The temperature 
of the recirculating water was followed 

the gas meter, approached constant 
values. The desired data were then 
recorded. 

The mixture qualities in the riser and 
downcomer were obtained from the 
measured gas and liquid flow rate. The 
void fractions were calculated from 
differential pressure drops taken at  
strategic positions about the system. 
This procedure for determining the 
void fraction was corroborated by ob- 
taining density traverses with a gamma 
source. The gamma attenuation tech- 
niques utilized have been described 
previously (9) .  Excellent agreement 
between the two methods was obtained. 

Data were taken over the following 
parameter ranges on the air-water loop: 

Riser void fraction 
Downcomer velocity 
Riser quality 
Height of interface 
Area of ratio between 

downcomer and riser 

L Y ~  0.1-0.50 - 
- VD,l ?42-2?42 ft./sec. 

- H 4-19 in. 
- X E . 1  0.0002-0.003 

- A D / A R  1.70 

closely and maintained by adjustment 
of the cooling water flow rate. Equilib- 
rium was established when the fluid 
temperature and the flow rate of the 
gas phase carried under, measured on 

HIGH-PRESSURE STEAM WATER 
LOOP 

The high-pressure loop is schemati- 
cally illustrated in Figure 7. It consists 
of a heated section where the two- 

OAKMETRIC LE6 

REClRCULATlOl 
PUMP 

_ -  

Fig. 6. Schematic of air-water loop. 
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Fig. 7. Schematic of high-pressure loop. 

phase mixture is generated, a separa- 
tion plenum similar to the one used on 
the air-water loop, a heat exchanger 
in the downcomer for measuring the 
quality of the mixture carried under, 
a make-up water system, and a steam 
condenser. Water is pumped from the 
make-up tank through the test section 
where it is boiled. The two-phase mix- 
ture then passes upward to the separa- 
tion plenum where the separation of 
the phases occurs owing to gravity. 
The steam that is separated leaves the 
separation plenum, is metered, con- 
densed, and returned to the make-up 
tank. The recirculation water and the 
steam carried under discharges through 
the annular downcomer to a heat ex- 
changer where the mixture composition 
is determined by means of a heat bal- 
ance. From the downcomer heat ex- 
changers the fluid (now single phase) 
flows to the suction side of the recir- 
d a t i n g  pumps. 

The operating procedure was as fol- 
lows. The loop was gradually brought 
to saturation conditions at the desired 

0 5 1 0  15 2 0  
INTERFACE H E I G I I T . i n .  

Fig. 9. Effect of height and quality of the volumetric en- 
trainment ratio. 

pressure. ’ rhen saturation was reached, 
the recirculating flow rate was adjusted 
to the desired value and the power 
was adjusted to yield the predeter- 
mined quality. The interface height 
was then adjusted slowly by creating 
an imbalance in the make-up water 
a n d  steam discharge rate. The true 
interface height was determined by 
employing a gamma ray traverse. The 
interface was considered reached when 
a sharp increase in gamma intensity 
was observed. Concurrent with these 

a simple heat balance on the test sec- 
tion. The quality of the two-phase 
mixture leaving the separation plenum 
through the downcomer X, is calcu- 
lated from a heat balance on the down- 
comer heat exchanger. 

The steam volume fractions were 
again calculated from differential pres- 
sure drop measurements and corrobo- 
rated by gamma traverse where pos- 
sible. 

The parameter ranges studied on the 
high-pressure loop were 

~ 

Riser void fractions 
Pressures 
Downcomer velocities 
Interface heights 
Downcomer to riser 

area ratios 

- aB 0.10-0.50 
- P 
- Vn,, 0.5-2.0 ft./sec. 
- H 5-17 in. 

600, 1,000, 1,500 Ib./sq.in. 

- AD/AB 1.6 

operations the cooling water to the 
downcomer heat exchanger was ad- 
justed continually to provide an ade- 
quate subcooling margin of - 5°F. 
The loop was then allowed to equilib- 
rate and the data were recorded. 

The quality of the two-phase mix- 
ture entering the separation plenum 
through the riser X ,  was obtained by 

COMPARISON OF AIR-WATER DATA 
WITH THE THEORETICAL ANALYSIS 

The weight fraction ratio X , / X ,  was 
computed for thirty runs and compared 
with the experimentally measured val- 
ues. The runs selected for comparison 
covered virtually the entire parameter 
range studied. The agreement between 
the measured and calculated values of 

(X1lX,l YELBlRfO 

Fig. 8. Comparison of the measured and calculated weight 
fraction entrainment ratios. 

20 30 40 50 
T E M P E R A T U R E ,  O C  

Fig. 10. Effect of temperature on carry under. 
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Fig. 11. Weight fraction carry under vs. the 
downcomer superficial liquid velocity. 
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the weight fraction ratio is good. A 
comparison is shown in Figure 8 by 
means of an error plot. The calcula- 
tions showed that the carry under 
emanated from the extreme peripheral 
region of the riser. As mentioned pre- 
viously, this was confirmed by visual 
observations and by trace photographs. 
The measured points that deviate 
widely from the calculated values are 
subject to question. The points that 
have a much lower c'alculated ratio, 
X J X , ,  than measured are representa- 
t:ve of very low riser void fractions 
(< 0.10). They are thought to be in 
error because of a distorted void dis- 
tribution. It should be remembered 
that the air is introduced into the riser 
by means of a peripheral injection 
system. For a very low air rate it was 
observed that the air tended to remain 
at the periphery. Such a distribution 
could lead to excessive carry under. 
The data points which have much too 
high calculated values cover conditions 
where the downcomer velocity is low 
and is almost equal to the bubble 
bouyancy velocities. Under such con- 
ditions the slip ratios are extremely 
low and their accuracy is extremely 
sensitive to  measured void fractions, 
which is then reflected in the velocity 
ratio Vg,JVe.  It is felt that the meas- 
ured void fractions in this range are 
in error, since it was observed that 

under these conditions some of the air 
escaped owing to coalescence after 
having been entrained. This leads to 
abnormally high void fractions and in 
turn to excessively low slip ratios and 
high velocity ratios. As a result the 
values of the calculated volumetric en- 
trainment ratio d~ is extremely 
high. 

From Equation (30) it can be seen 
that the percent carry under is gov- 
erned primarily by the factor A, which 
is the riser area from which the carry 
under emanates. The good agreement 
obtained between the predicted and 
measured values suggests that the pro- 
posed highly simplified carry-under 
model does describe the actual physi- 
cal conditions existing in the plenum 
satisfactorily. However its validity is 
not completely established. Additional 
tests and data are needed on widely 
varying geometries and extended pa- 
rameter ranges so that its effectiveness 
may be judged more certainly. Also 
more information on bubble size and 
distribution for various fluids and at 
various conditions of temperature and 
pressure are required before the analy- 
sis can be made more general and 
comprehensive. 

DISCUSSION AND CORRELATION OF 
CARRY-UNDER DATA 

Air-Water Data 

The first series of air-water tests 
were run to study the effects of inter- 
face height on carry under. The liquid 
and gas flow rates were set and the 
interface height was then varied from 
H / D  = 4 to H / D  = 0.75. Typical re- 
sults from these tests, in which the 
downcomer velocity was held constant, 
are shown in Figure 9. The volumetric 
carry-under ratios are plotted as a 
function of the interface height, and as 
can be seen a family of curves is ob- 
tained for the varying qualities. A simi- 
lar family of curves is obtained when 
weight fraction carry-under ratio is 
plotted vs. the interface height. It is 
apparent that there is very little effect 

Fig. 13. Correlation of all air-water carry-under 
data. 

of the interface height on the magni- 
tude of the carry under beyond a 
height of ,- 6 to 8 in. which is reason- 
ably close to H / D  = 1. This fact is in 
good agreement with the fluid flow 
streamline studies discussed previously, , 
which showed similar characteristics. 
The larger voids in the downcomer 
than in the riser, as seen in Figure 9, 
stem from the unique two-phase flow 
characteristics in downflow. As the 
downcomer velocity approaches the 
buoyancy velocity of the gas bubbles, 
the volume fraction increases sharply 
since the relative velocity of the two 
phases is approaching zero. Thus for 
downcomer flow velocities which are 
very close to the buoyancy velocity of 
the gas bubble the downcomer void 
fractions become very large and, in 
fact, much larger than riser void frac- 
tions. 

The effect of temperature is shown 
in Figure 10. The data shown are for 
a constant mixture quality and flow 
rate. The quantity of the gas phase 
carried under decreases sharply as the 
temperature is increased. Since all the 
physical properties of the system re- 
main virtually constant or varied very 
little, except for the viscosity, it is be- 
lieved the change in carry under may 
be attributed to the change in vis- 
cosity. 

Fig. 14. Weight fraction carry under vs. power 
input. 
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OOYNWYER ELCCITY 

Fig. 15. Weight fraction carry under vs. the 
downcomer superficial liquid velocity. 

A strong effect of the liquid phase 
mass velocity on carry under is shown 
in Figure 11. The weight fraction 
ratio, which is equivalent to the frac- 
tional percent carry under, is plotted 
as a function of the superficial liquid 
phase downcomer velocity for a fixed 
gas phase mean velocity and interface 
height. As can be seen the carry under 
increases sharply once the velocity 
threshold has been surpassed and con- 
tinues to rise steadily but at a lesser 
rate as the downcomer velocity in- 
creases further. 

An opposite effect is observed as the 
gas phase mass velocity is increased as 
shown in Figure 12. For a constant 
liquid phase mass velocity and inter- 
face height the carry under decreases 
as the gas phase %ow rate is increased. 
The same behavior pattern was found 
for each of the liquid mass velocities 
studied. 

The data were correlated according 
to relationships developed from the 
analytical study and from dimensional 
analysis. The dimensionless groupings 
that were derived from dimensional 
analysis and found to be relevant are 

V,,I u go P l  

v.’ p v ?  v?  p g  

---- 

The data taken on two different sys- 
tems when plotted according to the 
following relationship separated 

The separation was found to be due 
to the diameter factor in the Froude 
number. It was found that the two sets 
of data could be brought essentially 
together by the following relationship 

1 112 2 XI2 = f (+) (q-) (g) 
(32) 

which is identical to Equation (31) 
with the exception that the D is re- 
moved from the Froude number. As a 
result the relationship is no longer di- 
mensionless. A plot of all the data ac- 
cording to Equation (32) is shown in 
Figure 13. 

The air-water studies demonstrated 
the dependence of carry under on a 
number of the system and fluid vari- 
ables, and therein lies their value. The 
variables are: system geometry factors 
such as area ratio between downcomer 
and riser, diameter of the riser, height 
of the two-phase mixture interface 
above the riser; water and air mass 
velocities and their relative velocities; 
the temperature dependent physical 
properties of the fluids such as viscos- 
ity, density, surface tension, etc. 

High-pressure Steam-Water Studies 

Three series of data were taken at 
pressures of 600, 1,000, and 1,500 lb./ 
sq. in. The interface height and the 
vapor liquid mass velocities were 
varied in a manner similar to that de- 
scribed in the air-water studies. 

In general similar trends were de- 
veloped in a high-pressure data as 
were observed in the air-water data. 
The notable exception was the varia- 
tion of the percentage carry under with 
increasing gas phase mass flow rate. 
The air-water data, shown previously 
in Figure 12, indicated that the carry 
under decreased as the gas phase mass 
velocity increased. However the high- 
pressure data showed a somewhat dif- 

ferent trend (see Figure 14).  For a 
fixed pressure and a liquid mass vel- 
ocity, as the vapor phase flow rate was 
increased (by increasing power) the 
carry under initially decreased and 
reached a minimum and then began to 
increase. The trend was the same for 
the three pressures studied. It is pos- 
sible that with a further increase in 
the gas mass velocity in the air-water 
system the carry under would have 
increased. 

The effect of downcomer velocity on 
carry under for a fixed power and for 
pressures of 600, 1,000, and 1,500 lb./ 
sq. in. is shown in Figure 15. Again 
as noted for the air-water data the 
carry under increases sharply once the 
velocity threshold has been surpassed 
and continues to rise steadily but at a 
lesser rate as the velocity increases. 
The pressure effect can also be seen in 
Figure 15. As expected the percent 
carry under is greater at the higher 
pressure. The data shown in the pre- 
vious figures are typical of the large 
quantity gathered during the study. 

Each set of the high-pressure data 
was adequately correlated by the 
groupings given in Equation (32),  but 
a family of curves is obtained. The 
curves separate slightly with pressure, 
but their slopes are essentially the 
same. The pressure separation was re- 
moved by adding the dimensionless 
ratio p , / p L  as shown in Figure 16. All 
the high-pressure data for the one 
geometry are correlated by the follow- 
ing dimensionless groupings: 

GENERAL CORRELATION 

A correlation encompassing both 
the air-water and steam-water data 
was then developed by means of a 
series of cross plots on the independ- 

Fig. 16. Correlation of high pressure carry-under data. 
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Fig. 17. Correlation of  all carry-under data. 

Page 259 



ently varied parameters. The nondi- 
mensionless correlation adequately ac- 
counts for the large majority of the 
carry-under data, including a few pre- 
liminary data points obtained from the 
EBWR (Experimental Boiling Water 
Reactor). This correlation is shown in 
Figure 17. The scatter of the data is 
not exceptionally bad for such a com- 
plex phenomena. The correlation is 
represented by the following equation: 

between the downcomer velocity, qual- 
ity, and void fractions. Interactions be- 
tween these factors are carried out 
until convergence is achieved. If it is 
desired to specify the geometry of the 
system in order to maintain a carry- 
under level, the analysis is straight- 
forward and an interative procedure is 
not required. 

I t  is readily apparent that the pre- 
diction of downflow slip ratios becomes 

I '--' 
64 1 

In the functional range 3 to 64 

J 3.7 

for the functional range 0.1 to 3. 
It is interesting to note that a rather 

sharp break point exists suggesting 
two distinct sets of carry-under condi- 
tions. I t  is postulated that the break 
point represents the threshold for 
carry under, and the data points to 
the right represent that fraction of the 
vapor flow which is located near the 
periphery of the riser and which is 
extremely difficult to separate. 

Probably the biggest unknown con- 
cerning the correlation is the size fac- 
tor. The geometry factors in the corre- 
lation are given by the term [ (H/D)I/ '  + ( D / H )  "'] and indirectly through 
V,,,/V, which is a function of the area 
ratio between the downcomer and the 
riser. The factor [(H/D)"" + (D/N)""] 
was arrived at by comparing the pre- 
liminary large system reactor data with 
the small scale loop data. Additional 
data on larger systems are needed to 
completely establish the validity of the 
geometry factors in the correlation. 

For carry-under analysis Equations 
(34) and (35) or Figure 17 can be 
used in either of several ways. Either 
the geometry of the system is specified 
and the expected carry under can be 
computed, or the required system 
geometry dimension can be estimated 
to maintain a specified carry-under 
level. For a given system the factors 
p , ,  pv,  u, and p are determined by the 
fluids used and the temperature and 
pressure of the system. Also the liquid 
mass velocity is generally established 
by thermodynamic and hydrodynamic 
design consideration concerning the 
heat source. 

If it is desired to estimate the per- 
cent carry under for a given system, a 
trial-and-error analysis is required 
owing to the implicit interrelationship 
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an important factor in such an analysis. 
The accuracy in the downflow slip 
ratios estimates are reflected strongly 
in the carry-under analysis. The fol- 
lowing relationship is recommended 
for calculating the downflow slip ratio: 

0.4 v, 
V, gD 
- = 0.63 (z) 

[&:]"' (36) 

The correlation was obtained from ex- 
tensive downflow slip ratio data that 
was obtained during the course of this 
study. 

The validity of the carry-under cor- 
relation presented cannot be specified, 
primarily owing to the system size fac- 
tor. Prudent usage of the correlation is 
therefore advised until further data 
become available from large systems. 
The agreement of some preliminary 
reactor data with the correlation offers 
promise that it may, in fact, be fairly 
accurate. 
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NOTATION 

A = area 
N = interface height 
R = riser radius 

D = riser diameter 
W = width of downcomer 
d 
x = bubble radius 
V = velocity (ft./sec.) 
G 

(Y = void volume fraction 
X = mixture quality 
f 

= diameter of gas bubble 

= liquid mass velocity (Ib./sec.- 
sq. ft.) 

= ratio of the circular streamline 
diameter to the sum of the 
riser radius and downcomer 
width 

g = gravitational constant 
C = drag coefficient 
p = density (lb./cu. ft.) 
u = surface tension (lb./ft.) 
p = viscosity of liquid (Ib./sec.- 

Subscripts 

A = annulus 
H = riser 
D = downcomer 
C 

1 = liquid phase 
g = gas phase 
L, 1 = liquid phase in riser 
L, 2 = liquid in downcomer 
g, 1 = gas phase in riser 
g, 2 = gas phase in downcomer 
0 = gas bubble 
e = entrainment 
r = fluid streamline radius 
t = tangential 
T = true or actual 
1 

2 

3 

c = critical 

ft .)  

= sector from which carry under 
emanates 

= section of plenum where 8 = 

= section of plenum where 8 = 

= section of plenum where 0 = 

0 

rr 

7r/2 

Superscript 
-+ = vector quantity 
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