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Study on Drag Coefficient for the Particle/Droplet with
Vapor Film

Xuewu CAO" and Yoshiharu TOBITA"

Abstract

The fuel coolant interaction (FCI) phenomena are characterized by a
configuration that a hot particle/droplet surrounded with vapor film moves in
coolant liquid. A drag correlation has not been developed for such a
configuration. In this study, based on the basic conservative equations, the drag
coefficients between a single hot particle/droplet and the surrounding coolant
liquid under laminar and turbulent flow conditions are developed first. The
coefficients are expressed as functions of Reynolds number, vapor/liquid
viscosity and density ratios and the other two dimensionless numbers newly
introduced in this study. The drag coefficients for a multi-particle/droplet system
under laminar and turbulent flow conditions are then developed based on the
above single hot particle/droplet model and the mixture viscosity concept. The
proposed correlations are coupled into the SIMMER-III code and are used to
simulate the QUEOS experiment. It is shown that the proposed correlations
reasonably improve the agreement of the calculated results with the experimental

data.

* Nuclear System Safety Research Group, Advanced Technology Division (former System Engineering Technology
Division), O-arai Engineering Center, JNC
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1. Introduction

Fuel Coolant Interactions (FCIs) are the important phenomena in nuclear reactor
severe accident analysis and have been extensively studied in recent years. Several
mathematical models of multi-phase multi-component flow, based on a multi-field
description, have been developed with the aim of describing the events during the Core
Disruptive Accidents (CDAs) in Liquid Metal Cooled Fast Breader Reactors
(LMFBRs) or Core Melt Accidents (CMAs) in Light Water Reactors (LWRs). The
SIMMER-III code, developed at JNC [1,2], is a two-dimensional, three-velocity-field,
multi-phase, multi-component, Eulerian, fluid-dynamics computer code coupled with a
space-dependent neutron kinetics model. The QUEOS experiment, which studied the
premixing phase of a FCI with hot particles released into water [3], was simulated [4,5]
by the code to verify the momentum exchange between the fuel and the coolant, in
which Ishii’s correlations [6] are employed. The simulated results showed
disagreement of the front advancement of the particle cloud in the water with the

~ experimental results. The difference was further enhanced with increasing the particle
temperature [5]. This means that the capability to predict the drag between the hot
particles/droplets and the coolant liquid in multi-particle system should be improved
for better analyzing FCls.

First let us review the drag laws currently employed in the simulation tools. The
configuration, based on which these drag laws for a single particle/droplet were
developed, is that a fluid particle moves in other continuous fluid and these two fluids
directly contact each other. The drag force exerted on the particle/droplet under
steady-state condition can be given in terms of the drag coefficient C, based on the

relative velocity between them as

1
Fy= T 4,Cpp

Vep|Vepl, 1)

where F), is the drag force exerted on the particle/droplet, 4, is the projected area of
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the particle/droplet on a plane perpendicular to the velocity direction, C, is the drag
coefficient between the particle/droplet and the continuous fluid, v,, is the relative
velocity givenby v, =v,—v, and p, is the density of the continuous fluid.

The drag coefficients of the single particle/droplet in an infinite medium has been
studied extensively by many researchers and they are given by the empirical
correlations [7, 8, 9]. Based on the single particle/droplet experimental data, Ishii [9]
developed the correlations for the multi-particle system. In viscous regime the drag

coefficient of the particle/droplet in multi-particle system is given by the correlation:
24
C,=—(@1+0.1Re"” - 2
p=7e ) | @

where Re is the Reynolds number by using the mixture viscosity. In Newton’s regime

the drag coefficient of the particle/droplet in multi-particle system is given by the

correlation:
6/7\*
C, =0.45| O] 3)
18.67f(ct,)
where
3 _ 05 __C_ld_ 1.55
fla=a-ay {22 (4)

and %¢is the volume fraction of the particles. It is shown in equation (1) that the drag

force is dominated by the drag coefficient and the surface area of the particles/droplets.
If the surface area of the particles/droplets is fixed in the simulation of an experiment,
the drag correlation can be estimated. In the previous study, the QUEOS premixing
experiment was simulated [4,5], because in this experiment, the hot solid particles (the
surface area of the particles is fixed) were released into water. The front advancement
of the particle cloud moving in water (affected by the drag coefficient) was analyzed to
estimate the drag correlations. The results show that the front advancement of the
particle cloud in the simulation disagreed with that in the experiment and the difference

was enhanced with increasing the temperature of the hot particle. These results suggest
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that the influence of the temperature on the drag coefficient should be considered in the
drag correlation in the case of FCI study. This influence is not considered in the
currently employed drag correlations.

Then let us check the configuration of a hot particle/droplet moving in coolant
liquid to understand what induced the difference of the front advancement of the
particle cloud between the simulation and the experiment. In Nelson’s experiment [10],
a single droplet FCI, it is showed that when a hot particle/droplet (In this study, hot
particle and droplet are the same. In the following the ‘particle’ is used) moves in
coolant liquid, it is surrounded by a thin vapor film, as shown in Fig. 1. Thé hot particle
does not contact directly with the coolant liquid. The boundary around the particle is
vapor, which is continuously generated from the coolant liquid-vapor interface and
flows inside the film from the lower part to the upper part around the particle. It is the
vapor flowing inside the film that gives a resistance to the moving particle. The
currently employed drag correlations may not be applicable in such a configuration,
especially with high particle temperature.

In the multi-particle system, the effect of other particles on the original particle’s
drag force should be considered. Ishii [6] developed 2 method to consider the effect of
multi-particle (without vapor film) on drag coefficient. In the viscous flow regime, the
effect of other particles in the multi-particle system on the original particle’s drag is
considered by using the mixture viscosity. In his model it is considered that the force
exerted on the original particle by other particles is in the form of viscous stress. In the
case of the hot particle with vapor film, since the coolant liquid-vapor interfacial
velocity is affected by other particles, the force exerted on the original particle can be
expressed by viscous stress through the liquid-vapor interface. In this study, the
mixture viscosity concept will be employed to develop the drag coefficient for
multi-particle system under laminar and turbulent flow conditions.

Since the drag correlation with the effect of the vapor film for a single particle or

multi-particle system has not been developed, in this study we will develop the drag
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correlation of the particle with vapor film moving in coolant liquid. As the first step,
the drag coefficients between a single particle with vapor film and the surrounding
coolant liquid under laminar and turbulent flow conditions will be developed
respectively. Then, based on the single particle model and the mixture viscosity
concept, drag coefficients in multi-particle system under laminar and turbulent flow
conditions will be developed respectively. Finally the proposed drag correlations will

be employed to again simulate QUEOS experiment.

2. The drag coefficient for a single hot particle

2.1 The drag coefficient expression

From the photograph describing a single hot particle coolant interaction
experimented by Nelson [10], as shown in Fig. 1, the configuration of the particle
moving in coolant liquid can be figured out: when the particle is immersed into coolant,
it is surrounded by a thin film of vapor, which is generated continuously from the
interface of coolant liquid-vapor, at the front part of the particle. The vapor leaves the
particle as a bubble from the top of it, forming a wake region. Based on the observation,
the analytical model could be described as shown in Fig. 2.

The drag coefficient of the particle with vapor film moving in coolant liquid could

be expressed as the following form:

F

— y
CD—jb -

AT, 5P
where C,_ , is the drag coefficient for the particle surrounded with vapor film moving
in coolant liquid, ¥, is the velocity difference between the particle and coolant liquid,

p. is the density of coolant liquid, # rj is the characteristic area taken to be the area

obtained by projecting the particle on a plane perpendicular to the velocity of the
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coolant flow and F;, is the drag force in y direction exerted on the particle including
the pressure and the viscous stress. Although the drag coefficient is defined based on
the velocity difference between the particle and coolant liquid, the force exerted on the
particle is given directly by the vapor flowing inside the vapor film.

As shown in Fig. 2, the vapor flow along the particle surface is divided into two
parts, including the laminar (front) region (called region I) and the wake region (called
region II). The forces exerted on the particle surface will be calculated on the two

regions separately. The total force exerted on the surface is equal to the sum of the two

regions,
F,=F/+F/. (6)
The forces exerted on the region I include pressure and friction. The total force is
calculated as |
o,
Fl = _[(Pcose +7, sin@)2x r; sin6do (7
V]

where P and T, are the pressure and viscosity force exerted on the surface of the
particle, r, is the radius of the particle and § is the separation point of the two
regions. In region II wake region, the friction on the surface can be neglected and the
pressure in the wake region is the same at the separation point. The force exerted on
the region II can be calculated as
FI' =[P, 2r 7} sinfcos6d6 |, ®)
2,

where F, is the pressure at the separation point. In the following the pressure
distribution and viscous stress, which are related to the velocity profile of the vapor in

the film, will be calculated according to that the flow condition of the coolant liquid is

laminar or turbulent respectively.

2.2 The drag correlation under laminar flow condition

Since the thickness of the vapor film is thin comparing to the diameter of the
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particle, the curvilinear orthogonal coordinate (x, y) and the angle 8 (6 = —}%) can be

applied to solve this problem, as shown in Fig. 2. In this study, the two-dimensional
system is employed to model the three-dimensional phenomena, because the main
contribution to the force exerted on the particle is induced by the vapor flow in x
direction. Comparing with the vapor flow on the x direction, the vapor flow on the
circular direction is small, which can be negiected. The following assumptions are
made to vapor film and coolant liquid respectively. To the vapor film, the vapor is
assumed to form a continuous film layer around the particle, evaporated from the
coolant liquid-vapor interface, which is smooth. The vapor film layer is laminar in
region I. (It is reasonable since the calculation shows that local Reynolds number is
about several hundreds.) The velocity of the vapor in y direction can be neglected.
Evaporation rate is constant along the interface of coolant liquid-vapor. Steady state
and steady flow conditions apply. Vapor physical properties are constant. To the
coolant liquid, since the laminar flow is assumed in this case, a potential flow field
exists in the coolant liguid and the Bernoulli equation is applied to the coolant flow.
Then the governing equations in the vapor film including mass and momentum

equations are

opu .
— O s
™ 9)
dpu’ oP ) o’u
== _ 6+ u——
w . pgsin +uay2 , (10)

where u is the vapor velocity in the film in x direction, p 1is the vapor density, u is
the vapor viscosity and P is the pressure in the film. The variables without subscript
are used to describe the vapor in the film (the same in the following and subscript ¢
refers coolant liquid). The boundary conditions are

y=0; u=0,

y=0; u=u,.
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The velocity of the liquid-vapor interface u; is given by applying potential flow

as
=—3V in@ 11
U, > o SInG . (11)

The pressure at angle 6 ,P(G) on the liquid-vapor interface can be expressed by

applying Bernoulli equation in coolant liquid as

VZ 2 . . .
P(Q):R)+pcgrpc056+pc—;i—%(% o sinG] , (12)

where P,is the pressure at the particle center. If the vapor film is taken as a whole

channel, then the following mass equation can be written:

dpud .08
=T 13
06 06’ (13)
where
A=nsin@(8* +2r,58), (14)

which is the cross area of the vapor film perpendicular to x direction in a control
volume (CV) with length scale #d@ along the channel, o is the thickness of the vapor

filmat 6 and S, is the area on the particle surface,

%%‘ = 27r] sinf (15)

I" is the evaporation rate on the coolant liquid-vapor interface and

)
E=é‘|'udy, ' (16)
0

which is the average velocity of the vapor in the vapor film channel in x direction.

According to the flow pattern of the vapor in the film, separation point between

region I and II could be calculated by [12]

R 0. 17)

The velocity profile in the vapor film can be obtained by solving equations (9),
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(10), (11), (12), (13), (14), (15) and (16). Then the viscous stress on the surface of the

particle is calculated by
Ju
T, = =H o (18)
id

Finally we can calculate the drag coefficient of the single particle with vapor
film under laminar condition from equation (5), (the detailed calculation is presented in
the Appendix A,) but the expression is too complicated to be used in simulation codes,

which should be simplified. Here we use the following dimensionless numbers,

RAN)

Re =2 27¢ (19)
I,
Ev=£)3—, (20)
J7i
D’plg
g =15 @1)
p=, (22)
M,
P
p =L, (23)
° p,

where Ev and g, are newly introduced in this study. The Ev number is defined to
describe that the vapor evaporated from the interface flows inside the vapor film. Itis a
ratio of the evaporation dynamic force to the vapor viscous force,

Fve dynamic force

viscous force’
The dimensionless number g, is defined to describe the particle in coolant system with

gravity g. It is the ratio of the gravity force to the coolant viscous force,

_ gravity force
viscous_force

Then the drag coefficient of the single particle with vapor film under laminar condition
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can be obtained as

9 25 2 u
Clop==|14| =— [{l-cos’8
1
+% 2 l<:053t95—coses+g
Re | D, 3 3
{
_2_gg_ lcosﬁs—}-cos3 95+-1—
Re \2 3
(25 Y1 2
-i-‘g—"2 — —cos363—cos9s+—] (24)
Re \Dp 3
where
3 2
6 +3Re,uo S | Evy, . (25)
D, 2g, \ D, oy
and
2
cosg, =—SHa[ 0 | _ 28 (26)
3Re| D, | 9Re

By solving equations (24), (25) and (26) the drag coefficient of a particle with a
vapor film moving in coolant liquid under laminar flow condition can be calculated.
Due to the complexity and inconvenience of the expression (equation (24)) in applying

to a computer code, a simplified drag coefficient correlation is arranged as

@7

where a,=0.849, a, =0.00205, a@,=3.47, a,=0.0424 and a,=-2.18, which are
obtained by fitting the expression (equation (24)) in the range of Reynolds number
from 500 to 3000 , Ev number from 60 to 600, g, from 10° to 10°, p, from 107
to 107 and g, from 0.01 to 0.1 respectively. The equation (27) shows the drag

coefficient of the single particle with vapor film moving in coolant liquid under

Jaminar flow condition is the function of the Reynolds number, Ev number (I'D, /1t ),

vapor/liquid viscosity and density ratios and dimensionless number g,(D’ p gl ul).
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The Ev number is a ratio of the evaporation dynamic force to the vapor viscous force.
The dimensionless number g, is the ratio of the gravity force to the coolant viscous
force. The dimensionless number ji, is the ratio of the vapor viscosity to coolant
viscosity and the dimensionless number p, is the ratio of the vapor density to the
coolant density. All the five dimensionless number is employed to describe the
correlation of the drag coefficient. In this study the definition of these dimensionless
numbers is the same. In the next section, based on the same method, the drag
coefficient of the single particle with vapor film under turbulent condition will be

developed.

2.3 The drag correlation under turbulent flow condition
In the turbulent flow cases, the assumptions of the potential flow and Bernoulli
equation could not be applied in coolant liquid. The energy loss and interfacial velocity
change due to turbulence should be considered. Here it is assumed that the interfacial

velocity can be written as

u, = AV, sin0 (28)

and the pressure equation can be written as the same formulation as in laminar flow
case by adding one term:
V2 1- Asin@) V2 >
P(6)= R+ p.gRoos0 + p,—2 = Bp, ( S‘; VY —Bza(AVCp sinff ,  (29)

where A and B are parameters to be used to consider the influence of turbulent flow on
interfacial velocity and pressure distribution around the particle. They will be
determined by employing experimental data, The assumptions to vapor are the same as
in laminar flow case. Then we can use the equations (5) through (24), replacing (11)
and (12) by (28) and (29), in turbulent flow case. By solving those equations, the drag
coefficient of the particle with vapor film moving in coolant liquid under turbulent flow
condition can be obtained from equation (5) with the undetermined parameters A and

B as
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2
C'op= A?[H-i)—akl —cos?0, |

p .

Y 2
_2g1+ 2 ﬁsinsﬁs——A—sin“GS
D, |3 4

FAN

Re Dp}

Y-l
+2—A—”—°[£ (—lécosi‘ 8, —cosf, +§J

,
_Z_gg lcosﬂs——1~cos393+l
Re’| 2 6 3
g (26 Y1 2
+R—°2— o gcos3ﬂs—coses+§), (30)
<]
\" 7

where 0, satisfies

2 2 3
A_+BA cosBS-ABC(.)Ses+ ‘u"A(—a— + gnz =0. G1)
2 2 2 sin, ZRELDP ZRe
and
| 1
2
S= OCEV,UO +B Evﬂo p/2 . (32)
Ap,Re 80P

The detailed calculation is presented in the Appendix B. In turbulent flow case,
the separation point of vapor laminar flow is over z/2, but very near 7 /2, which is
shown in the Nelson experiment [10] and previous study [12]. Here 6, =xr/2 is
employed. Then the drag coefficient of the single particle with vapor film under
turbulent condition (equation (30)) can be written into the formula arranged in

dimensionless number as the following:

]
N
C'D-,b=wu+Ev‘”° W, + Evio T 4 8oy (33)
Rep, 8oPo
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where w,is the constant. By employing the experimental data of Nelson [10] and

QUEOS [3] to fit the equation (33), it is obtained that W;=0.0065 W;=0.0689

W, =0.0115and W;=5.11 (the parameters A and B in equations (28) and (29) are
included in these constants), in the range of Reynolds number from 4000 to 120000 ,
Ev number from 50 to 300, g, from 10° to 10°. In these two experiments, because
the coolant water was filled in the tank opening to the outside with the pressure of 1 bar,
p, is about 0.0007 and 1, is about 0.05 respectively. The drag coefficients obtained
from the experimental data and those predicted by the fitted correlation under turbulent
condition arranged in Reynolds number and Ev number are plotted in Figs. 3 and 4.
The relativity of the drag coefficients predicted by equation (33) and their experimental
data is plotted in Fig. 5. It is showed that the fitting is acceptable. The equation (33)
shows the drag coefficient of the particle with vapor film moving in coolant liquid
under turbulent flow condition also can be described by the Reynolds number, Ev
number (I'D, / 4t ), vapor/liquid viscosity and density ratios and dimensionless number
g,(D’ pczg/ 42). In the calculation of Ev number, the film boiling heat transfer is
calculated by using the formula in ref. [11]. It should be noted that the QUEOS
experiment is a multi-particle premixing experiment, in which hot solid particles are
released into water. The particle velocity at the leading edge of the particle cloud is
estimated as the single particle velocity in the experiment, which are employed to fit
the parameters in the correlation (equation (33)). At the leading edge, since the volume
fraction of the particles is small, the effect of other particles can be neglected, which

will be discussed in the next section.
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3. Drag coefficient for multi-particle system

In the multi-particle system, it is assumed that the configuration of the original
particle with vapor film is not deformed by other particles in the system and the force
on the original particle by other particles is exerted through the interfacial velocity
change, which could be expressed as a factor of viscous force. The drag coefficient of
the original particle with vapor film in multi-particle system could be calculated by
equation (5). The governing equations for vapor are the same as those in the single
particle case. The effect of other particles on the original particle is considered by the
interfacial velocity and pressure distribution equations. It is assumed that the Ishii’s
model [6], in which the mixture viscosity is used for particles in multi-particle system,
can be applied in the case of the particle with vapor film in multi-particle system. The
mixture viscosity of the coolant in multi-particle system is given by Ishii [6]

B —(1-a,) (34)

C
where ¢, is the volume fraction of the particles in multi-particle system, i, is the
coolant viscosity, g, is the mixture viscosity of the coolant in the multi-particle
system and n=-1.75 for particles [6]. On the coolant liquid-vapor interface, the viscous

force in coolant liquid side can be written as

ou ou i-c,)"
U, —= s = He _(___’L.)_‘ e (35)
oy P oy .
then the interfacial velocity can be written as
U, y=6" = (I_ap) nuc y=5* =(1_ap)nuf (36)

where u,

Jes® is the interfacial velocity on the coolant liquid-vapor interface in

multi-particle system considering the effect of other particles and w,is the interfacial

velocity in single particle system. Then the method developed for calculating the drag




JNC TN9400 2001-055

coefficient of the single particle can be applied to the particle in multi-particle system.
The drag correlations under laminar and turbulent flow conditions in multi-particle
system will be developed respectively in the following according to the different

interfacial velocity as in the single particle cases.

3.1 Drag correlation under laminar flow condition
The velocity of the liquid-vapor interface #, for the original particle under

laminar flow condition can be written as

i

u.:%ch(l—aP)"sinB. 37

The pressure at angle @ on the liquid-vapor interface in the coolant liquid could be

expressed as

V2 . :
P(G):PO+pchcos9+pc%—%[%ch(l—ap) sine} (38)

Then the equations (5) through (24), replacing (11) and (12) by (37) and (38), can
be employed to calculate the drag coefficient of the particie with vapor film in
multi-particle system under laminar flow condition. By employing the same method in
the previous section, the drag coefficient of the particle with vapor film under laminar

condition in multi-particle system can be obtained as the formula expressed in

dimensionless number:

1

n E n [ Evy? } . 1 n
C’n.ﬂ,:a,,(l—ﬂzp)2 +—I-£%90—(I-ap)2 al+( g:‘l;‘; T(I—Odp)2 a, +igeo_5 a +E(1—ap)2 (39)

where the constant «, and the ranges of Reynolds number, Ev number, g,; p, and
U, are the same value as in the single particle case, because, when @, is 0, equation
(39) is reduced to that for the single particle case expressed in equation (27).

The drag coefficients of the hot particle, predicted by equation (39), are plotted in
Figs. 6, 7 and 8, which are arranged according to Reynolds number, Ev number and the

volume fraction of the particles. As shown in Fig, 6, the drag coefficients decrease with




JNC TN9400 2001-055

the increase of Reynolds number, but they are not changed too much when Reynolds
number becomes larger. It is showed that the drag coefficient of the particle with vapor
film is larger than that of the particle without vapor film given by Ishii [6] in laminar
case, which can be explained by that in laminar case, the velocity of vapor flowing
inside the film is larger than that of the particle moving in coolant liquid. Figure 7
shows that the drag coefficients increase slowly with the increase of the Ev number,
which can be explained by the increase of the thickness of the vapor ﬁlm with the
increase of the Ev number. Comparing to the drag coefficient of the particle without
vapor film, as shown in Fig. 8, the drag coefficients of the particle with vapor film
increase with the increase of the volume fraction of the particles much faster than that

of the particle without vapor film.

3.2 Drag coefficient under turbulent flow condition
Based on the same method described in the previous section, the drag coefficient
of the original particle with vapor film in multi-particle system under turbulent flow
condition can be calculated. The velocity of the liquid-vapor interface u; for the
original particle is assumed as
u = AV, (1-a,)" sin8. (40)
The pressure at angle @ on the liquid-vapor interface in the coolant liquid could

be expressed as

Ve 1-All-a,)"si 9)1;;1
P(G):Po+pchcose+pc_§’._ch( ( Ofpz) sinf | ¥

~Lel47,-a,)"sm0]  (4D)

where @, is the volume fraction of the particles. A and B are parameters to be used to
consider the influence of turbulent flow on interfacial velocity and pressure distribution
around the particle, which is the same as that in the single particle case.

Then the equations (5) through (24), replacing (11) and (12) by (40) and (41), can
be employed to calculate the drag coefficient of the particle with vapor film in

multi-particle system under turbulent flow condition. The drag coefficient can be
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expressed as the formula in dimensionless number:

1
i n E E 2\ "
CD_fb:wU(l_ap)z +R:;0 WI(I_aP)'-]-[gvuo])wz(l_ap)z +If;2

0 [ ol i}

w, (42)

where the constant w, and the ranges of Reynolds number, Ev number, g,, p, and
U, are the same value as in the single particle case, because, when o, is 0, Eq. (42) is
reduced to that for the single particle case expressed in equation (33).

The drag coefficients of the hot particle, predicted by equation (42), are plotted
in Figs. 9, 10 and 11, which are arranged according to Reynolds number, Ev number
and the volume fraction of the particles. As shown in Fig. 9, unlike the drag coeflicient
of the particle without vapor film in turbulent case, the drag coefficients of the particle
with vapor film decrease with the increase of Reynolds number. In large Reynolds
number cases the drag coefficients are smaller than that of the particle without vapor
film, as shown in Fig. 9, which can be explained by that in turbulent case, the velocity
of vapor flowing inside the film is less than that of the particle moving in coolant liquid.
Figure 10 shows that the drag coefficients increase with the increase of the Ev number
faster than that in laminar case, which can be explained by that in the turbulent flow
cases, the thickness of the vapor film is thinner than that in Jaminar flow cases due to
the large interfacial velocity. For the same increase of the evaporation, more increase of
the resistance to the particle is given in the turbulent flow cases than in laminar flow
cases. Figure 11 shows that the drag coefficients increase very fast with the increase of
the volume fraction of the particles, which is similar to that of the particle without

vapor film.

4. Application of the proposed drag correlations

The proposed drag correlations (equations (39) and (42)) are introduced into the
SIMMER-III code and applied to simulate the QUEOS experiments (Q12 and Q35) [3],
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the experiment for the premixing phase of FCIs, in which 6.9 and 10 kilograms of solid
molybdenum spheres with the temperature of 2300K and 1800K are released into water,
respectively. The QUEOS facility and the calculation system are described in refs.
[3.4,5]. The front advancement of the particle cloud in water is analyzed to validate the
proposed drag correlations. In the calculation of Ev | number, the film boiling heat
transfer is calculated by using the formula in ref. [11]. The front advancement of the
particle cloud, moving in coolant water, obtained from the experimental data, predicted
by employing the Ishii’s correlations and the proposed correlations are plotted in Figs.
12 and 13, respectively. The results show the proposed correlations improve the
agreement of the evolution of the location of the leading edge of the particle cloud with
the experimental data. From these figures, the remaining difference is shown between
the simulation with the proposed correlation and the experimental data. This is caused
by the following reason. During the falling of the particle cloud in the vessel, its front
part is mixed with water and the other part is mixed with vapor. The motion of the
particle cloud moving in the vapor mixing region is affected by the momentum
exchange between the particle and the vapor, including momentum exchange
coefficient and vapor velocity. This then affects the contour shape of the particle clouds
(as investigated in the previous study [5]). The overestimation of the momentum
exchange between the particle and the vapor in vapor mixing region is thought to cause

the above remaining difference.

5. Conclusion

The drag coefficient for a single particle surrounded by vapor film moving in
coolant liquid under laminar and turbulent flow conditions are studied, based on the
conservative equations and assumptions. The drag correlations can be described by the

Reynolds number, vapor/liquid viscosity and density ratios and the two dimensionless
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numbers, newly introduced in this study to suitably describe the influence of the vapor
film on the drag coefficient. In the turbulent flow regime, the drag coefficient
correlation is fitted by experimental data and is smaller than that of the particle without
vapor film.

Based on the single particle model and the mixture viscosity concept, the drag
correlations of the particle with vapor film in multi-particle system are proposed for the
laminar and turbulent flow cases respectively. The proposed drag correlations are used
to simulate the QUEOS experiment and the results show that the proposed correlations
improve the agreement of the simulated results with the experimental data. Since the:
constants in the proposed drag correlations (33) and (42) under turbulent condition are
fited by experimental data in limited ranges of dimensionless parameters, not
necessarily sufficient for covering the reactor conditions, more experimental data are

required to verify the proposed correlations.

Acknowledgements

The authors wish to express their thanks to Dr. W. Maschek of FZK, German for
providing us QUEOS experimental data and to Dr. H. Niwa of O-arai Engineering

Center, JNC for his useful discussions.
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English Symbols

a, constant

H

A area (m’), undetermined parameter

B undetermined parameter




JNC TN9400 2001-055

C

D

drag coefficient

C'p.p drag coefficient of a hot particle/droplet with vapor film under laminar

condition

C'p-p drag coefficient of a hot particle/droplet with vapor film under turbulent

Ev

&o

N

=

condition

diameter (m)

evaporation flow number, which is defined to describe the vapor flow inside
the vapor film induced by the evaporation of coolant liquid on the coolant

dynamic_force

.. . ; D
liquid/vapor interface Ev= , written as (Ev=—2L)

viscous_force

force (N)

gravity (m/s*)
dimensionless number which is defined to describe the particle in coolant

. 3 9
avi orce D
system with gravity g, & =_"—‘8TA b f ,written as (g, =—F g“g )
viscous force

(4

pressure (Pa)

radius of particle (m)

vcpp cD f )

C

Reynolds number (Re =

vapor velocity in x direction (m/s).
average vapor velocity along vapor film (my/s).

velocity  (m/s)

constant

Greece Symbols

a,

r
&

volume fraction of particle/droplet
evaporation rate (}’cg/(m2 -8))

thickness of vapor film (m)
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0 angle
U viscosity (Pa-s).
Y, dimensionless number which is the ratio of the viscosity of the vapor to coolant
liquid (g =-£-)
0 density (kg/m’).
p, dimensionless number which is the ratio of the densities of the vapor to
coolant liquid ( p, = £)
T tangential force
Subscripts:
c coolant, continuous phase
P particle/droplet
s surface, separation point
y direction
) X direction
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Coolant:
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Fig. 1 Configuration of a single droplet moving in coolant in Nelson

experiment (NUREG/CR-2718)
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Fig. 2 Scheme of a hot particle moving in coolant liquid
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Fig. 3 The drag coefficients obtained from the experimental data
and those predicted by the fitted correlation under turbulent

condition arranged in Reynolds number
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Fig. 4 The drag coefficients obtained from the experimental data and
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condition arranged in Ev number
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vapor film under laminar condition with Reynolds number.
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Fig. 7 The variation of the drag coefficient of the particles with vapor
film under laminar condition with Ev number. (Reynolds

number is 1000, i, is 0.12, p, is 0.00056 and g, is 8x10°.

The alpha is the volume fraction of the particles)




JNC TN9400 2001-055

12 S ——————-
this study Re-500
-% this“study Re-1000
10 lo Ishii
= b
S QL
Z 8]
]
5
Q 6 7]
O
=V
S 4 i
3 i
2 L .
A Ishii Cd with Re=1000
0 ":'.".';0,'7'T'.““.'"9"‘,“/‘.",'""7'.'“"

0 01 02 03 04 05
alpha

Fig. 8 The variation of the drag coefficient of the particles with
vapor film under laminar condition with the volume

fraction of the particles. (Ev number is 200, u,is 0.12,
p, is 0.00056 and g, is 8x10°. The alpha is the volume

fraction of the particles)
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Fig. 9 The variation of the drag coefficient of the particles with vapor

film under turbulent condition with Reynolds number. (Ev

number is 200, u is 0.12, p, is 0.00056 and g, is 8x10°.

The alpha is the volume fraction of the particles)
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Fig. 10 The variation of the drag coefficient of the particles with vapor
film under turbulent condition with Ev number. (Reynolds

number is 10000, i is 0.12, p, is 0.00056 and g, is 8x10°.

The alpha is the volume fraction of the particles)
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Fig. 11 The variation of the drag coefficient of the particles with vapor
film under tarbulent condition with the volume fraction of the

particles. (Ev number is 200, p,is 0.12, p, is 0.00056 and g,

is 8x10°. The alpha is the volume fraction of the particles)
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Fig. 12 The advancements of the particle cloud in QUEOS-12, calculated

by different drag coefficient correlations
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Fig. 13 The advancements of the particle cloud in QUEOS-35, calculated

by different drag coefficient correlations
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Appendix A: Drag coefficient for a single particle under

laminar flow condition

The governing equations for the vapor in the film are

opu _
ox ’
opu’ oP . 0%u
=Y pesing+usy,
ox ox pesintT i oy’

The boundary conditions are
v=0; u=0,
y=0; u=y,.

The interfacial velocity is

U, =% . SInG

From equations (1) and (2) we can obtain

a—P =— sin@ + ué-z—li
o P.g 3

The pressure distribution can be written as
VZ 2
PO)=E+ p.gr,cosf + pc—g—‘"—-ﬁ;—‘[%lfcp sin@ )

Then

oP . 1 5 .
—=—p_ gsin@ ——p .V sin28
ax pcg 2rp c g

By combining the equations (4) and (6), we can get

o*u
oy’

r

P

7]

Then the velocity distribution can be obtained

(D

2

3)

4)

(5)

(6

0
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25 ¢ 2u 16,

V2
u=2y sing- ((p p)gsm6+£f’lsin26}yz—y5)

ou
TS, =H gly-o
. _ 9 V2
= 3—#ch sinf + Msin@ + 2P in g
28 2 6r,,

The forces exerted on the part I include pressure and viscous force

a, .
= [(Pcos6 +1, sing)2 7} sin6d6

0

(8)

©)

(
=2m~p2 P, +p, )sm O pcgr"’(os365 1)- L sin* @,
2 J 2
(3 v
+ 277 ¥y +2 £.g0 1 cos 8, —cos0, +2 ’oc t_Zsing, (10)
28 72 )3 3] 32,
The force exerted on the part II can be calculated as
= J.Ps, 27 1} sin@ cos6d6
é
V2 Wsin2 6, p.gr 9p. 7,
=2ml|-| P+ p. = £ — 222 cosf, sin’ @, + —-—L ”" ¢8))
2 J 2 2 16

The total force is
_ ol il
F,=F+F].
The drag coefficient can be written as

F

Y

Cpp= 3 )
y/4 rp 5 =PV,

= 2(1-!—[2}}1 ~cos*8, |
31| D,

12)
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-1

12
L2 (26 [lcoSges_co59s+3)
V;PDppc Dp 3 3

2D
- »€ lcosgs_%cosaas_l_%)

v, \2
D 4
+ ng = lcos3(§'s-—00595+—2— | 13)
Vq,, D‘p 3 3
with
3 .
gV
i + ﬂz cp i _ 21";710 . (14)
D, 2D,p.g DP Dpp;gp
and
2
8 2D
cosf, =——b o | _ £ )
3DPI/‘:PPC Dp 9V’C‘p
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Appendix B: Drag coefficient for a single particle under turbulent

flow condition

The governing equations for the vapor in the film are

a .
=
opu’  OP : o’u
=—— 0 —_— 2
™ S, Pesmbti e @

The boundary conditions are
y=0; u=0,
y=0; u=u,.
The interfacial velocity is
u, = AV, sin6. (3)
From equations (1) and (2) we can obtain

oP ) d’u
—=-p.gsin0+p—-.
oy

> @)

The pressure distribution is

VZ _ . 7
P(9)=P0+pcgrpcos9+pc—:2‘-"——3pc(1—’1—;-‘3QV;—%(Ar/cpsine)z. (5)
Then
aP . 1 2 2 . ‘ ]- : 2
a—:-—pcgsme—z—A PV, sin20 +— ABp,(1— Asinf) cosb Vo (6)
X ¥ ¥

P P
By combining the equations (3) and (3), we can get

u

=—(p - plesing ——— p ¥’ s 1 _ Asi 2
5" (p, - p)gsind T PYsin20+—ABp.(1 Asin@) cos@ V2. (7)

P 4

Then the velocity distribution can be obtained

- V2
=2 4V, sin6 - 0:=P g+ PYo o ginag [ - )
] 2u 4ur,
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L Bp, (1~ 4sin8)dcosd V2(y* - y5) (®)

rF
The viscous force on the particle surface can be written as

du
Ts

1=‘u$_v=0

Tep

- V2
‘;AV sin6 +[-(pf—2p)—g—sme+fiﬁﬁsinze] 5

——2-1—ch (1- 4sin@)d4cos@ V6 9
5
P

The forces exerted on the part I include pressure and viscous force

LA
= | (Pcosf +1, sin8)27 r, sin6do
0

[ 2y . 2
=2mr) L[Po +p, %&\sm o _ pcir" (cos3 0, —1) 4 'ng;” sin 95]

J 2

[ B,V ;
-2, 2Py lsmzﬂs—%sin395+‘isin493
I 2 2 3 4

[ ]

fs

[ 52
+27r o) pcgé’ cos 8, —cos0, + PC 2P A'sin G,
? 5 2 3 3 8r,
B Vis 4
om2| 2P e Al g, —Asint, (10)
i 2F 3 4

p

The force exerted on the part II can be calculated as

= jPa, 27 r, sin6 cos6d0
6!'

V2 ]
.—_27rr2[—(P +pci15m o _ pcfr” cos@, sin’ 6, + p‘4°p sin* 6,

BpV:
+2m}f|:.%(l—fisin9s) : sinzﬁs] (11)

The total force is
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_ ol I/
F,=F +F.

(12)
The drag coefficient can be written as
F
— y
Cpp=

1
7',"- rpzipch;ZJ

=
2 44
A2 1—cos’0, | + £_|20 icos3|93—c0395+z
2| | D, v,D,p.\ D, | 3 3

. D
o lcosGs—lcos3l9s+—1— + "’f 2 lcos3l95—cosf95+—2—
vz |2 6 3" V2| D, |3 3

f

~|2B -I—Asin395—lAlsin4Gs 2485 lsin"’BS —lAsin“GS (13)
3 4 ¥ 3 4 -

P

where @, satisfies

A, 2 AD
( ., BAZV@ Jcos o, _ BV cost, +[ M, 8D, }:o

14
2 2 sinf, |28%p, 4V, 9

'y

and

6TuD *
66(47, 11+ p,gb%)= 2 E0r (15)






