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Abstract-By performing Eulerian area averaging over a channel area of the local continuity, momentum 
and energy equations for single phase turbulent flow, assuming each phase in two-phase flows to be 
continuum but coupled by the appropriate “jump” conditions at the interface, the corresponding axial 
macroscopic balances for two-fluid model in a pin bundle are obtained. To determine the crossflow, a 
momentum equation in transverse (to the gap between the pins) direction is obtained for each phase by 
carrying out Eulerian segment averaging of the local momentum equation, where the segment is taken 
parallel to the gap. By considering the mixture as a whole, a diffusion model based on drift-flux velocity is 
formulated. In axial direction it is expressed in terms of three mixture conservation equations of mass, 
momentum and energy with one additional continuity equation for the vapor phase. For the determination 
of crossflow, transverse momentum equation for a mixture is obtained. It is discussed that the previous 
formulation of the two-phase flow based on the “slip” flow model and integral subchannel balances using 
finite control volumes is inadequate in the following respects: 

(a) The model is heuristic and a priori assumes the order of magnitude of the terms. An excellent example 
of this provided by the manner in which the form of transverse momentum equation has evolved since its first 
crude form. 

(b) The model is incomplete and incorrect when applied to two-phase mixtures in thermal non- 
equilibrium such as during accidental depressurization of a water cooled reactor. 

It is demonstrated that the governing equations presented here are based on very formal and sound 
physical basis and are indispensable if physically correct methods are desired for analyzing two-phase flows 

in a pin bundle. 

NOMENCLATURE 

cross-sectional area normal to z axis; 
correlation coefficient for momentum 

defined by equation (33) for the kth phase; 
area-weighted mass concentration defined 
by equation (17); 
specific total internal energy; 
acceleration due to gravity; 
specific static enthalpy ; 
velocity of center of volume of mixture; 
unit vector in z direction ; 
segment parallel to y direction; 
mass flux at the interface; 
the number of channels connected to a 
channel i; 
pressure ; 
heat flux ; 
surface area of a bounding volume; 
perimeter along a boundary; 
time ; 
specific internal energy for the kth 
phase ; 
fluid velocity vector ; 
cross flow of the kth phase per unit 
axial length between channels i and 1; 

6% Y, zx coordinate system. 

Greek symbols 

61, void fraction ; 

rk, mass produced of the kth phase per unit 
volume of the mixture ; 

correlation coefficient for energy defined 
by equation (46b) for the kth phase; 
fluid density; 
stress tensor. 

Subscripts 

boundary between the interconnected 
channels; 
phase change between liquid to vapor ; 
vapor-liquid interface ; 
channel i; 

kth phase; 
mixture ; 
tangential direction ; 
directed along z axis. 

INTRODUCTION 

IN THE thermal hydraulic analysis of pin bundles for 
thermal or fast reactors, it has become customary to 
employ heuristic macroscopic balances using finite 
control volumes (e.g. subchannels) for mass, momen- 
tum and energy (see for example [l-4]). However, a 
comparison between the experimental data and the 
subchannel calculation based on these models, several 
discrepancies in the prediction of mass flow and 
enthalpy distribution compared to experimental data 
have been noted (see for example [S-S]). In order to 
establish the physical basis and thus the validity and to 
reveal the terms not accounted for in these models, we 
are lead to the derivation of the governing equation 
based on macroscopic balances of mass, momentum 
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and energy applicable to a pin bundle. These in turn 
are derived from differential balances (as for example 

expressed by Reynolds equations for turbulent flow) 
by utilizing suitable averaging procedures such as 
Eulerian area and segment averaging. 

macroscopic transverse momentum balance for :hc 

calculation of cross flow in a pin bundle geometry 

BASIC EQUATIOUS 

The knowledge of the proper governing equation for 
two-phase flows in a pin bundle such as may occur 

during postulated loss-of-flow accident in thermal and 
fast reactors, is even more lacking than the single- 

phase flows due to added complexity of two-phase 
flows. A number of computer codes [l&4] for multi- 

channel two-phase thermal hydraulic calculations 

have been developed. Some of these have been specifi- 
cally designed for application to water reactors. The 
governing equations in these codes are obtained 

heuristically by assuming a complete analogy with the 
single phase fows. The methodology adopted in this 
paper for deriving the governing equation for two- 

phase flows is formal and basic and does not u priori 

assume the order of magnitude of the terms as would 
be necessary for macroscopic balances using finite 
control volumes. 

In analyzing two-phase Rows. we would follow the 
standard method of continuum mechanics bv con- 
sidering a two-phase flow as a held subdivided into 
two single phase regions with tnc~~mg boundaric,, 

between the phases. The basic conservation equation, 

in differential form hold for each subregion with 
appropriatejump and boundary conditions for mstch- 

ing the solution of these differential equations at the 
interfaces. From these field equations. we ohmin 

macroscopic description by performing area and seg- 
ment averaging by using a control volume which 

includes both phases at the same moment bum lc. 
assumed to be much smaller than the total system 01 

interest. The local field equations for each phase b\ 
considering each phase to be unsteady, compressrbie 
and turbulent, can be given as: 

Continuity 

It is well established in continuum mechanics that 

the conceptual models for single phase flow of a gas or 
of a liquid are formulated in terms of differential field 

equations which are based on the laws of conservation 
of mass, momentum and energy. These field equations 

are then complemented by appropriate constitutive 
equations such as equations of state. It is expected. 

therefore, that the conceptual models which describe 
the steady state and dynamic characteristic of two 
phase flows should be formulated in terms of approp- 

riate field and constitutive equations. From the ma- 
thematical point of view. a two-phase flow can be 
considered as a field which is subdivided into two 

single phase regions with moving boundaries separat- 

ing the two constituent phases. The differential balance 
holds for each subregion, however, it cannot be applied 

to these sub-regions in the normal sense without 
accounting for the presence of interfaces. The presence 

of interfaces must be described in terms ofmacroscopic 
balances applied at the interfaces taking into account 
the singular characteristics. i.e. the sharp changes (or 
discontinuities) in various variables, The governmg 

equations for two-phase flow in a pin bundle must then 
be obtained by employing Eulerian area and a segment 

averaging of these field equations. This procedure if 
properly carried out should establish a more firm basis 
for the governing equations and should reveal the 
additional terms not accounted for in the heuristic 
approach as adopted in the existing subchannel mo- 
dels This is indeed the objective of the present paper. 

^_ 
( Pk +v.p,c, --- 0. 
it 

Momentum 

Energy 

= V’(-q,-P,V,-I)kE’kV;+*r’Vi)-“i)kg.f,, (.<l 

where jjk is the density [of kth phase. k = 1 (liquids. 
k = 2 (gas)]. V, is the velocity vector. P,, is the pressure. 

E, is the total internal energy (Ek = I I -C 4 r/,“. where 
li, is the specific internal energy) tl is the stress tensor. 

g is acceleration due to gravity and r is the time. The 
bar over any quantity denotes the conventional time 

averaging or statistical ensemble averaging. Thus. 

^I,> + \r 
f; = (1 Ar) f (Ildr \-kl! 

1 !, 

and the tilde over any quantity I- denotes the mass- 
weighted averaging i.e., 

tlACROSCOPlC BAL4NC‘ES 

The greater part of the formal procedure adopted We assume that both in the liquid and in the vapor 

here for the derivation of governing equations for a pin phases, the motion of the Huids is dominantly in axial 

bundle is based on the methodology developed by direction. that is the transverse components of velocity 

Kocamustafaogullari [9] for obtaining one- are small compared to axial component. We further 

dimensional macroscopic balances for a control vo- assume that within a channel the variation of the axial 

lume. Kocamustafaogullari, however started with lo- component V,; is much stronger than the variation 

cal differential equations for laminar flow whereas our along the axial direction. This behavior is analogous to 

fundamental equations are those for turbulent flow. In that which exists in a boundary layer so that the 

addition. we have included the derivation of the longitudinal or axial length scale L tin which the axial 
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VAPOR PHASE 

Fto. 1. Coordinate system in a subchannel 

variations in V,, take place) is very much larger than 
the length scale 6 in a transverse direction (over which 
transverse variations in V,, take place) i.e. 6/L << 1. We 
further assume that similar ar~ments can also be 
applied to the variation ofenthaIpy or tem~raturein a 
channel. In conclusion, it is assumed that the 
boundary-layer approximation can be applied. 

Continuity equation averaged over a cross-section 
The application of Leibnitz theorem (Al) and 

divergence theorem (A2) (see Appendix A for their 
statement) to equation (1) yields for a channel denoted 
by i in the subassembly (see Fig. 1) a mass balance 
given by 

=- Pk(Pk - V,) * $z!f!A 
I 

dz i 

A d4, - 
i%‘k ’ ilk ex i,. (5) 

If we let 

pr(?,-vr).ri,dA 
I dz i 

and 

equation (5) becomes 

~(Ak((p,)))i+~(A,((~,~~,))), 

= (AI,&, - 7 Kit C7) 

where summation with index [implies summation over 
the number Nj of channels connected to channel i. 

Here Ak is the cross-sectional area normal to z axis for 
phase k, and A denotes the total cross-sectional area 
normal to z, Iki is the mass produced of the kth phase 
per unit volume of the mixture, and lV&, is the mass 
Aow per unit axial length across the gap between 
channels i and t, and (<. ..))) defines the area 
averaged value of a quantity, i.e. 

(iY,>(z, t) = + 
.il 

‘I’(x,y,z,r)dA. 
k Ak 

Adding equations for k = 1 and 2 and using equation 
(Bl), we obtain 

where 

V, = T(l -a)~pl~,~+a~pz~=~]ip, Pa) 

Pm = (1-&3,>+~<P,>. (9b) 

With a view of adopting well known and physically 
consistent approach as put forward in numerous 
works of Zuber and his co-workers (see for example 
[9-111) towards the formulation of the governing 
equations for two-phase flows, we base the for- 
mulation of the governing equation for pin bundle on 
one-dimensional drift flux model for non- 
homogeneous, non-equilibrium flows of two-phase 
mixtures. The drift flux model (or mixture model) is 
formulated by considering the mixture as a whole, 
rather than two phases separatety. The drift flux model 
thus requires only four field equations (namely, con- 
tinuity, momentum, energy for the mixture, and the 
continuity equation for one of the phases say vapor) as 
against six field equations for two-fluid model. The use 
of two continuity equations is consistent with the 
traditional approach pursued in dealing with single 
phase two component chemically reacting flows in 
which the number of continuity equations utilized is 
equal to the number of components. The simplification 
introduction by using only four field equations rather 
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than six makes the use of drift flux model a very 

attractive and powerful technique for analyzing a 
number of engineering problems such as voiding 

dynamics in a liquid metal fast breeder reactor (LM- 

FBR) pin bundle or dynamics of two-phase flows in a 
pin bundle of a water-cooled reactor. 

The four field equations in the drift flux model are 

the result of the elimination of one energy and one 
momentum equation from the original six field equa- 

tions of the two-fluid model. Therefore, the relative 

motion and energy differences should be expressed by 
additional constitutive equations. These two effects 
inherent to all two-phase flow systems are taken into 

account by using a continuity equation for one of the 

phases and supplementing it with kinematic and phase 
change constitutive equations. 

Many two-phase how problems because of the 
importance of the relative motion of one phase with 

respect to the other must be formulated in terms of two 
velocity fields. For analyzing the dynamics of a two- 
phase mixture the appropriate velocity fields [lo] are 

the velocity of center of mass as defined previously by 

equations (9) and the axial velocity of center of volume 
of the mixture 

.i = (1 --cz)(V1,>-t~<V*,>. (10) 

Because of the existence of axial relative velocity 

between the phases given as 

v, = (PA - <v,,>. (11) 

the velocities V, and j are not equal. Here (. ) denotes 
a mass weighted, area averaged quantity, i.e. 

(12) 

The relationship between V, and j is then obtained by 
the use of equations (9) through (11) as 

j-Y, =n(l-a)hl-‘y. (13) 
Pm 

which states that, the center of mass and the center of 

volume of the mixture move with different velocities 
and it is expected for example, in separated flow system 
that the center of mass will move with a velocity close 
to that of the heavy phase which accounts for most of 

the mass and center of volume velocity will be closer to 
that of the lighter phase which accounts for the most of 
the volume. The relationship between these two ve- 

locity fields can be expressed alternatively in terms of 
diffusion velocities of the phases with respect to the 
center of mass or the center of volume. The advantage 
of using these diffusion velocities as against relative 
velocity to express the relationship between these 
velocity fields, can easily be seen, for example in the 
case of dispersed two-phase flows in where the dif- 
fusion velocities can be easily related to a rise velocity 
of bubbles or a terminal velocity of particles or drops. 
Diffusion velocity V,, of the kth phase with respect to 
center of mass is defined as 

V,, = (vk,) - V, for k = I,2 (14) 

the diffusion velocity Vkj with respect to center of 
volume, called drift velocity is defined as 

vkj = (6,) -,I. 115i 

Substituting for V, from equation (9a) into equation 
(14), we obtain 

V,, = _ GQ ---@(<PX,,> - <VI;,)) 

&&/ 
116a) 

= 

PItI 
I 

v 2m = @$ (1 -a)((i;;,) - <P,,>) 

= -“-$G (, -&)v,, 
(16b) 

m 

If we define area-weighted mass concentration c as 

c(x,t) =a’$.?? (171 
m 

then equation (16a) can be written as 

V,, = -cv, 

v,, = (1 -c)v, 

equation (13) becomes 

j-V, = U(l--l)~(~2m-~IJ 
m 

(t8a) 

(18b) 

(19) 

and equation (9a) becomes 

v, = (1 -c)@,,> +c(V1;,>. (20) 

Similarly by substituting for j from equation (lo), we 

obtain 

Vlj = -NV, (21a) 

vzj = (1 -@)I,: (21b) 

v, = vJj- VI,. (21C) 

The use of equation (21~) into equation (13) yields 

,j-V,=rx(l-r)P(VZj -VI;). 02) 
P, 

Inview ofequations (17), (18) and (2l)the two types of 

diffusion velocities are related as 

:! Pn VIj = A& v,, = --~~- ---- yz, 
1-a <PI> 

(23) 

V&-- 
L-Y 

~~>> ',,= -~&'~~jj ',,' (24) 

By substituting equations (17) and (14) into equation 
(7) for vapor phase, we obtain 

g (AcPm)i + $ (cAPmvm)i 

= (AT,), - ;; (cApmV,Ji - c w,,. (2.5) 

Equations (8) and (25) constitute the required con- 
tinuity equations for two-phase mixture flow. 
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Momentum equation averaged over area 
The application of equations (Al) and (A2) to equation (2) yields 

$ tAk<Pk> @k>)i + & tAk<Fk kvk>>)i 

(26) 
where w stands for a wall or an impenetrable fixed surface. In, view of the applicability of boundary-layer 
approximation to the flow in the pin bundle for each phase, the normal components of stress tensor are small 
compared to the tangential components, the pressure is uniform over the cross section of a fluid and in view of 
equation (B5) is uniform over the whole cross section of a channel, i.e. 

P, = Pk(Z, t) = P(z, t). 

Introducing these simplifications and condition of no slip at the wall, i.e. V, = Vk = 0 at the wall, equation (26) 

The above equation can be simplified further by noting that 

s R.2 dA,,=O 
Sk 

k dz 

and 

Equation (27a) becomes 

~(ak~~k~(~k,))i+~(Ak~~k %>>)i 

= -~(Ak~~,+(P~)i+~[6.(~k-~-~kvk~~)-ii,~]i~ 

(-bP+i,-pkVkY;).~,-pk(vk-v,).fikvk~ 1 -(pkik)igz for k = 1,2. 

(27b) 

(27~) 

(28) 

The momentum equation for mixture is obtained by adding momentum equation (28) for k = 1 and 2 and using 
equation (B3). The result is 

Using the definition 

- (PnA)iSz. (29) 

(30) 



I Oh? 

the approximation, 
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/(is,> = pi 

from which it implies that (Y,) as defined by equation ( 12) becomes 

and i3ltroducin~ the correlation coefficient 

equation (29) becomes 

Substituting for L’r, from equation (14) and (1 hh) as 

and for Vz3 from equation (14) as 

Assuming C 1 = Cz = t, i.e. approximately flat velocity profiles in both phases, and using equations ( 17) and (hb). 
equation (36) simplifies to 

Momentum equation aoeraged ouer segment in y tiirection 
In order to calculate diversion crossfiow as defined by equation (6b) between subchannels we need to perform 

the averaging of the local momentum equation over a segment to obtain macroscopic momentum balance in 
transverse (to the interchannel gap) direction. For this purpose we utilize equations (A3) and (A4) and perform 
integration of equation (2) over a segment L, parallel to y direction and require that the segment be bounded by 

A,. We thus obtain 

where 1 represents summation over all the extremities of the segment I.,,. 
I,, 
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Let us now consider the projection of the above equation over x-axis and apply boundary-layer 
appro~mat~ons, which imply that we can neglect 

we obtain 

-t’P 2 - (pkL&gx for k = 1,2 (39) 

where we have utilized equations (27b) and (2%) and A,, is flow area for phase k normal to direction x. 
To obtain momentum equation for the mixture we add momentum equation (39) for each phase and use 

equation (B3), the result is 

(40) 

Orientating2 axis along vertical direction so that gX = 0, applyingequa~on (40) at interface (or gap) between two 
connected channels and identifying with the use of equation (6b) that 

and assuming 

so that 

where pz and Vkz are the average values of density and axial component of velocity for phase k, respectively, at the 
gap between two channels. In view of equations (41X equation (40) becomes 

Energy equation averaged over CYOSS section 
The use of equations (A 1) and (A2) to equation (3) yields 
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Since %tkzr is small in comparison with P,, and since V,, and vk, are small in comparison with pkZ, we neglect the 
term 

in comparison with 

In view of no slip condition at the wall 
-___- _-.- _.__^. 

-pkE;Vk) = - P,V, = rk.Vk = 0. 

Since we are dealing with low speed flows, we can therefore neglect pressure work and dissipation work at the 

gap between the two channels in comparison with - G--p&V;. 
In view of the above discussed approximation, equation (43) becomes 

-(~~*g=~=~Ak)~. (44) 

Adding energy equation (44) for each phase and using equations (B’7), (27), (31 f, (321, and (35) we obtain 

i(Ap,E,)i + ~[(‘~~l~l;$Of’LP*:i(EZ)iC)mli 

- 

where 

i 
+ (qwsw)i-(PmvmA)iYz (45) 

ii 

. 

-q&J, = ;, 
! s 

Waf 

(46b) 

EnI = (P1(I-a)(~i,)+li,r(~,))lp,. (46c) 

For the case of adiabatic flow of bulk boiling such as due to sudden depressurization in case of water reactor, and 
in the case of liquid metal boiling, the total internaiener~es of each phase are essentially uniform across the cross 
section of a channel. Thus it follows for these cases that +yk N 1; however, in the presence of substantial degree of 
thermodynamic non-equilibrium the coefficients yk are lkiely to be different from unity. With the substitution. 
yk N 1, equation (4.5) becomes 

1 (47) 
i, 
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(48) 

In arriving at equation (47), we have made the following simplifications: 

at moderate Mark numbers it can easily be shown that (see e.g. [13]) 

and that m +x N P&. 
Sometimes it is more convenient to express the energy equation in terms of static enthalpy H, = U, + P,/p,, 

rather than total internal energy E,. Then equation (47) becomes 

COMPARISON WITH PREVIOUS SPIES 
AND CONCLUDING REMARKS 

Among the previous two-phase models for a pin 

bundle, the one by Rowe [l, 21 has enjoyed a greater 
degree of success because of the versatile nature of the 
original coding for single phase flows. Rowe extended 
Meyer’s [14] derivation of equations of motion for 
one-dimensional two-phase flows to a pin bundle 
geometry. Meyer’s model assumes thermal equilib- 
rium between the liquid and vapor phases either at a 
local pressure or at the mean system pressure level. A 
good discussion of this deficiency in the model in 
relation to its capabilities for analyses of two-phase 
flows during accident conditions such as loss-of-flow 
due to sudden depressurization, can be found in a 
paper by Zuber and Dougherty [15]. In view of this 
assumption, the need for additional continuity equa- 
tion (25) was eliminated. We may note here that the net 
vaporization term containing r, plays the dominant 
role in determining the degree of thermal non- 
equilibrium of the mixture and in fact the degree of 
thermal non-equilibrium cannot be determined with- 
out the inclusion of the second continuity equation. 
Meyer’s model is based on slip ratio rather than center 
of mass or volume model as utilized here. Con- 
sequently, Meyer found it necessary to introduce four 
separate definitions of mixture specific volumes i.e. an 
area averaged specific volume, a momentum averaged 
specific volume, a kinetic energy averaged specific 
volume, and a velocity weighted specific volume ; each 
of these four specific volumes exhibit a different 
functional dependence on the slip ratio. Consequently, 
as discussed by Zuber and Dougherty [15] there can 
arise serious discrepancies in the prediction of critical 
two-phase flows if such a model is utilized. 

Another point of departure in previous models 
[l-4] from the present analysis is the derivation of 
momentum equation for cross flow. The form of this 

equation utilized in these computer codes has evolved 
over several years. The derivation of this equation in its 
earlier crude form (see for example, [l]) merely 
consisted of two terms, namely, the transverse pressure 
gradient being proportional to the second power of the 
diversion crossflow. All effects of acceleration were 
considered unimportant and therefore disregarded. 
The present form of this equation as for example 
utilized in COBRA-IV [16] represents a considerable 
improvement over its earlier crude form, however its 
derivation is based on a mere intuitive adaptation of 
local transverse momentum balance by neglecting 
terms contributed by flow in y direction and the terms 
considered intuitively to be unimportant. Of course, 
this equation can only be correctly formulated by 
carrying out a segment averaging of the local trans- 
verse momentum balance, where the segment is taken 
parallel to y direction. A term by term comparison of 
our governing equation with those by others is not 
fruitful in view of the degree of uncertainty and 
empiricism involved in the present derivation of 
constitutive relationships for various crossflow terms; 
as a result the importance of individual terms retained 
in our analysis at present cannot be assessed. 
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.\PPENl)IX A 

Let us consider a volume r/,&ntained between two parallel 
planes cutting VA along two cross sections A,(; and .4,j,,_,l 
infinitely close together with distance Az between them. The 
Leibnitz’s theorem valid over surfaces is given as [Yl 

where ski is a wetted perimeter at the boundary (e.g. interface, 
external surfaces) and A,, is the interfacial area. 

The divergence theorem over .w$xx~s 
The divergence theorem valid for surface is given as 191 

4, 
V.F,d/l = ,I, (A,((F&) 

Let us consider a volume k’ along two sections S, and .‘il 
perpendicular to Ox distance A.w apart. The Leibnitr’s theo- 
rem for segment L, parallel to directIon I’ and bounded by ,.I;. 
is given as [ 121 

where s~in~nlation represents sum over all extremirics of the 
segment f,,. interfaces and walls included 

7’hr diiwg~~mc theorem owr segmrr~r 

The divergence theorem valid over ccgment L, can hc 
stated as 11121 

Since an interface between the phases is a smgular <u&cc 
across which the fluid density, energy and velocity suffer jump 
discontinuities. therefore the standard differential balance 
equations valid separately for each phase cannot be applied 
across the interface. In order to take into account the singular 
characteristics i.e. discontinuities in various variables. jump 
conditions consisting of a form of balance equations are 
developed. A detail discussion of the method for deriliation of 
the jump conditions can be found in Ishii [ 111. Delhaye [17] 
and Kocamustafaogullari [9]. For the present application \ye 
merely state these interface balance conditions. 

V,, := 6,, {,H11 

where 9, is the tangential (to the interface) component of the 
lIuid velocity 3,. 

t [P,ci-(i,-i,,t.;V;~]‘ri,j =: 0 iHi) 

where &is the unit tensor. Here, we have neglected the stress 
tensor due tointerfacial tension between the two phases. This 
assumption is valid provided that both the curvature of the 
interface and the surface tension gradient along the interface 
are small. If we neglect the initial growth of the bubble. the 
curvature in the subsequent two-phase motion can bc 
neglected. Surface tension gradient along the interface ail1 be 
negligible provided surfactant effects arc absent. 

Since the momentum balance equation (B3) is a sector 
equation. we must therefore obtain normal and tangential 
components of it. 

Nor& component. To obtain the normal component %I: 
take the dot product of equation (B3) with ri,, and utilize the 
fact that t?l = -ill and equation (Bl). thus resulting in 

ri2,(Y,-V,f.ir,+iP,-P,) 

+ (SZ”, -r)*&-(t1,, -f~,vifi = ii IBJ) 

where tick = jjk(Yt - V,). &. Vernier and Delhaye [ 12] have 
demonstrated by order-of-magnitude analysis that contil- 
bution to normal stress due to interfacial mass transfer (first 
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term in the above equation) is negligibly small. By utilizing Tangential component. Taking the tangential component of 

Prandtl’s boundary-layer approximations (which are applic- equation (B3), we obtain 

able in view of the fact that the characteristic axial length scale 
such as the length of the pin bundle, is considerably larger ~lnt-P1V;“V;t = r;.l--PZGV;,. W) 

than the characteristic length scale in the transverse direc- 
tion), we can easily demonstrate normal stresses at the 

Energy balance at the interface. 

interface are of second order. Consequently, equation (B4) 

simplifies to 
i {~,E,+[q,-(~-p,E;V;-P,V,)].ri,}=O. 

Ir=l 

P, = P,. (B5) (B7) 

EQUATIONS DU MOUVEMENT D’UN FLUIDE DIPHASIQUE DANS UNE 
GRAPPE D’AIGUILLES D’UN REACTEUR NUCLEAIRE 

R&um&Les bilans macroscopiques sur le modtle B deux fluides dans une grappe d’aiguilles sont obtenus en 

considtrant la moyenne eulerienne, dans la section du canal, des bquations de continuitC, de quantitb de 

mouvement et d’knergie pour un tcoulement turbulent P une seule phase, en supposant que chaque phase, 

dans I’tcoulement diphasique, est un milieu continu coupI& par des conditions approprites “de saut” B 
I’interface. Pour dCterminer I’Ccoulement transversal, une tquation de quantitt! de mouvement dans la 
direction transversale est obtenue pour chaque phase en considkrant la moyenne eulerienne de I’Cquation 
locale de quantitt de mouvement, le segment ktant para&le B la distance entre les aiguilles. ConsidCrant le 
mllange comme un tout, on formule un modele de diffusion basC sur la vitesse massique d’entrainement. 

Dans la direction axiale, il est exprimi: en fonction des trois bquations de conservation de la masse, de la 
quantit~demouvementetdeI’~nergiepourlem~langeavecune~quationadditionnellepourlaphasevapeur. 
Pour la dktermination du mouvement secondaire, on obtient une equation de quantitk de mouvement 
transverse pour le mtlange. On montre que la formulation anterieure d’un modtle diphasique, basi: sur le 

modele d’&oulement avec glissement et des bilans intigraux de sous-canaux avec des volumes de contrBle 

finis, est inadtquat pour les raisons suivantes: (a) Le modble est heuristique et il suppose a priori I’ordre de 

grandeur des termes. Un excellent exemple est fourni par la man&e dont on Ctablit 1’6quation de quantitk de 
mouvement transversal depuis la forme premi&re. (b) Le modile est incomplet et incorrect quand on 
I’applique a des mllanges diphasiques en non bquilibre thermique comme dans le cas d’une dipressurisation 

accidentelle d’un rtacteur g refroidissement par I’eau. 

BEWEGUNGSGLEICHUNGEN FtiR DIE ZWEI-PHASENSTRijMUNG 
IN EINEM BRENNSTAB-BtiNDEL EINES KERNREAKTORS 

Zusammenfassung-Fiir turbulente Ein-Phasenstriimung wird auf die lokalen KontinuitLta-, Impuls- und 
Energiegleichungen iiber einen Kanalquerschnitt die Fkichenmittelung nach Euler angewandt. Hierfiir wird 
angenommen, dafl bei Zwei-Phasenstramungen jede Phase fiir sich stetig ist, jedoch an der Phasengrenze 
durch geeignete Sprung-Bedingungen an die andere gekoppelt wird. Damit ergeben sich entsprechende 
makroskopische Gleichgewichts-Beziehungen in axialer Richtung fiir ein Zwei-Stoff-Model1 in einem 
Brennstab-Btindel. Zur Berechnung der QuerstrGmungerhLlt man fiirjede Phase eine Impulsgleichung quer 
zum Spalt zwischen den Stlben, indem man die Segment-Mittelung nach Euler auf die lokale Impu- 
lsgleichung anwendet. Das Segment wird hierbei parallel zum Spalt gew2hlt. Indem man das Gemisch als 
Ganzes betrachtet, wird auf der Grundlage der Driftstromgeschwindigkeit ein Diffusionsmodell erstellt. In 
axialer Richtung wird dies in Form der drei auf das Gemisch angewandten Bilanzgleichungen ftir Masse, 
Impuls und Energie mit einer zusltzlichen Kontinuitltsgleichung fiir die Dampf-Phase ausgedriickt. Zur 
Berechnung der QuerstrGmung wird fiir ein Gemisch die Quer-Impuls-Gleichung aufgestellt. Es wird 
er8rtert, daD der friihere Ansatz fiir die Zwei-Phasenstrcmung, der aufeinem “Gleitstrom’‘-Model1 und einer 
Bilanzbildung iiber samtliche TeilkanIle unter Benuhung finiter IControll-Volumina beruht in folgender 
Hinsicht unzullnglich ist: (a) Das Model1 ist heuristisch und enthLlt i priori-Annahmen iiber die 
GrBljenordnung der Ausdriicke. Ein hervorragendes Beispiel hierfiir gibt die Art und Weise, in der sich die 
Quer-Impuls-Gleichung seit ihrer ersten groben Formulierung entwickelt hat. (b) Das Model1 ist 
unvollstLndig und unrichtig, wenn es auf Zwei-Phasen-Gemische angewandt wird, die nicht im thermischen 
Gleichgewicht stehen, wie zum Beispiel wLhrend einer unfallbedingten Druckentlastung eines wassergektih- 

lten Reaktors. 

YPABHEHMIl ABM2(EHMEI ,!l~-Ifl ABYX@A3HOTO IIOTOKA nPI4 OLTEKAHMM 
nY’-IKA TOHKMX CTEPxHEfi RAEPHOI-0 PEAKTOPA 

AHIIOT~~HII - C noMombm 3finepoBcKoro ycpenHenHR no nnomanx KaHana ypaBHenHfi coxpaHeHurr 

MaCCbI, KOJlM’ieCTBa LlBliXRZHMB II 3HeprHM WIR OLlHO@a3HOrO Typ6yneHTHOrO nOTOKa B npennOJIO- 

leHHM, YTO Kamnal H3 @a3 nByX$a3HorO nOTOKa IlBnRcTCII HenpepblBHOfi, HO CBIlJaHHOti yCJ,OBlrBMB 

<<cKaYKa)) Ha rpamiue pa3nena, nonyYeHbr COOTBeTCTByIOmHe aKCHanbHble MaKpocKonRYecKHe 

6a.naHcHble ypaBHeHAIf nnfl h4onenu neyx mmKocTeR, o6TeKamurHx nyroK TOHK)IX cTepxHe8. arm 
onpenenemis noneperHor0 noToKa nonyyeB0 ypaeeeaee KonMYecTBa nm2cewiff B nonepeqHoh4 
(no OTHOmeHWIO K 3a30py McWly CTCPXHIIMH) HanpaBJIcHWi NISI KaWIOfi @a3bI C HCnOnb30BaHHeM 
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38JlepOBCKOrO yCpeAHeHil8; npW 3TOM CeTMCHT BblhpaeTcS4 tlapaJUIeJlbHblM 3a3Opy. ,&I8 CMeCH B 

UCJIOM CI$OpMyJlHpOBaHa AM$@y3HOHHa5l MOAeJlb, OCHOBaHHaR Ha CKOpOCTM Apeii@a IlOTOKa. B 

aKCHa."bHOM HanpaBneHHM OHa npeACTaB,WHa TpeMn ypaBHeHHRMH COXpaHeHMR MaCCbI,KOnMYeCTBa 

AB&UKeHMS M 3HeprHH CMeCM M AOnOItHMTenbHblM ypaBHeHMeM Hepa3pbIBHOCTM A."R napOBOir &a3bI, 

nOnepeYHblfi IIOTOK 0npeAenneTcfl ~3 ypasHeHm Ann nonepeYHor0 KonMYecTBa Ammemifl cMecH. 

IIoltasaao. YTo paHee npeAnomeliHoe orwicawie nsyx+asHoro noToKa Ha 0cHoBamM Monensi 
WKOZbW(eHM,I)) OOTOKa H MHTerpaJlbHblX 6aJTaHCOBblX COOTHOllleHMi? C MCnO,,bSOBaHMeM KOHeYHblX 

KOHTpOJIbHbIX 06TiiMOB HenpMrOAHO B CM,'ly C;le,IyloLLUIX npNYMH: (a) MOAenb RB,,ReTCII 3BpHCTII- 

YecKoii u ,AaiiT anpwopHoe onpenenewe n0prtnK0~ BemYm. XapaKTepHbrM npmepoM C;lymfT 

MeTOA nO,lyYeHIW ypaBHeHMn AnR nOnepeYHOr0 KOnMYeCTBa ABWKeHH~:.(6) MOAe.76 AB,7ReTCR 

HenOJlHOfi II HeBepHOh B IlpHJlO~AceHWl K AByX+a3HblM CMCCIiM npW HaJlRYHA TenJlOBOrO HepasHo- 

Becm, KaK. HanpaMep. B cnyuae hmtioBeHt<oro naAeHM9 :IafmeHm B peamope i‘ BoAmbm 

ounamAemeM., 


