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ABSTRACT
A rigourous and comprehensive model wusing the linearly

prerturbed drift flux form of conservation equations and the
concept of nodal transmission matrices are developed to predict

and explain stebility characteristics and system resSponsSes
under two phase natural circulation conditions in particular,
and boiling-condensing flow in general, in a figure of eight
geometry.

In this model, several important effects such as: vapour
compressibility, wall heat storage capacity, noneguilibrium vapour
generation, propagation delay, unegual velopelty between the
phases, and flow regime dependence through the relative drift
velocity, are included in the formulation. For each of the regions
of interest in the loop, a transmission matrix is constructed and
this matrix determines how disturbances in flow, wveoid fraction,
pregssure and enthelpy at the section inlet are propagated through
that section. The overall characteristic transfer matrix of the
system is a product of all the individual section transmission
matrices. Stability features and system response can be determined
from this characteristic matrix.

This paper gives an overview of the model philosophy, and
formulations with the emphasis on the two phase region.
Assumphbions will be stated and Justified. Essential physical
features as the result of the formulation will be pointed out.
Some results calculated by the model will be presented.
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Introduction:

In recent years, considerable interest has been expressed
concerning the phenomenon of two phase flow instability in  two
phase systems. The phenomencon of thermally induced, +two phase
flow instabilities is of interest for the design and opersation of
many industrial systems and equipment such as steam generators,
thermosiphon reboilers, refrigeration plants and in particular the
primary heat +transport system of CANDU nuclear power plants,
Oscillation of flow, and system pressure are considered to be
undesirable as they can cause mechanical vibration, problems of
system control, and in extreme circumbances it c¢an disturb the
heat +transfer characteristics so that a hest transfer surface nmay
burn out. In a nuclear power plant where burn out is to be
avoided, flow oscillation can initiate <transient dryout. Even
before this extreme,sufficiently large oscillations in the normal
operating state of the reactors can cause reactor trip setpoints
to be exceeded, leading to frequent reactor trips. Large flow
oseillations may also lead - to early thermal fatigue, --caused by
continual cyeling of the wall temperature. In the event of a LOCA,
two phaese flow instabilities may have adverse effect on natural
circulation cooling scheme and stop the process needed to remove
decay heat. It is clear from +these problems that flow instebili-
ties are to be avoided and every effort should be made to ensure
that each plant has an adequate safety margin against them.
Therefore, the understanding of two phase flow instabilities is
extremely important to the design, control, performance of nuclear
reactor power plant or any system having such a phenomenon. It is
the o¢bjective of this study +to lock at this widely occuring
phenomenon from a fundamental wviewpoint. This paper will
illustrate the theoretical approach of this study for a figure of
eight geometry.

Overview of Model

A linear model has been formulated using the drift flux form
of conservation eguaticons (1), and the concept of transmission
matrices (2,3) to determine the stability threshold and charac-
teristiecs, systen responses to disturbances in system parameters
such as flow, void fraction, pressure, enthalpy, density etc.
under natural and forced circulation conditions in a figure of
eight loop. The model adopts the concept of +the transmission
matrix as a developmental base because of its inherent modularity
{hence flexibility) and because its mabtrix structure is the
necegssary structure for efficient determination of system
characteristics.

Consider the schematic figure of a simple figure of eight
circuit which represents one complete pass 1in a CANDU primary
heat transport system in figure 1. For esach half of the circuit,
it is divided into seven regions of interest according to their
distinct conditions in wall heat flux, single or two phase etce.
The first region (0-1) is the liauid line from one boiler outlet



to the following heater inlet. This represents the inlet feeder
pipe network in the PHTS. The second section (1-2) is the liquid
line inside the heater where .liquid iz losing subcooling. This
region ends at the poiling boundary. This section is
distinguished f£rom the former section because of the different
heat fluxes in‘'the two sections. The third section {(2-3) is the
two phase region inside the heater where major evaporation ococurs.
The fourth section (3-4} ig the two phase line in the
horizontal section of the hot leg piping. The fith section (4-58)
is the two phase section in the vertical section of the hot leg
piping. This division is deemed necessary even though wall
heat loss is considered to be the same in the two sections
because there is different vapour generation and condensation
rate in these two sections. There will be some vapour generation
due +to elevation change in region 4-5 and under certain pressure
conditions, there is & net vapour  generation in this region.
The sixth section (6-68) is the +two phase section that penetrates
prast the boiler inlet. It is in this region that all remaining
- vapour will be condensed. The seventh section (6-7) is the liguid
line in the boiler which starts at the condensing boundary  and
ends at the second boller outlet. If symmetry 1is assumed,
there will be seven identiecal regions for the second half. W®When
these two halves are considered togebther, they represent the
full figure of eight 1loop. :

For each of the above sections, & transmission wmabrix or
transfer matrix will be constructed. This transfer matrix will
determine how disturbances in flow, void fraction, pressure and
enthalpy at the section inlet are  propagated through that
section. An overall characteristic matrix of the system i1is &
product of 21} the individual matrices. Because of symmetry, only
‘half of the loop transfer matrix is needed and it is written as

Gsiaai

or in tensor notation as

$kog - Gy ki |
where k represents w,of , p, h and G\ = f (s,system conditions).
The overall system characteristics matrix is thus,

a— —— — e
—— P— —

H= I - G.G.

The system characieristics can be determined from the zZeroes of
the determinantlHl. The zeroes are solved using Mueller’s method
of determining the roots of complex polynomials (4). The system
will be unstable if any root has a positive real part or locates
in the right half plane of the frequency domain (3). A positive
real root{(imaginary part=0) indicates instability of an excursive
nature (Ledinegg instability), and a pair of complex roots with
positive real part indicates oscillatory behaviour. In osecillatory
flow, the appropriate phase of the flow, wvoid fraction, pressure,
enthalpy oscililation between the two halves of the loop are




determined from the half loop transmission matrix,

Model Formulation:

With the exception of bubbly flow, the assumption of equal
velocity between the two phases (like in homogeneous flow) is not
very reasonable. However if +the two phases are considered to be
totally separated as in the two fluid model, the problem formule-
tion may become very complex for an analytical model, and the uncer
tainty of the types of constitutive equations that are to be used
will not make prediction any more asccurste. In between these two
extremes, one method to take the relative velocity between the
phases into account is the drift flux formulation.

In this model, the drift flux form of mixture mass, npomentum
and enthalpy conservation equations, along with the vapour phase
continuity or void propagation equation, are used as the basic
governing equations. However, these general equations can be
further reduced for stability analysis (where we would only need

to examine behaviour about a stable condition). As the model is

derived for natural circulation flow (low velocity), the momentum
diffusion and energy diffusion due to the relative motion between
the phases can be neglected. Further all the covariances terms
can be neglected. It is also assumed that the effect of the rate
of change of individueal phase density 1is neligible comparing to
the rate of change of void fraction, i.e :

ng ’ P.fﬁ‘ << 22 -

2k »® R
This is also to say that the change in mixture density arises
mainly from the change in void fraction. Recause of the inherent
modularity of +the wmodel approach, drift velocity can also be
assumed +to be constant in each section of interest. With these
assumptions the one-dimensional governing equations are written
as follows:

— Mixture continuity equation:

Ap 2y . 236 - o )
ot 23
~ Mixture momentum equation;
26 4 2 (L) :-2k - fgouy- {6 )
at 25  fm 23 LY

- Mixture enthalpy equation:

e“.ghﬁ + F;Eﬂbn = 1t§, 4-.31;L + & 2f, - Ga
at 2% A at fm 2%

s



- Void propagation eguation:

' 1)
2 4 2 (av) = L ¢
at 2% _ fq
- Definition of drift flux veloecity:
c o2 Vg~ Gt 5)
Vi = Y- G (
where J is the volumetric flux and whose gradient is expressed as
2 =Ly (ae) - _gg(ﬁ, v V26 (6)
2 6 6 fg 3t 2% |

In eq&a‘tion {6), the first term represents the effect of vapour
generation/condensation, the second term represents the compres-
sibility effect of the vapour phase. The compressibility effect of
the liquid phase is neglected.

The wvapour velocity is defined aé:
o . C8/b + Jij_n 0
BL1- 8Py /6] .

HWe introduce the dimensionless variables

(1 :‘\’k/'\chb ; lla"e,—, Jﬁ/fﬂcg ; 9-.:. {/'tul ; 3: 5/‘_5

8

4 zdzcg&i’/(’* A &/E’fvi,{ ; Px-?“/?§1}: 5 h = L“/kﬂ,

L,_,-: 14{14 ' fr-ﬁ“/f* :[%e?-b U-“g)f;]/f*
along with the following dimensionless grouping for each section:
TeAf L C,

Fi € vy

- Phase change number Qz_ -

- Subcooled number j'q, = (L\; - l\ 1) P—l '\Qa /Bs”

~ Heat flux number QI = ,gq" L‘ /RL%S {’4 '\?‘4’
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Ty /9te

- Froude number Fk =kinetic energy
potential energy

i

Ve [ g

- Eckert number Ec =kinetic energy
phase change shergy

- Friction factor -f = 24w Lo /R

In matural circulation flow one cen expect the Eckert number to be
smell (indeed it was calculated to be P~ 1w0"® for our conditions
tions}, thus terms containing Eckert number can be eliminated.
The dimensionless governing equations are written as follows:

e Miwbure mass--conservation eauation:

24 . =24 = 0 (8)
20 2%
- Mixture momentum conservation equation:
W, 2 (W) .20 - £y _ W 0
28 o3 ~ ¢ 23 Fr P -

-~ Mixture enthalpy conservation equation:

fﬁ_‘;’l_ - w.@b;_ = @ ‘(“’)
30 23

- VYoid propagetion squation:

2yt - Q- (B[ 2f 2] O

>0 23 fyaf = 28 5
~ Drift relation:
ua = %J"P%&Q (ﬁ)
- o

We introduce a linear perturbation in flow, wvoid fraction,
pressure, enthalpy, density etc. of the general form:

W= W éw”“(s,g) ; o= o 4 5%5{{315)
h = —gb ~a-‘ gg {,Qf?)

L3

¢, e
PP+ op (3:3)
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From appendix B, the resulting matrix is

W, | T 0 o o | 15»)‘ ]
§d, B 0 0 B, el
" ()
iR 8, 0 ! o §P
LE kz_ ] Bﬁl-l O 0 gqq, i LS\“ |

where'
B, = Cobf LGl + iy vy Gug (X + By)
(=8P ) + B4R Uy Gugf 1*
8. Cobp (Gl 0 ug Gy ) By

4 - — )
[CO(X ﬁ?‘i’ Pﬂ)*‘b’ P'}Fj usj Gul]
By = — J_g,i\f’ [5_»2{,_?3.“_ & ( .._L.)]
Q, f{. 1 5_3 (ft E} P-t
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Y

General two phase line

\|

The approach in the formulation of the transmission matrix for
all the two phase regions will be the same, so we can consider
only one section in general and use the same set of equations
for other sections with different dimensionless groups, conditions
Several assumptiond are wmade and they are stated in the following:

1.The change in void fraction igs much more dominant than the
change in the wvapour density alone.

2.The liguid phase is incompressible. Only the vapour phase 1is
compressible.

3. The pressure in the vapour and liquid phase 1s the same and is
equal to the mixture pressure.

4.Due to low flow under natural circulation conditions, the
accelsrational component of pressure drop is neglected. Only the
frictional and gravitational components are considered.

% Thermodynamic equilibrium exists. The effect of thermodynamics
nonequilibrium iz taken care of by the use of constitutive
relation (10},

5. Mixture density is related to mixture pressure and enthalpy



through state equation of the form F = P (p,h). Thus,

) (api)h i (‘ahj)l’

7. The effect of pressure on the mixture density.is much more
dominant than the effect of enthalpy. i.e

. 2P
8.A dimensiconless residence time of the form,
aC =1 _d3 | (%)
'a' .
b B
iz used to transform the axial coordinate to the residense time
coordinate,

§.This transformation of #ariable along with steady state -
of (10 and (11) gives an expression for local residence time as

Te Co M1y Q (1=% (19)
X2 [ Co ( ak\ﬁs) 3 ]

10.In the differential equation approach, the coefficients of the
resulting perturbed and Laplace transformed D.E are linearized
by averaging over the section. This will reduce the set of
coupled D.E with variable coefficients to a more solvable set of
D.E with constant coefficients. This assumpbtion is Jjustified. as
long as the system conditions do not deviate ton far from the
stable conditions i.e. near the stability threshold.

From appendix B, we have a sytem of 4 ecoupled D.E with variable
coafficient, as follows:

~ Perturbed void propagation equation with wmixture oontinuity:

L6y . 58 0 o _ s(eaat) (B ) M C 8y
ax* Co Co V- &y
. 2 - L &Y/G
+ 6" Gy A (_zg_(’s)(x_t__‘jm_ e §p (20)

PyapC, 2P 1~ AL
- Perturbed momentum equation:

- y - QL{/C\’ . — R
dép - - IR RAAITA Y] AW _ AP (4 _ Sim¥ ([ Wr¥y
ax (e {/')(n‘a‘u) & ({”‘ Fa X |- R )

Q.Q.;C/c" 501 (-Al)



- Perturbed mixture continuity:

~&./C
60( = _.L.. -—-........._......l"o‘“
S (;,*“"33) )

- Perturbed enthalpy equation:

" ddw o (22)
ax

-~ Q,C/Co ¢ — )
déh *(Sé"q'ésﬂzdwC.;?d/KCe& )(w* “3]')0_ / Sh - Q‘("‘"’.‘-*j: ) .
4 H 4 25d,,Cy O [RC G I~ &4 1~
Qr_{/co
2 oW

Equation (20) has the form of the one dimensional, inhomoge-
neous, Helmholtz equation., This type of equation usually describes
the space part of wave propagation, thus all the characteristics
of wave propagation phenomenon will be applicable here. Therefore
from the fundamental conservation eguations, it 1is illustrated
that the disturbances can be propagated in wave form. The two

(23)

terms on the right hand side of equaticn (20) are the driving:-

terms of the waves. The first term corresponds to the driving
mechanism known as density wave and the second term represents the
driving mechanism by compressibility.

From appendix B, the resulting matrix equation for each two
phase region is written in the form:

Csva] [ 660) £s6) fGog) o (e ]
s | | ab) fa(sT) 4o (%) 0 i
§ (%) i (%) fn(s6) o 8P

hd | L (68) {aa (506) Js R) £, (G) | | Shiw

" .
where Lo is the dimensionless residence time in the section,

T Lo b 1e G (A& Y b /i ] s

QZ. Co W o4 \lgs

and fi; is a complicated function of system conditions.

)

‘Saection -7 : (liquid line in steam generator)

The same assumptions ag in region 1-2 are used in the formula-
tion of the transmisgion matrix of region 6-7. The resulting
matrix is as follows:

()



bw, ; 0 o o &,
5, 0 0 0 0 bat,
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ép, E,, 0 | 0 dp,
8‘\7 Eq‘ 0 0 EHQ é\\&
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Steady State Calulatlon ]

~Boiling boundary:

From the steady state enthalpy equation for the wall and the
liguid, assumming a direct transition from convection to single
phase liquid to saturated boiling regime, the equilibrium sub-
coaled boiling length can be shown to be:

X% = _‘.2% (‘q, -‘x;,i) | (27)

- Yoid fraction distribubion:

The steady state void propagation equation is

Coﬁjgg_ = Q, (\—o{)-t- ol (_J_)Coag _21_@3 (23)
23 Y 23

Tn the second term on the right hand 51de,dwax:1 and f,/Af21, i.e.

o(ZF/F AP £\ . We have already assumed that void fraction varies
a 10t more than vapour densgity, thersefore, the second term on the
RHS ¢an be neglected. With the transformation of variable az in
assumption (8), eguation (28} becomes

_?:22_ =z @ \--;( 23)
r-a 8 o ( ) (



Integrating equation (29) from its 1nlet' with inlet wvoid
fraction QL , we have a void fraction distribution of the form:

(\-&) = (l~;<;) cxp (_ QZ‘C/Q) (30)

be _
From egquation (30}, it canyYdeduced that void fraction increases
along the section for Q2> 0 (net vapour generation), and decreases
with Qz < O {(net vapour condensation}).

In the section with net vapour condensation, the locatlén of total

void condensation corresponds to the residence time for o« = 0O :
—"" e
Coug = Coo A (\-a(;) N E)
Q.
The length of the two phise  gectioh up to the coridensation 901nt

from the section inlet is determlned by:

L = L, _Cég:(__,_;t_._.a) [&KP(ﬁouc‘%‘:)l-l ] (32)

By comparing this regquired Jlength for condensation with the
physical length of each section, 1t can be easily determined
whether all void has condensed in that section. If the required
length is longer than the section, then there is void penetration
into the next section. The process is repeated until the location
of total condensation ig found,

cond

Stability Consideration:

in performing the stability analysis, the distribution factor
ig calculated using the correlation (7)),

~ 19

Co = 1.2 _.0.3‘33/(;‘ (1- = ) | (3)

Experimental observation indicates three types of flow regime:
slug flow, churn turbulent bubbly flow and annular flow. The
transition between these flow regimes seems to follow the flow
regime map by Weilsman @ (8). It was shown (B) that the drift
velocity of the vapour depends upon . the flow regime of the two
phase mixture. For the first two types of flow regimss, the drift
veloecity does not depend upon void fraction (5) and can be sinply
calculated by:

~Churn turbulent flow

| \/35 = 1.53 [0“% Ap/ f’; ]:/'i' (34)
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For the annular flow pattern, more complicated expressions are
required and they are fully documented by Ishii (7). The two
phase friction factor 1is calculated using the single phase
friction factor and a two phase friction multiplier coefficlient.
The single phase friction factor is calculated from the Blazius
correlation (8) and the two phase friction multiplier coefficient

is obtained from the Martinelli-Nelson correlation for separvrated.
flow (8). ;

The stability characteristics of the system are defermined_by
the meroes of the charateristics determinant [H| where H = T - G4,
and @ is +the half loop +transnission matrix. The system will be
stable#if all the zerces of the determinant locate in the left
hand side of the complex plane {rocots with negative real part).
The system will be unstable if any of the roots locate in  the
right plane of the complex domain {(roots with positive real part)
A complex root with a positive real part indicates oscillatory
behaviour in the system. :

Results:

Calculation were carried out at various heater powers, heater
inlet temperatures, and loop inventory. Typical results are
given here for heater power of 160 kw/chamnnel and heater inlet
temperature of 125 °C. ’

Figure 2 shows the calculated steady state pressure for header
1 at different loop inventories and primary mass flow rates. As
loop invenbory decreases 1.e. increasing drainage, system pressure
decreases as sxpected., As mass flow rate increases at the zame
inventory, pressure decreases as a result of lower femperature
(better cooling) in the loop. !

Figure 3 shows that Ja number which represents inlet subcool-
ing decreasses with inereasing loop inventory and with increasing
primary mass flow rate. This results directly from The reduction
of system pressure for these variations.

Figures 4,5,6 and 7 ghow dimensionless vapour generation/
condensation rate in the heater, horizontal hot leg piping,
vertical hot leg piping, and the steam generator U tubse,
respectively. As loop inventory decreases, vapour content 1is
expected to increase as is clearly shown in the above figures. It
ig also indicated in figure b and 6 that flashing always occurs in
the vertical piping at this particular test condition and occcurs
in the horizontal piping for loop inventory less than 80%.

Figure 8 shows the net vapour generation rate which is the



summation of all the Q,values of the tested section with a net

vapour generation ( positive Q, value ). This generation component
is expected to be one of the independent parameter that influences
the stability of the system since this determines how much vapour
is formed during the process.

Figure 9 shows approximately the model generated stabllity map
at heater power of 160 kw/channel. A preliminary comparison bet-

ween model prediction and experimental results shows reasonable

quantitative agreement. A stable reglon 1is located in the region
of high subcooling with low vapour generation and in a large
part of the low subcooling region regardless of wvapour generation.
Tn +the unstable region, both 180 out of phase and in-phase flow
oscillation are predicted. ‘

Conclusions:

AR analyvtical moedel using the tinearly perturbed drift flux
form of the conservation equations and the concept of transmission

matrices was developed to predict and explain the stability

characteristies under natural circulation flow and boiling-
condensing forced flow in a figure of. eight geonetry.

The model ineludes several important effects such as vapour comp-—-

ressibility, wall heat storage capacity, nonequilibrium vapour
generation/condensation, unequal velocity between the vhases
through the relative drift flux veloecity, flow regiue dependence.

RBesulting equations have the form of the space part of the
inhomogeneous wave propagation equation.The two driving mechanisms
of the propagation result directly from the principle of
conservation of mass and conservation of momentum.

Sample calculations by the model shows the expected trend of
different parameters as a function of loop inventory. Although a
direct comparison between the model’s predictions and experimental
results cannot be shown, quantitative agreement between the two
results was found to be good.

./Jrk-\\
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Nomeneclature:

&

Y cross sectional ares

Cp heat capacity

D pipe diamter

Dy hyvdralic diameter

Ec Eckert number =

Fr Froude number =

G mass flux .

G half loop trensumission matrix

‘H dimensionless heat transfer i?e{ficient ;
Ja Jacob number {(subcooling) = T Y ALY
K heat conductivity ‘ (O +) 113 / #
Le characteristics length

L% length of sechtion i-j

Pu @ mixture pressure ‘

Q, : dimensionless heat flux = <4 L¢ /Rl\,ﬁ P_rﬂ,,_}
Qi phase'change~number-~- : S : : :
R : radius of pipe

T : temperature

U : heat transfer coefficient

V§ : vapour velocity

Vgy : drift velocity

deg  wall thickness of pipes

fw © mixture friction factor

f : dimensionless friction factor =

g : gravitational acceleration constanb
hhw @ mixture enthalpy .

@ dimensionless mixture enthalpy

he @ dimensionless wall enthalpy

h* 1 zaturated liquid enthalpy

hj : saturated vapour enthalpy

h*;: ligquid enthalpy at heater inlet

J 7 volumetric flux

r  dimensionless pressure

a” : wall heat flux

g : Laplace variable

t  time '

tu*: reference time .

ug dimensionless vapour velocity

ugj ° dimensionless drift velocity

Uy : =1/¢ . liquid specific volume

@{ : :1/% , vapour specific volume

Vﬂ*: reference velocity

w ' dimensionless mass flux

z : axial coordinate

% U thermodynamic quality

Greek:

dﬁ dimensionless void fraction

void fraction



? : heated perimeter

[E p equilibrium vapour generation
§m&' non-eguilibrium vapour generation
eq eguilibrium boliling boundary

Awe & non—equilibrium boiling boundary
: dimensionless mixture density

% ! vapour density

?t : liguid density

fw © mixture density

@ : dimensionless time

¥ : dimensionless residense time
b4 dimensionelss axial coordinate

Sowy: pipe inclination

Subsecript:

ligquid phase
vapour phase
inlet
cutlet
Dowall
ef: reference

B o5 0 w0,
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prendix A

Calculation of Vapour Generation Rate

Assuming a steady, low veloecity, thermal e@uilibrium two phase
flow in a uniform area pipe with elevation change, the ensergy
equation and momentum equation can be written .as: ’

Gdhe = 29'/R | D)
ag :
APy = —Pg Sty — f, PaTh _ G (a-2)
%5' R 1% |

At thermodynamics equilibrium

h“::‘ 7\_‘13 + (1) k} | (A.S)

i

and where G, 4 , sinV¥, x , fw dencte the mixture mass flux, wall
heat flux, pipe inclination, flow qualty, and fricbtion factor res-
pectively. :

From (A.3},

Cufhn-; &7(. ‘?(.C“ﬂs + (! ‘X.) Cua.} ___l?w\ ALY
4y ey | AP ]‘"? )

At steady flow, we can neglect the accelerational pressure drop in
theé momentum equation. Using equation (A.1),{A.2) and (A.4) with
the definition of vapour generation rate ,

= G...d,_&
I’y iy

weobtain the following equation for the vapour genration rate per

unit volume:
’ | ‘ :
T LR I

Rhyg by

The first term in equation (A.B) represents the vapour
generation/condensation due to heat addition/extraction. The heat
extraction can be wall heat loss (l1ike in the hot leg piping) or
heat removal in the steam denerator. The heat addition is the
hester power input. The second +term of equation (A.5H) represents
the vapour generation dues to change in pressure of flashing. This
flashing effect is significant in piping with a large pressure
drop as in plping with elevation change.

(+9



Equation (A.5) can be written in non-dimensional form:

Qz."" [‘l.3 AP L. C_c/ P‘aG"*i = Qg4 + QF S Cﬂ.é)

W |
where Q“= 29 AL Co ) " = vapour generation or condensation
. Rh+3 ﬂaéw4 due to heat addition or extraction

and

Qe

(t

[ud\m(l x)_ln L [Py Sy s f, & ](MEL c. )
L.H Pw\
= vapour generation due to flashing.

To HEecouRE  for ron—equiltibrium effectsin thedrift flux equa-
tion, a constitutive relation obtained from a relaxation model by
Saha and Zuber is used (10). It mainly introduces a correction
factor to the thermal equilibrium vapour generation rate. This
correction factor takes into account that the boiling boundary

starts where significant vapour gdeneration starts.
The thermal non~equilibrium vapour generabion rate is written as:

[ woweq = b 1« ex 5 -A a ATY
9, noneq 3&1( N L[ F‘( Ner - )\)] g C )

0.0022 q“}“(‘?ﬂ“} \-j- ;PQ. =,§“Dhgf___ < 70’0;)0
or k*

(n-2)
151 q"/ G 4 Pe > 70,000

b .
r
-

1

v

=
-

n

The parameter X, denotes the boiling boundary yhere_significant
vapour generation starts and the parameter X&ﬂ denotes the thermal
equilibrium boiling boundary. '

For Ao S bk, Ao GA(Bha = M) (A 9)
Su, ci”é

FoR thu\}, ...{ A\‘)\ AN =0



Appendix B

Schematic of The Model Formulation

Dimensionless governing conservation equations for two phase flow
mixture are written as follows:

— Mixture continuity equation:

2 - 2™ - 0 (8

20 35
- Mlxture Momentum squation:
_a_\g_.,. 2 _@_f') = ~ PSwy o {ﬂ_ ‘(9.2)
20 . 23 ' ( “53 Fr |
- Mixtﬁfe enthalpy equation:
P 2h » 2h = Q. | (33}
W 20 2% w

b

Void propagation equation:

2 4 Gug 2 = Q,(1- ~&) + (B VW 26 4 Goug 26 (0
2b Ekee 3% (ﬁ,w[ 28 "9 23 ] )
- Drift relation:
_ Wi Uy (8.5)
K | - o |

S5tate equation:

e(P.h)
dp - ("aéée');, dp + i )P dh | (8.6)
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SECTION I-2 :

10N o.uM :

The 1iquid’

line

CONSERVATION OF MOMENTUM

CONSERVATION DF MASS

“*1 CONSERVATION OF ENERGY

The liquid line inside heater (subcooled reeion)
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TWO PHASE LINE

Drift relation

\t:xmz_.u
1- &

Equation of state

 aE—— ) * »f, .:
' R CTCARS

? - ?{P! ‘\)
ayf = :!_ 53
"y

propagation equat,

Steady state void;

rinture density J._._.._.p. 6
; = - bE g
‘ . £ % 8 4 o Sf*

, b §
{(1-%)

Vsl brogation Mysation

1

o 4 s B = -z (bs) e N6 5y
)

Egquation (B.7),
(5.8 , B9

System of D.E

tD¥+a,0 + ag) fw- a,Ep=0

Transformation of
variable to residense
time coprdinates

Residense time at the
section outlet

plp + fagh + a8, } dw =0
tD+a, } £A — ay d&w =0

]
Solution method for
‘solving LWE

¥
Boundary Conditions
§w(0rm fwi , 04 (o) =&d;
Spor= Gp‘ . $hior= En;

L]

¥

de* H
- ucc [
» . ~8,C/Co (5_1) , +L§.:£"_(3&)(“*“”) / ép
(=) (-%) ¢ fbe 1 &,
posrermrermrmespissn T
Momentum eguation
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3
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