
Co.

THERMOSS: A THERMOHYDRAULIC
MODEL OF FLOW STAGNATION IN
A HORIZONTAL FUEL CHANNEL

THERMOSS: UN MODELE THERMO-
HYDRAULIQUE DE LA STAGNATION
DES ECOULEMENTS DANS UN CANAL
DE COMBUSTIBLE HORIZONTAL

by
P. Gulshani, M.Z. Caplan, N.J. Spinks
Atomic Energy of Canada Limited
CANDU Operations
Mississauga, Ontario L5K 1B2
Canada

par
P. Gulshani, M.Z. Caplan, N.J. Spinks
L'Energie Atomique du Canada Limitee
Operations CANDU
Mississauga, Ontario L5K 1B2
Canada

Presented at the 10th Annual Symposium on
simulation of reactor dynamics and plant control.
St. Johns, New Brunswick

1984 April 9 - 1 0

Presente au 10e colloque annuel sur la simulation de
la dynamique des reacteurs et du controle-commande
des centrales a Saint-Jean, Nouveau-Brunswick

Ies9et 10 avrii 1984

Atomic Energy
of Canada Limited

L'Energie Atomique
du Canada, Limitee

CANDU Operations Operations CANDU

Sheridan Park Research Community
Mississauga, Ontario L5K 1B2 AECL-8330



THERMOSS: A THERMOHYDRAULIC
MODEL OF FLOW STAGNATION IN
A HORIZONTAL FUEL CHANNEL

THERMOSS: UN MODELE THERMO-
HYDRAULIQUE DE LA STAGNATION
DES ECOULEMENTS DANS UN CANAL
DE COMBUSTIBLE HORIZONTAL

by
P. Gulshani, M.Z. Caplan, N.J. Spinks
Atomic Energy of Canada Limited
CANDU Operations
Mississauga, Ontario L5K 1B2
Canada

par
P. Gulshani, M.Z. Caplan, N.J. Spinks
L'Energie Atomique du Canada Limitee
Operations CANDU
Mississauga, Ontario L5K 1B2
Canada

Presented at the 10th Annual Symposium on
simulation of reactor dynamics and plant control.
St. Johns, New Brunswick

Presente au 10e colloque annuef sur la simulation de
la dynamique des reacteurs et du controle-commande
des centrales a Saint-Jean, Nouveau-Brunswick

1984 April 9 - 1 0 les 9 et 10 avril 1984



THERMOSS: UN MODÈLE THERMOHYDRAULIQUE DE LA
STAGNATION DES ÉCOULEMENTS DANS UN CANAL DE
COMBUSTIBLE HORIZONTAL

par P. Gulshani, M.Z. Caplan, N.J. Spinks

Résumé

À la suite d'une petite rupture postulée survenant du côté de l'entrée d'un
réacteur CANDU, on injecte un caloporteur d'urgence afin de remplir les
canaux de combustible horizontaux et d'éliminer la chaleur résiduelle. Dans
le cadre de l'analyse d'un accident, on prédit les effets produits par une
perte de circulation forcée au cours de l'accident. Il existe une valeur de
rupture pour laquelle, à la fin du ralentissement de la pompe, la force de
rupture est égale à la force de circulation naturelle et l'écoulement dans
le canal est presque réduit à zéro. La condition d'un tel canal stagnant
sous-refroidi est en état dit démarrage à l'arrêt.

Par la suite, le caloporteur boue dans le canal et se stratifié. Finalement,
la vapeur en provenance du canal chauffe le raccord d'extrémité jusqu'au
point de saturation et atteint le tuyau d'alimentation vertical. La poussé
de débit qui en résulte remplit alors le canal.

On résoud les équations unidimentionnelles de conservation mettant en
cause deux liquides en mode fermé pour prédire la durée de la stagna-
tion. Pour les besoins de ce calcul, le niveau d'eau dans le canal constitue
une importante variable intermédiaire car il détermine la quantité de vapeur
produite. Le modèle se distingue entre autres du fait que le niveau d'eau
est fonction d'un équilibre des forces vives entre la chute de pression par
frottement au cours de la phase vapeur et la charge hydrostatique durant
la phase liquide. Le modèle s'appuie plus sur une base physique qu'un
autre modèle antérieur pour lequel le niveau avait été déterminé à partir
de facteurs d'équilibre de masse. On obtient donc une concordance
satisfaisante entre le niveau d'eau dans le canal et la durée de la stagna-
tion s'appuyant, d'une part, sur les prédictions et, d'autre part, sur l'obser-
vation expérimentale.

Le modèle mis au point décrit ici porte le nom de THERMOSS — acronyme
tiré de l'anglais "THERmohydraulic MOdel of Standing Start".

les 9 et 10 avril 1984

ÉACL-8330
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THERMOSS: A THERMOHYDRAULIC MODEL OF FLOW
STAGNATION IN A HORIZONTAL FUEL CHANNEL

by P. Gulshani, M.Z. Caplan, N.J. Spinks

Abstract

Following a postulated inlet-side small break in the CANDU reactor, emer-
gency coolant is injected to refill the horizontal fuel channels and remove
the decay heat. As part of the accident analysis, the effects of loss of forced
circulation during the accident are predicted. A break size exists for which,
at the end of pump rundown, the break force balances the natural circula-
tion force and the channel flow is reduced to near zero. The subcooled,
stagnant channel condition is referred to as the standing-start condition.

Subsequently, the channel coolant boils and stratifies. Eventually the steam
flow from the channel heats up the endfitting to the saturation temperature
and reaches the vertical feeder. The resulting buoyancy-induced flow then
refills the channel.

One dimensional, two-fluid conservation equations are solved in closed
form to predict the duration of stagnation. In this calculation the channel
water level is an important intermediate variable because it determines
the amount of steam production. A feature of the model is that water level
is determined by a momentum balance between frictional pressure drop
in the steam phase and hydrostatic head in the liquid phase. The model
is more physically based than an earlier model in which the level was deter-
mined from mass balance considerations. A satisfactory agreement be-
tween the predicted and experimentally observed channel water level and
duration of stagnation is obtained.

The model developed here is called THERMOSS — a THERmohydraulic
MOdel of Standing Start.

1984 April 9 - 1 0

AECL-8330
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Nomenclature

a : fuel pin cross-sectional area

A : steam flow area

A 2
0 : channel flow area, AQ = eHjj

C : heat capacity of channel assembly component and contained
water

D : steam hydraulic diameter

f : D'arcy friction factor

g : gravitational acceleration

h : water level height above bottom of pipe

H : (square) pipe width

hjjg : specific heat of vapourization

SL : channel assembly component length

N : number of fuel pins

p : pressure

P : steam wetted perimter

Pr : fuel pin perimeter

q : channel power

QQ : volumetric steam flow rate at channel exit, defined in
equation (9)

t : time variable

T fc : saturation temperature
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Nomenclature (Cont'd)

T. . : injected coolant temperature

AT : subcooling (= T g a t~
 Tinj)

u : steam velocity

V. : channel flow volume (VQ = SLQ • A )

Z : distance variable

Zq : interface length in endfitting, defined in Figure 11

Greek Symbols;

a : steam void fraction

0£Q : void fraction at channel centre

P : dimensionless rate of decrease of void fraction along the pipe

e : fraction of pipe occupied by fluid, defined in equation (6)

\ s full-channel volumetric steam generation rate per unit volume
of the channel, defined in equation (4)

v : dimensionless loss factor, defined in equations (2) and (8)

p : density

a : fraction of channel volume contributing to boiling, defined in
equation (8)

T : duration of stagnation, defined in equation (31)

v : specific volume

Subscripts:

0

1

2

3

4

L

G

: heated channel

: unheated channel

: connecting pipe

: endfitting

: horizontal feeder

: water

: steam



THERMOSS: A THERMOHYDRAULIC MODEL OF FLOW STAGNATION

IN A HORIZONTAL FUEL CHANNEL

1. INTRODUCTION

Following a postulated small inlet size break in the CANDU
reactor, emergency coolant is injected to refill the horizontal fuel
channels and remove the decay heat. As part of the accident analysis,
the effects of loss of forced circulation during the accident are
predicted. A break size exist for which, at the end of pump rundown,
the break force balances the natural circulation force and the channel
flow is reduced to near zero. This subcooled, stagnant channel condition
is referred to as the standing-start initial condition.

The sequence of events that follow this initial condition is
depicted in Figure 1. The channel coolant boils and stratifies.
Eventually the steam flow from the channel heats up the endfitting to the
saturation temperature and reaches the vertical feeder. The resulting
buoyancy-induced flow then refills the channel.

To compute the duration of channel stagnation and, hence,
assess temperature excursions of the fuel pins and that part of the
pressure tube exposed to steam, the channel water level needs to be known
because it determines the steam generation rate. The level also directly
affects the pressure tube circumferential temperature distribution. The
steam generation rate influences the convective cooling of exposed pins.

In section 2 of this paper the results of the experimental
tests conducted to study the standing-start phenomena are summarized.

In section 3 an earlier (IBIF: Intermittent Buoyancy Induced
Flow) modelC), developed to describe the standing-start phenomena,
is briefly discussed.

The underlying equations of the THERMOSS (THERmohydraulic MOdel
of Standing Start) model are developed in section 4. The one
dimensional, two-fluid conservation equations are solved in closed form
to obtain the channel water lsvel and duration of stagnation. The model
predictions are compared with the test results. THERMOSS differs from
IBIF model in that the channel water level is determined from momentum
rather than just mass balance.

Section 6 highlights the results obtained.

2. EXPERIMENTAL RESULTS

To study the standing-start phenomena, a large number of tests
were conducted in the Cold Water Injection Test (CWIT) facility
(Figure 2) at Westinghouse Canada Inc. Gamma densitometers on the
vertical feeder pipes measured the presence of any void. Thermocouples
on the channel fuel rods measured rod surface temperature as well as
channel wate:r level.

- 1 -



The tests were conducted as follows: channel power was raised
from zero to the desired value after the loop was brought to the desired
subcooled stagnant condition in pressure and temperature.

It was difficult to achieve perfectly stagnant initial
conditions but this was attempted by making the configuration as
left-right symmetric as possible (Figure 2).

Measured rod surface temperatures in Figure 3 show sequential
uncovering of fuel rods (top first). Turn-around temperatures in Figure
3 coincide with the arrival of void at the vertical feeder (Figure 4).
The measured duration of channel stagnation is the time interval between
the start of top pin uncovering and the void arrival at the vertical
feeder.

A typical channel water level transient observed in the CWIT
standing-start tests is shown in Figure 5. Each bar corresponds to the
uncertainty in the location of the thermocouple on the pin circumference.
The level drops rapidly initially and then gradually to its final
position just before steam vents through the vertical feeder.

All test results have been studied. Results are presented
below for a typical test series covering a wide range of conditions.

Figure 6 shows measured final fractional water level versus
power. The level lies between 0.1 and 0.4 and appears to be independent
of subcooling. It decreases with power and, for a given power, increases
with pressure (compare O with • at 100 kW).

Figure 7 shows measured duration of stagnation versus power.
The data show some scatter attributable to the difficulty in achieving
perfectly stagnant initial condition. Therefore, upper bound curves
through the data points at each subcooling are drawn to show trends. The
duration of stagnation decreases with power for a given subcooling and
increases with subcooling for a given power. For a given power and
subcooling, it decreases with pressure. This is clear from a comparison
of the two data points at 100 kW and 90°C subcooling on E'igure 7. These
are the only data points of equal subcooling and significantly different
pressures - 0.2 and 1 MPa. This pressure effect has also been observed
in other test series.

3. THE IBIF MODEL

This model' ' envisages the fuel channel as a pot of
water: the level drops as water is boiled off. It calculates the mass
of steam needed to heat up the endfitting to the saturation temperature.
This mass of steam gives the final channel level. The duration of
stagnation is then calculated using a constant level which is an average
of the final and full-channel level. The level and duration of
stagnation depend primarily on the degree of subcooling in the
endfitting.

- 2 -



4. THERMOSS: A THERMOHYDRAULIC MODEL OF STANDING START

The THERMOSS model calculates the time interval between the
onset of boiling in the fuel channel and the arrival of steam at the
vertical feeder.

During this time the large axial steam flow requires a
significant pressure gradient to overcome friction. This pressure
gradient depresses the water level in the channel below that in the
endfitting. Eventually a quasi-steady state is reached where the
hydrostatic head from the endfitting to the channel balances the steam
pressure gradient. To replace water lost through boiling and maintain
this steady state, water flows back to the channel.

For simplicity, the THERMOSS model ignores the initial rapid
transient period. The level is assumed to be in the quasi-steady state
from time zero. In this state, the level is determined from momentum
balance between the frictional pressure drop in the steam and hydrostatic
head change in the water phase, as the volumetric flow rates in the water
phase are negligible compared to those in the steam phase.

The model solves for the level profile in each channel assembly
component vFigure 8) and for the steam flow rate out of the channel. The
steam flow rate and an energy balance is then used to compute the time of
heat up of each channel assembly component.

4.1 Water Level Profile

Figure 9 shows a fluid element dz in a channel assembly
component. The balance of frictional pressure drop in the steam and
hydrostatic head change in the water phase gives the (momentum)
equations:

— h = vu2 (1)
dz

where

v H £- and D = ̂ - (2)
2DgPlj P

The other equation needed to solve (1) is given by mass balance
in the steam phase:

d in ) = / M1-cc) in fuel channel .,.
dz ( 0 elsewhere

where for phase change
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\ = a (4)
PG '

 hLG * V0

assuming axially uniform power as is the case in the tests. Radial power
distribution in the bundle is ignored for simplicity.

To obtain closed form solutions/ circular cross-sections are
replaced by square ones of equal area giving:

A = e • H2, a = 1 - ~ (5)
H

!

1 - — in fuel channel (6)

Hi
1 elsewhere

In equation (5) e corrects the flow araa for the presence of fuel rods.
Equations (1) and (3) are solved in each channel assembly

component and the level is matched at the junctions as in Figure 8. For
a given level profile, the steam flow rate out of the fuel channel is
calculated in closed form.

4.1.1 Interface in Heated Channel

To a good approximation the solution of equations (1) and (3)
is (Appendix A):

3 ~3 1 / 3

a = (do - P0Z
J) (7)

where

8H0

3 fP G
N Pr

a = 1 - - <x0 / v = — - — - (8)
4 ° 8gpLA0

and ag is the void fraction at the centre of the channel, i.e. at
Z = 0. ccg is determined once a is known at some other point. The
fractional water level is then chosen to be that at the channel centre,
i.e. 1-CEO-

The volumetric steam flow rate at the channel exit is given by
(Appendix A):

J^i (9)
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Note that a is the fraction of the channel power that contributes to
boiling.

When the steam extends just to the end of the channel, equation

(7) with a=0 at Z=1 gives

Figure 10 shows the plot of — versus Z for this case. The level is seen
a0

to start out flat and rise downstream as the steam flow increases owing
to boiling.

Equation (10) gives aQ implicitly. If the a^ dependence of
PQ in equation (8) is ignored, equation (10) shows that

(i) (XQ = q ' , i.e. the level decreases with power,

(ii) (XQ « UQ , i.e. the level increases with pressure, and

(iii) the centre of the channel empties, i.e. <*.=1, for a power
and pressure satisfying PQ=1.

An explicit solution of equation (10), obtained by expanding

to second order in a^, is

where the function E is defined by

E(p) = 4(1 + h • [-1 + /1 + ] (12)
P 4 2 2

i (,+|>
The derivation for the interface profile in the remaining

channel assembly components is similar to that for the heated fuel
channel and only the results are presented below. In each solution the
integration constant is determined by equating level heights at the
junction of adjoining components (Figure 8). Note that in each component
the steam flow rate is given by equation (9).
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4.1.2 Interface in Unheated Channel

The exact solution of equations (1) and (3) in this part of the
channel is

a = (a3 - pQ - f^z)
1'3 (13)

where

1 Ho Ao
The void fraction a.~* at the channel centre, when the

steam extends just to the end of the unheated part of the channel, is

obtained from equation (13) by setting <z=0, Z=1. aQ1 is obtained
explicitly by expanding the resulting equation to second order in
aQ1. One finds

(15)

a2

where E is defined in equation (12).

4.1.3 Interface in Connecting Pipe

The frictional pressure drop in this pipe is small. Thus, the

level here is nearly horizontal given by equation (13) with Z=1, i.e. by

a = (a3 - PQ - P.,)
1 / 3 . (16)

4.1.4 Interface in Endfitting

Figure 11 shows schematically the pipe-size change from the
connecting pipe to the endfitting in the CWIT facility. When the steam
reaches the junction point A in Figure 11, bubbles of steam rise through
and condense in the subcooled water in the endfitting. This process
continues until a slab BC of length Z 3 of the endfitting and water is
heated to the saturation temperature. Only thereafter is there a
continuity between steam spaces in the connecting pipe and endfitting.

Throughout the heating of slab BC the end of the interface
remains effectively fixed at A. Thus, during this time water must flow
back to the channel to replace that lost through boiling and keep the
level unchanged.

For the CWIT facility it turns out that the length Z3 is greater
than that of the simulated endfitting for all relevant initial channel

~ 6 •"



conditions• Thus, the channel water level remains unchanged while the
entire endfitting is being heated to the saturation temperature. At the
end of this period steam condensation ceases and the pressure rises.
This rapidly forces water out of the channel assembly and lowers the
interface until the steam reaches the entrance to the horizontal feeder,
i.e. point E in Figure 11. SteailT'condensation then recommences.

From the above discussion it follows that for the CWIT geometry
the level in the endfitting does not depart much from half-full
(Figure 11). For this situation the solution to equations (1) and (3)

is:

a = (C3 - p3 Z )
1 / 3 - J- (17)

where

* 3 3 169PL
H3H31

In the derivation of equation (17) the flow annulus width Hj-j is ignored
compared to H3 (Figure 12) in computing the wetted perimeter P in
equation (2).

When the steam reaches the entrance to the horizontal feeder,
i.e. at point E in Figure 11, the void fraction an-*, at the channel

H M TT

centre is given by equation (17) with a = — - — and 2=1. An
2H

approximate solution of this equation is
2H3

034 P = (Pi3 + Po + h ) V 3 (20)

where

H34 =

1

H03

H3
H4 '

[P3-

°1

I- (1

= 1

" 2H34

_ 3. t
4 ' Po

-2] V3 +

= 7~'

2 H Q 3

-2/3 (21)

(22)

a2

and E, aQ1 and H Q 3 are defined in equations (12), (15) and (19)
respectively.
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4.1.5 Interface in Horizontal Feeder

In the horizontal feeder the exact solution of equations (1)
and (3), expanded to fourth power in a, is

a = (C4 - P4 Z )
1 / 4 (23)

where

« 3 * - f P 4 , £ ^

c4 = K - (C3 - P 3 ) 1 / 3 ] 4 (25)[

and C3 and H,4 are defined respectively in equations (18) and (22).

4.1.6 Final Channel Water Level

Just prior to steam venting through the vertical feeder, the
steam extends to the end of the horizontal feeder. Therefore, the final
void fraction, 0(g4, at the channel centre is given by equation (23) with

a = 0 and Z = 1. An approximate solution of this equation is

a Q 4 = E (p), 0 = (P34 + Po + P.,)
173 (26)

where

1 r~ 1 1/2 - V 4 n 3 _p,V3

P34
 E r1- • [P3

 + <;r- * a34 • h + 1 - -r-) • ^34]
H03 H34 ^H34

+ (- - ——) • °3A~2/Z (27)
2 H03

 3 4

" a034 (28>

and HQ 3, 0!Q34, PQ, P̂  and P3 are defined respectively in equations (19),

(20) and (22).

The final void fraction given in equation (26) is valid
provided the interface length Z4 defined in Figure 13 is greater than
that of the horizontal feeder, i.e. Jl4. Otherwise, the segments of the
interface in the horizontal feeder and endfitting become disconnected
before the entire horizontal feeder is heated to the saturation

- 8 -



temperature. If segments become disconnected, water cannot flow back to
the channel and the level then drops as water is boiled off. This case
is not modelled because for the CWIT geometry Z4 turns out to be
greater than A4 for all relevant initial channel conditions.

4.2 Duration of Stagnation

The time T^ (k = 1, 2, 3, 4) needed to heat up each channel
assembly component to the saturation temperature is computed as follows:

The interface tip at any point along the channel assembly
(Figure 14) advances, in time dt, a distance dz as the steam flow from
the channel heats up piping and water within dz. Energy balance on the
pipe-water element in Figure 14 gives:

PG ' QQ ' hys * & = - • A? • dz (29)

This equation is integrated to obtain the time needed to heat the
component to the saturation temperature:

» AT . f A dz.
• Jo a

2C - £SX . I Uii. (30)

I ' q
30£0

where equation (9) has been used and a =1 .

The duration of channel stagnation x is then the sum of all
t's:

-c = T1 + T2 + T3 + T4 (31)

where the initial time is taken to be when the steam extends just to the
end of the heated channel.

In each channel assembly component the integral in equation (3)
is computed by expressing OLQ in terms of Z using the expression for the
void fraction a in that component given in section 4.1 and noting that,
at Z, a = 0 (Figure 14). The results are given below.

- 9 -



4.2.1 Unheated Channel Residence Time, T]

Equation (13) with a = 0 gives:

~ an3 Pn

A Z = —2-=—5. (32)

Z is now expressed in terms of a using equations (8) and (14) to obtain:

64X. , pn

Z = ! (1 - cr)J - JL (33)
~ 2 ~Z
P "1 ^ P A

where (3Q and P1 are defined in equation (22). From equation (33) dz is
readily computed in terms of a and dcr and the result is substituted into
equation (30) to obtain:

128 C, • AT

where

[- _1_ + _1_ + 1 An cr] 1 (34)
an . „ ya 2a o

a0 = 1 - ̂ 2 . (35)

and ag and ai are defined respectively in equations (11) and (22).

4.2.2 Connecting Pipe Residence Time, T?

In this pipe the void fraction at the channel centre, and hence
a, does not vary significantly. Thus, equation (30) gives:

2AT • C,
t =

q • a,

with a1 defined in equation (22).

4.2.3 Endfitting Residence Time, T3

As explained in section 4.1.4, the entire endfitting in the
CWIT geometry is heated to the saturation temperature with no change in
the channel water level. Therefore, equation (3) gives

- 10 -



2AT • C,
T3 = — ^ (37)

q • o,

where c-| is defined in equation (22).

4.2.4 Horizontal Feeder Residence Time, t u

In this pipe Z is expressed in terms of a using equation (23)
with a = 0 at 2, i.e.

Z = — C4 (38)

with C4 defined in equation (25). To obtain a simple clos "id form
solution (3Q , P .j, and (3̂  in C4 are neglected compared to aQ. dz is then

computed in terms of a and da and substituted into equation (3) to
obtain:

4
1024 AT • C4 • HQ4 • a

81 q • i4

1 ..2 -.0=0/1

(39)

where p4 and a^4 are defined in equations (28) and

(40)
4 O

with aQ. given in equation (26).

5. COMPARISON OF MODEL PREDICTIONS WITH EXPERIMENT

THERMOSS predictions have been compared to all tests using a
single friction factor f = 0.02 for the entire channel assembly. Results
are presented below for a typical test series covering a wide range of
conditions.

Open circles in Figure 15 show a typical level transient
predicted by the THERMOSS model (using eqs. (11), (15) and (20) with
eqs. (34), (36) and (37), and eqs. (26) and (39). The open circle at
time t = 0 gives the water level at the channel centre when the steam
extends just to the end of the heated channel. This instantaneous drop
in the level is to be compared with initial level transient observed in
the test. This period may have had an initial non-uniform water
temperature due to natural convection, non-uniform radial power
distribution and other local effects. The initial non-uniform water
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temperature would -nause boiling in only the upper water layers and hence
slower level drop than predicted.

The remaining open circles give respectively the level when the
steam extends just to the end of the unheated part of the channel/ to the
end of the connecting pipe, to the end of the endfitting, to the entrance
and to the end of the horizontal feeder. The horizontal portions of the
level transient between the second and third and between the third and
fourth open circles reflect respectively the small frictional pressure
drop in the connecting pipe and the modelling approximation of
Section 4.1.4 that the entire endfitting heats up without any change in
the channel level. The vertical line between the fourth and fifth open
circles reflects the instantaneous drop in the level after the endfitting
is heated up to the saturation temperature and the steam pressure rises
to force the level down to the entrance of the horizontal feeder.

Figure 16 shows the predicted final water level at the channel
centre for the test series. The predicted level is bounded between 0.2
and 0.5. It decreases with power and for a given power, the level
increases with pressure. THERMOSS overpredicts the level but the
observed trends with power, pressure and subcooling in Figure 6 are well
predicted. The error in level could easily be improved by a more careful
choice of friction factor.

Figure 17 shows that THERMOSS overpredicts the duration of
stagnation by about 20% with a further uncertainty of about ±20%. There
is no systematic effect of power, pressure or subcooling on this error.
Note, however, that the error would increase if the calculation of level
were improved, for example, with an improved friction factor. The
following factors contribute to this error:

Test conditions: The tests rarely have exact standing start conditions.
There is usually some asymmetry and this biases steam flow towards one
end or the other. Thus, the channel vents earlier than in a completely
symmetrical case. Since the model is symmetric, its tendency to
overpredict the duration is expected.

Extent of Heat Up: The entire channel assembly may not heat up to the
saturation temperature as assumed in the model. This needs experimental
confirmation.

Steam superheat: There is experimental indication of steam superheat
which has been ignored in the model. Superheat would cause an additional
flow of energy to the endfitting which would reduce the duration.

Algebraic simplification: Simplifications, in particular, the neglect
of p0, (3.,and (33 in equation (39), have been made which cause an
overprediction of the duration by about 20%.
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6. CONCLUDING REMARKS

THERMOSS predicts the dependence of the level and, hence, the
duration of stagnation on the channel assembly geometry. The endfitting
in the CWIT facility has a geometry different from that in the CANDU
reactor. THERMOSS can account for this difference in geometry. Thus,
THERMOSS is a reliable extrapolatory tool.

The THERMOSS model computes the channel water level following
refill of a horizontal fuel channel and subsequent flow stagnation. It
predicts and explains the observed trends:

i) The level behaviour is explained in terms of a simple momentum
balance rather than just a mass balance. It follows that the
level is independent of subcooling as water flows back to the
channel to replace that lost through boiling.

ii) The effect of pressure on the level and on the duration of
stagnation is explained in terms of steam specific volume.

The predicted duration of channel stagnation shows satisfactory
accuracy being overpredicted by about 20% with no systematic dependence
of the error on the independent variables. This error will increase with
an improved calculation of the level but will decrease with other
modelling improvements, notably: quantification of extent of heat-up of
channel assembly, modelling of steam superheat and removal of some
algebraic simplifications.
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APPENDIX A

DERIVATION OF INTERFACE PROFILE IN HEATED CHANNEL

In the fuel channel the wall wetted perimeter is neglected
compared to that of the fuel pins. Thus, in equation (2)

4An
P = <XNPr , A = aA0 and D = — - (A. 1)

Substituting (A.1) into equation (2), one obtains

V = G r (A.2)

Using equation (5), one rewrites equations (1) and (3) as:

^ = - ^ u 2 (A.3)
da HQ

— (au) = \(1 - a) (A.4)
dz

The boundary conditions are:

a = aQ , u = 0 at Z = 0 (A.5)

where Z is measured from the centre of the channel. Conditions (A.5) and
equation {A.3) gives — = 0 at Z = 0. Thus, the level is flat at the

dz
channel centre.

To solve equations (A.3) and (A.4), they are expressed in terms
of a and volumetric flow rate

Q = AQau (A.6)

Then equations (A.3) and (A.4) become

«2^=-^-g2 (A.6)
dz 2

H0A0

4- Q = An \ (1 - a) (A.8)
dz u

Eliminating Z as a variable between equations (A.7) and (A.8), one
obtains:

«2(1 - o ) ^ o *—Q2 (A.9)
dp. 2

HoV

- 22 -



The solution of (A.9) is

a 3d - - a) = CQ ^— Q3 (A.10)

HQA
3\

The integration constant Cg is determined from the boundary condition
(A.5). One finds

CQ = OCQ d - - <X0) (A.11)

Eliminating Q between (A.7) and (A.10), one obtains first order
differential equation for a which after integration gives

f2 1/3

- 3(•**-) • z = I aa (A. 12)
H0 JaQ 3 , 2/3

[CQ - a
3 (1 - | a ) ]

The integral in (A.12) cannot be obtained in closed form. An
approximate closed form solution is obtained by replacing (1 a) by

(1 an) • This substitution results in at most 10% error in the value

of a. Equation (A.12) then gives

3 ~, 1/3
a = (a0 - P0Z

J) (A.13)

where

2 2 3

Z = , 6n = * 0 = 1 an (A.14)
SL0

 H0 8H0 4 °

The approximate volumetric steam flow rate Qn at the channel

t
3 4

1 - — an,- These two equations then give:

exit, i.e. at Z = 1, is obtained by Z = 1 in equation (A.13) and
approximating the factor (1 a) on the L.H.S. of equation (A.10) by

4

Qo = j a X Ao ZQ (A.15)

Note that a is the fraction of the channel that contributes to boiling.
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