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Abstract

The critical heat flux (CHF) condition is an important parameter in the design and operation of nuclear reactor fuel

rod assemblies. It has traditionally been evaluated using look-up tables or empirical correlations. In the present paper, a

set of relations, in the form of a one-dimensional three-field model, is presented which enables a mechanistic prediction

of high-quality CHF known as dry out. This also allows a more fundamental treatment of post-dry out heat transfer.

The ensemble of relations is validated by comparing the predictions with data obtained from the TPTF test series of

JAERI and the THTF test series of ORNL. The rod bundles have been modelled on a sub-channel basis. The effect

of spacer grids on the flow and heat transfer has been studied by including their geometrical characteristics only. Good

predictions of the dry out location and the post-dry out variation of the rod temperature are obtained over the range of

parameters investigated in these tests, namely, in the pressure range of 30–130 bar, mass flux range of 50–800 kg/m2 s

and inlet condition ranging from sub-cooled to an inlet quality of 0.89.

� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The critical heat flux (CHF) condition is an impor-

tant parameter in the design and operation of nuclear

reactor fuel rod assemblies. It is the condition in which

the tube wall is not wetted by the liquid and is in direct

contact with the vapour phase. The resulting deteriora-

tion of the convective boiling heat transfer mechanism

results in a large rise in the wall temperature in a heat

flux imposed system such as a nuclear reactor. The wall

temperature in post-CHF conditions is a key parameter
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of safety analysis of nuclear reactor systems and the

calculation of CHF and post-CHF heat transfer is

therefore of paramount importance. Two generic mech-

anisms of CHF are usually distinguished (Collier, [1]):

CHF occurring at under subcooled or low quality

conditions and that occurring in annular flow at high

qualities. The latter (also known as dry out) is a result

of progressive loss of liquid from the liquid film due

to entrainment and evaporation and is considered as

an operating limit in nuclear reactors. Traditional

approaches to the prediction of critical heat flux

are purely empirical in which look-up tables [2,3] and

empirical correlations [4,5] are used to calculate the

CHF for a given condition. Both these approaches are

still being used [6–9] with updated tables and correla-

tions as they offer perhaps the most cost-effective way

of determining CHF. However, these approaches have
ed.
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Nomenclature

A flow cross section area (m2)

Cd drag coefficient of droplets in gas

Dh pipe hydraulic diameter (m)

fi friction coefficient at interface

g acceleration due to gravity (m s�2)

H specific enthalpy (J/kg)

kd droplet deposition coefficient (m s�1)

kq droplet deposition inhibition coefficient

(m s�1)

ks equivalent sand grain roughness height (m)

_mlfc critical liquid film mass velocity (kg m�2 s)

P static pressure (Pa)

pilcg pressure at the interface between continuous

liquid and gas (Pa)

pildg pressure at the interface between dispersed

liquid and gas (Pa)

q heat flux

qlci heat transfer rate per unit volume between

continuous liquid and its interface with gas

(W/m3)

qldi heat transfer rate per unit volume between

dispersed liquid and its interface with gas

(W/m3)

qvic heat transfer rate per unit volume between

gas and interface with continuous liquid

(W/m3)

qvid heat transfer rate per unit volume between

gas and interface with dispersed liquid

(W/m3)

qwlc heat transfer rate per unit wall contact area

between wall and continuous liquid (W/m2)

qwld heat transfer rate per unit wall contact area

between wall and dispersed liquid (W/m2)

qwv heat transfer rate per unit wall contact area

between wall and gas (W/m2)

qwic heat flux per unit interfacial area between

wall and the gas/continuous liquid interface

(W/m2)

qwid heat flux per unit interfacial area between

wall and the gas/dispersed liquid interface

(W/m2)

R stratification ratio

Re Reynolds number

t time (s)

T temperature (C)

V phase-averaged velocity (m s�1)

Wicv interface velocity between continuous liquid

and gas (m s�1)

Widv interface velocity between dispersed liquid

and gas (m s�1)

z axial coordinate (m)

Greek symbols

a volume fraction of phase

b added mass coefficient

C mass transfer rate between two phases

(kg m�3 s�1)

Ca droplet entrainment rate (kg m�3 s�1)

Cd droplet deposition rate (kg m�3 s�1)

Clcv evaporation rate from continuous liquid

(kg m�3 s�1)

d droplet diameter (m)

l dynamic viscosity (kg m�1 s�1)

q density (kg m�3)

r surface tension (N m�1)

s shear stress (Pa)

sicv interfacial shear force per unit volume

between continuous liquid and gas (N/m3)

sidv interfacial shear force per unit volume

between dispersed liquid and gas (N/m3)

vf wetted perimeter (m)

vh heated perimeter based on wall contact area

(m)

Subscripts

a related to droplet entrainment

b related to boiling

d related to deposition of droplets

g related to gas

i related to interface

k related to phase k

lc related to continuous liquid

ld related to dispersed liquid

sat related to saturated liquid condition

v related to vapour or gas

w related to wall
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limited applicability outside the range of parameters and

also cannot take account of case-specific features such as

the presence of obstacles, adiabatic regions, change in

cross-section etc. An alternative, more physical ap-

proach to the prediction of dry out was pioneered at

the United Kingdom Atomic Energy Authority

(UKAEA) in which a ‘‘phenomenological’’ model is

used for the prediction of dry out based on mass balance
equations [10] incorporating empirical correlations for

the underlying hydrodynamic processes of entrainment

and deposition of droplets [11,1]. Later studies extended

this to include thermal non-equilibrium conditions and

to a wider range of flow conditions including transient

flow situations in tubes, annuli and rod bundles for pres-

sures up to 70 bar for a steam-water system [12]. A more

recent development in the prediction methodology is the
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Fig. 1. Data taken from the THTF test series [27] illustrating

the effect of spacer grids on the post-dry out wall temperature

variation in an 8 · 8 rod bundle: (a) Case J, (b) Case N, and (c)

Case ID. The pressure P (in bar), mass flux G (in kg/m2 s) and

heat flux Q (in kW/m2) are indicated in each figure.
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use of two-phase, three-fluid models in which the full set

of conservation equations (mass, momentum and energy

conservation equations) are solved for three fields,

namely, the liquid film, the liquid droplets and the va-

pour. The solution of the conservation equations for

the droplet field enables a phenomenological prediction

of the post-dry out heat transfer in addition to the pre-

diction of dry out. The prediction of the droplet field is

also important in the calculation of rewetting in the con-

text of the loss-of-coolant accident (LOCA) scenarios in

nuclear reactors. The set of these fundamental and con-

stitutive relations is incorporated in computer codes

such as FIDAS [13], MONA [14], COBRA-TF [15],

NEPTUNE [16]. In a recent work [17], the present

authors reported a new set of constitutive relations to

extend the range of application to up to 200 bar for

steam-water flow through tubes.

Thus, there is considerable literature on the predic-

tion of dry out in flow through tubes. In contrast, much

less work has been reported for the more practical case

of rod bundles in which the fluid flows in the interstices

between heated rods, typically of 10 mm diameter.

Empirical correlations developed for flow inside tubes

tend to overpredict the CHF, sometimes by a large

margin [6], in rod bundles. This is not surprising be-

cause rod bundles bring in a number of effects which

are not present in CHF in single tubes: flow non-unifor-

mities across the tube bundles, non-uniformity of heat

flux, radial mixing, effect of internal features such as

twisted tapes and spacer grids, and, at a more funda-

mental level, flow through non-circular cross-section,

partially heated perimeter, and the film flow on the out-

side of a tube rather than on the inside of a tube. A

number of these factors have been included as correc-

tion factors in the CHF look-up tables [3,18,19]. At a

more fundamental level, experiments have also been

conducted in annuli [20,21] to simulate the effect of flow

through tubes of non-circular geometry. It is thought

that for films which are very thin compared to the radii

of the annulus, the entrainment rates from the inner

and outer films of an annulus are not very different.

Studies of CHF in rod bundles using two-fluid models

[22,23] and multi-fluid models [24–26,13] have also been

reported in the literature. Two-fluid models use either

an empirical correlation or a look-up table to determine

CHF. In the multi-field models, wherein separate con-

servation equations are solved for the droplet phase,

the correlations used for droplet entrainment and rede-

position remain the same as those used for flow

through single tubes. The calculations are done on a

sub-channel basis. Additional models are incorporated

to account for spacer grid effects. The overall model

in each case has been compared with a limited amount

of data. Knabe and Wehle [25] and Naitoh et al. [13]

compared predictions of the critical power for typical

boiling water reactor (BWR) applications but did not
deal with post-dry out heat transfer. Sugawara and

Miyamoto [24] conducted extensive validation for the

prediction of dry out but presented only limited assess-

ment of the post-dry heat transfer in the form of time

history of the wall temperature in a rod bundle during

power transients. Hoyer and Stepniewski [26] extended

the model of Hoyer [14] for flow inside a tube to a rod

bundle and showed model capabilities for typical BWR

power transients.

Thus, while a lot of progress has been made in the

prediction of dry out in a rod bundle on a mechanistic

basis, the post-dry out heat transfer has not been sys-

tematically addressed. Also, while specific models for

spacer grids have been used in all studies, the effect of

these on CHF and post-CHF conditions has not been

brought out clearly. For example, the effect of spacer

grids is clearly evident in the data from the Thermal

Hydraulic Test Facility (THTF) of ORNL, Tennessee,
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USA, [27]. Here, the surface wall temperature was mea-

sured in a well-instrumented 8 · 8 rod bundle of a typi-

cal pressurized water reactor (PWR) assembly under

steady state conditions. The average wall temperature

of the rods measured under steady flow conditions for

three different tests, namely, tests J, N and ID are plot-

ted in Fig. 1 as a function of axial distance. These show

that, typically, the wall temperature in the post-dry out

region exhibits a sudden fall and a rapid rise around

the spacers. The extent of the temperature discontinuity

and the rapidity of the recovery depend on flow condi-

tions. In the present paper, these THTF data and those

obtained [6,28] from the Two-Phase Test Facility

(TPTF) of the Japan Atomic Energy Research Institute

(JAERI) are used to study the issues related to the calcu-

lation of dry out and post-dry out in rod bundle using a

one-dimensional, two-fluid, three-field model. Details of

the model are discussed in Section 2 while the results are

presented in Section 3.
2. Details of the one-dimensional three-fluid model

2.1. Governing equations

The present three-fluid calculation scheme is based

on an extension of the two-fluid model of the CAT-

HARE code [7]. Three sets of one-dimensional mass,

momentum and energy conservation equations are

solved for the three fluids, namely, gas or vapour (v),

continuous liquid flowing in the form of a film (lc) and

dispersed liquid flowing in the form of entrained drop-

lets (ld). This allows for different liquid velocities and

temperatures for the two liquid fields. No restrictive

hypothesis has been made about the droplet tempera-

ture, which is obtained from its own energy balance

equation. Thus, the model features nine independent

balance equations. The corresponding main variables

are the three phasic velocities Vv, Vlc, Vld, the three pha-

sic enthalpies Hv, Hlc, Hld, one common pressure P and

two volume fractions av, ald for gas and liquid droplets.

The set of conservation equations is listed in Appendix

A.

The physical significance of many of the terms

appearing in the above equations is well-known (see

for example [29]). Terms that are specific to the current

model are discussed briefly here. In the mass balance

terms, inter-phase terms, Ck, expressed here in terms of

rate of mass transfer per unit volume, appear. The terms

Clcv and Cldv represent mass transfer with phase change

due to boiling and condensation, respectively, and are,

respectively, positive and negative source terms for the

vapour phase. The terms Ca and Cd represent mass

transfer without phase change between the continuous

liquid field and the droplet field, and are associated,

respectively, with the processes of droplet entrainment
from and the redeposition to the continuous liquid

phase. These constitute, respectively, negative and posi-

tive source terms to the continuous liquid field. The

momentum balance equations have been expressed in

non-conservative form so that the phasic velocity, Vk,

appears as the principal variable. The terms involving

pik in the momentum equations are related to the inter-

facial pressure and are needed to maintain hyperbolicity

of the system of equations. The term involving b is the

added mass term; terms involving si are inter-phase

shear stresses; those involving vf, the wetted perimeter,

are wall shear stresses; and those involving the parame-

ter R account for stratification effects in horizontal flow

[7] and are set to zero in the present case dealing with

vertical annular flow. Finally, in the phasic energy bal-

ance equations, distinction is made between inter-phase

heat transfer, qik, expressed per unit volume, and phase-

wall heat transfer, qwk, expressed per unit surface area.

The heated perimeter, vh, is used to convert the latter

into a volumetric source term. In addition, wall–liquid

interface heat transfer terms, qwic and qwid, expressed

per unit interfacial area, are used to enable thermal

non-equilibrium of the liquid phase in the general case.

The parameters, vh,c and vh,d are used to convert these

into volumetric sources.

The above set of nine conservation equations differs

from the set of seven used by Hoyer [14] but is similar

to that used by Sugawara [30]. The constitutive laws

for the various terms in the equations are, however, dif-

ferent, as will be seen below. The present formulation al-

lows for the solution of the velocities directly while that

of Sugawara solves for momentum as the solution

variable.

2.2. Closure relations

A number of closure relations are required to evalu-

ate many of the right hand side terms in the above set of

equations. These represent interphase exchange,

wall-phase exchange, etc. These are discussed in detail

in Jayanti and Valette [17] and the principal ones are

summarized here:

• The droplet entrainment flux, Ca, is modelled as a

sum of the contributions from two processes, namely,

entrainment arising from the shearing action of gas

flowing over a wavy surface, Cah, and creation of

droplets in the process of nucleate boiling due to

break-up of bubbles, Cab. The first of these compo-

nents, Cah, is evaluated using the empirical correla-

tion of Hewitt and Govan [12] while the second

component is calculated using the correlation pro-

posed by Ueda et al. [31].

• The droplet deposition flux, Cd, is evaluated based on

the turbulent diffusion model of Hewitt and Govan

[12]. An additional term, based on Hoyer [14], is used
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to account for the inhibition of droplet deposition by

the steam flux caused by evaporation. Thus, the net

deposition flux per unit volume, Cd, is evaluated as

Cd ¼
4

Dh

qld

ald

ald þ av

maxðkd � kq; 0Þ ð1Þ

where kd is the deposition coefficient given by Hewitt

and Govan [12] and kq is the deposition inhibition

coefficient due to evaporation:

kq ¼
ClcvDh

0:26qlc

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ald þ av

p ð2Þ

In the momentum balance equations, any momentum

exchange resulting from friction between the wall and

the dispersed phase due to bouncing, etc., is ne-

glected. For the other two phases, the coefficient Ck

appearing in the respective momentum equations is

evaluated as

Ck ¼ Max
16

Rek
;
0:079

Re0:25k

; 0:005

� �
with

Rek ¼
akqk j V k j Dh

lk

ð3Þ

If the wall is wetted by a liquid film, then the wall–gas

momentum exchange is zero.

• The friction-related interfacial momentum exchange

involves three terms: the liquid droplet–liquid film

exchange, the liquid droplet–gas exchange and the

liquid film–gas exchange. The first one is neglected

while the second one is dealt with using a classical

formulation of droplet drag in a gas flow with a con-

stant drag coefficient, Cd, of 0.5. The interfacial fric-

tion between the continuous liquid phase and the

gasphase is strongly flow regime-dependent. For

annular flow conditions, a purely geometric relation,

based on the single phase flow through fully-rough

pipes (thus there being no influence of gas phase Rey-

nolds number on the friction factor) is used to evalu-

ate the interfacial friction factor:

fi ¼
0:331

ln
ks

3:71Dh

� �� �2 where
ks
Dh

¼ 2:25a1:7
lc ð4Þ

The interfacial shear stress between the gas and the

liquid film is evaluated as

sicv ¼
4

Dh

1� alc

2

� 	
fiqv j V v � V lc j ðV v � V lcÞ ð5Þ

• In the energy balance equations, various heat flux

terms appear. These can be grouped under two cate-

gories: heat transfer involving the wall and interfacial

heat transfers. It is assumed that the liquid droplets

are not directly heated or cooled by the wall. Thus,

qwld (transfer from wall to liquid droplets) and qwid
(transfer from wall to liquid droplet interface) are
set to zero. The heat transfer from the wall to the

continuous liquid or the gas phase is modelled as

being due to forced convection. Two cases are distin-

guished for the heat transfer from wall to continuous

liquid interface, qwic. When Tw P Tsat(P), a nucleate

boiling mode is assumed and the Thom correlation

[1] is used to calculate the heat flux. When

Tw 6 Tlc 6 Tsat(P), heat transfer is assumed to occur

by film condensation. An approximate value of

2000 W/m2 K for film condensation heat transfer

coefficient is used to calculate the heat flux. In all

the other cases, qwic is set to zero. The heat flux from

the gas to the interface of the dispersed liquid is eval-

uated using a convection law for flow around spheres

[32] and that from the gas to the interface of contin-

uous liquid is modelled using a forced convection

approach. Finally, the heat flux from the dispersed

liquid to its interface (qldi) and that from the contin-

uous liquid to its interface (qlci) are evaluated using a

flashing or condensation formulation depending on

whether the phasic temperature Tk is greater or less

than the saturation temperature.

• The onset of annular flow is determined based on a

limiting Kutateladze number and minimum quality

as

Kuv > 3:2 and x > 0:1 where

Kuv ¼ V v

q2
v

½grðqld � qvÞ	

� �1
4

ð6Þ

The limit of x > 0.1 may delay the onset of annular

flow at low pressures; however, this would not affect

the predictions of dry out and post-dry out heat

transfer as dry out rarely occurs at such low qualities

at low pressures. The minimum quality condition is

essential for the prediction of dry out at high pres-

sures [17].

• Finally, the droplet diameter is an important para-

meter in determining the post-dry out heat transfer

and is evaluated using the following expression:

d
‘
¼ ð2:5We�0:58 þ 0:1a0:25

ld Þ ð7Þ

Here ‘ is the Laplace length and the Weber number is

defined based on the Laplace length:

‘ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r=gDq

p
We ¼ qvV

2
v‘=r ð8Þ

The set of equations listed in Appendix A along with the

above closure relations have been used to calculate for

several cases [33] of dry out in a single tube. The pre-

dicted dry out quality is compared with the experimental

value in Fig. 2 in the pressure range of 30–200 bar and in

the mass flux range of 500–3000 kg/m2 s. It is seen that

good agreement is obtained over this wide range of

parameters.
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2.3. Modelling of rod bundle

The approach used in the present study towards deal-

ing with a rod bundle is to use the same set of conserva-

tion and closure equations as for flow inside a tube. The

justification for this arises from a consideration of the

factors involved:

• The Reynolds numbers based on hydraulic diameter

and phasic properties are usually very high and it is

therefore expected that a simple hydraulic diameter

approach to flow through non-circular cross-section,

i.e., only replacing the tube diameter by the bun-

dle or the sub-channel hydraulic diameter in the

Reynolds number calculation, would be fairly

accurate.

• Available evidence (Wurtz, [21]) from flow through

annular geometries suggests that the entrainment

process for a film outside the tube is not very different

from that inside the tube for thin films. Hence the

dynamics of the entrainment processes occurring in

the rod bundles is expected to be represented well

by in-tube flow correlations.

• The deposition of droplets is assumed to be governed

by turbulent diffusion effects and it is expected that,

provided the correct tube surface area is considered

(using the wetted perimeter approach), the same set

of correlations can also be used.

• Making use of the heated perimeter approach, the

correct heat transfer area can be included in the cal-

culation. From the energy balance, this would pro-

duce the correct equilibrium quality variation

within the rod bundle. Also, the nature of annular

flow is expected to be similar for flow outside the

tubes and inside the tubes as the film thickness is

small and other factors are turbulence-driven. Thus,
similarity of local conditions can be ensured by main-

taining correct energy balance and correct rates of

entrainment and redeposition, which depend on the

local phasic velocities etc., can be calculated.

The geometric details of a rod bundle are different

from those of a single tube and there may be three-

dimensional effects. These obviously cannot be taken

into account implicitly in a one-dimensional calculation

procedure and the only geometric parameters that are

relevant here are the volume, the flow cross-sectional

area and the wetted and heated perimeters in each cell

of a one-dimensional representation of a rod bundle.

There are several ways of reckoning these parameters;

the two most common being a sub-channel approach

and a whole-channel approach. In the sub-channel ap-

proach, presence of outside walls is neglected and the

flow cross-sectional area and the hydraulic diameters

are calculated on a ‘‘unit cell’’ which is well-inside

the bundle. The whole-channel approach considers all

the tubes and all the walls in the calculation of these

geometric parameters. For a large tube bundle, the

two approaches should give nearly the same values;

however, considerably different results may be obtained

for when the number of tubes in the rod bundle is

small. In the present study, two test series were consid-

ered. These are the TPTF test series of JAERI on a

5 · 5 rod bundle and the THTF test series of ORNL

on an 8 · 8 rod bundle. The effect of whole-channel

and sub-channel approaches was investigated as part

of the present study for the TPTF test series while only

the sub-channel approach was used for the THTF test

series.

Another geometrical feature that is present in rod

bundles only is the spacer grid which is used to support

the rod bundles. The effect of spacer grids on the dry out

is usually modelled by modifying empirically the

entrainment and deposition rate processes [26,13]. In

the present study, the closure relations are kept un-

changed and the geometric parameters, namely, the flow

cross-sectional area and the hydraulic diameters are

changed locally (i.e., in the cells containing the spacers

grids) taking into effect the geometric details of the

spacer grids. Accordingly, in the THTF test series, the

flow cross-sectional area in the spacer grid cells is re-

duced by about 12% and the hydraulic diameter by a

factor three. As will be shown later, fairly good agree-

ment with the data is obtained with this modelling. In

the TPTF test series, the available temperature data

are well-away from the spacers and no effect of spacers

could be seen. Also, in these data, dry out occurred at

a very high quality and in such cases, as will be shown

later, the effect of spacers is highly localized and there

is virtually no effect of the spacer grids on the post-dry

out temperature variation. Also, details of the spacer

grids are not available. In view of these factors, the
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TPTF test series calculations were done without consid-

ering spacer grid effects.

2.4. Numerical details

The numerical calculation scheme is similar to that

employed in the CATHARE code [34]. The set of con-

servation equations and closure relations is discretized

using a finite difference scheme with staggered spatial

mesh and the donor-cell method. A fully implicit scheme

is used to deal with the temporal derivatives in which the

terms dealing with interphase exchange, pressure propa-

gation and convection are evaluated implicitly. This re-

moves any Courant number limitation on the time

step. The solution of the discretized non-linear equations

is carried out using the Newton-Raphson iterative meth-

od in which the Jacobian is re-evaluated at each itera-

tion. Analytical derivatives for each equation and each

closure relation are used systematically to evaluate the

Jacobian. While there is no Courant number limitation

on the time step, the non-linearity of the equations

may cause convergence difficulties in case of large tran-

sients or at points of discontinuity in the constitutive

models. An automatic time step management scheme

is used to adjust the time step dynamically.

Although only steady state solution is required in all

the cases considered here, the calculations were carried

out in a transient mode. The heat flux is linearly in-

creased from zero to the final steady state value imposed

in the experiments and all the boundary conditions are

kept constant from that point onwards. The flow condi-

tions and wall temperatures reach steady values, typi-

cally, in several tens of seconds. The number of nodes

used to discretize the rod bundle depended on the case.

In the TPTF test series, where the inlet quality was typ-

ically of the order of 0.7 and where the spacer grids were

not considered, 30 nodes were used. In the THTF test

series, where the inlet was sub-cooled liquid and where

the effect of the spacer grids was sought to be resolved,

a total of 90 nodes were used. Typically, one calculation
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Fig. 3. Measured wall temperature variation for (a) five central rods a

in the TPTF test series. The thick line corresponds to rod #8, the wa
with 30 nodes for 200 s of time took one to two minutes

on a single CPU of the HP 9000/800 computer.
3. Results

3.1. Details of the test cases

Two sets of data in which wall temperature measure-

ments were carried out systematically in rod bundles are

used in the present study to validate the current calcula-

tion procedure. The first of these was obtained at the

Two-Phase Test Facility (TPTF) of the Japan Atomic

Energy Research Institute (JAERI) [28] in a 5 · 5 rod

bundle consisting of rods of 12.27 mm outer diameter

and a heated length of 3.7 m arranged in a square pitch

of 16.16 mm. Outside wall temperature measurements

were carried out at 11 axial locations on 9 out of the

25 heated rods. All the tests (about 25 individual test ser-

ies with heat flux being varied within each series) were

conducted under a mixed inlet condition, i.e., a condi-

tion where steam and water mixture enters the test sec-

tion. The test conditions covered the pressure range of

30–120 bar, mass flux range of 20–410 kg/m2 s and inlet

quality range of 0.4–0.9. Specific series of experiments

were conducted to investigate the effect of inlet quality

at fixed mass flux at high and low pressures; the effect

of mass flux at fixed inlet quality and pressure; and the

effect of pressure at fixed inlet quality and mass flux.

Considerable scatter in the dry out location was ob-

served, and although the wall heat flux was uniform

along and across the bundle, dry out was found to occur

earlier for peripheral rods than for central rods. Typical

results for one particular case (run #115) are shown in

Fig. 3 at a system pressure of 30 bar and mass flux of

300 kg/m2 s. Considerable variation in the wall tempera-

ture within the bundle can be seen. The five central rods

in Fig. 3a show considerable variation of the location of

the dry out point as well as in the post-dry out evolution

of the wall temperature. The data of rod #8 (plotted as a
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ll temperatures of which are available for comparison.
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thick line) were taken by Kumamaru et al. [27] as being

representative of the wall temperature variation. The

four peripheral rods in Fig. 3b show an earlier dry out

(compared with that of the thick line corresponding to

the central rod #8) and also considerable scatter in the

wall temperature variation.

The second set of data were obtained at the Thermal

Hydraulic Test Facility (THTF) of ORNL, Tennessee,

USA [27] in a 8 · 8 rod bundle with a geometry typical

of 17 · 17 PWR cores. The rods, of a length of 3.66 m,

had a diameter of 9.55 mm and were placed on a

12.7 mm pitch. Sixty of the 64 rods were electrically

heated with axially and radially uniform profiles. Egg-

crate type spacer grids without swirl inducers were used

at 0.6 m intervals to support the bundle. The rod tem-

peratures were measured at 25 axial locations with de-

tailed thermometry above and below each of the two

topmost spacer grids to bring out the effect of the spacer

grids on the heat transfer. The test parameters covered a

wide range of parameters typical of a postulated nuclear

reactor loss-of-coolant accident (LOCA) condition with

pressure in the range of 44–134 bar, mass flux in the

range of 43–815 kg/m2 s and equilibrium quality in the

range of 0.4–1.3. The test section inlet was always under

sub-cooled liquid condition; hence the heat fluxes were

considerably higher than those used in the TPTF test

series for similar system pressure and mass flux. As ex-

pected, rod-to-rod variation was found in the wall tem-

peratures at a given axial location and dry out of the

bundle stretched over a short length of the bundle. Yo-

der et al. reported the average wall temperature of all dry

rods (defined as having a superheat of 222 K) in case

some of the rods were wet. In all 30 individual cases were

reported from which 18 distinct cases (with one of the

three parameters—pressure, mass flux or heat flux—

varying by 10% or more) can be constructed.
3.2. Comparison with the TPTF test series

Calculations for 28 cases of the TPTF test series were

made covering the range of parameters reported by

Kumamaru et al. [28]. The predicted locations of dry

out for the ensemble of these test cases is compared with

the experimental value in Fig. 4. Here, the predictions are

based on sub-channel model as well as on a whole-chan-

nel model of the bundle are given. (It should be noted

that because of the different flow cross-sectional areas,

the mass flux is different for sub-channel and whole-

channel modelling of the rod bundle. If this is not ad-

justed appropriately, a wrong prediction of the dry out

location results.) The whole-channel model predicts a

slightly later dry out than the sub-channel model. The

experimental value is based on the wall temperature var-

iation of rod #8 alone. As shown in Fig. 3, there can be

considerable variation from rod-to-rod, and additional
uncertainty arises for the low dry out length cases be-

cause of lack of instrumentation. In view of all these,

the agreement between the predictions and the data can

be considered to be good. This is not surprising because

in nearly all cases, dry out occurs for quality greater than

0.9 due to the combination of low mass flux and low

heat flux leading to low entrainment of the liquid film.

Thus, in some cases, the prediction of dry out location re-

duces to one of determination of equilibrium quality

variation.

The effect of individual parameters is shown in Figs.

5–8. The effect of varying system pressure in the range of

118–31 bar at nearly constant mass flux and inlet quality

is shown in Fig. 5. The effect of varying mass flux be-

tween 777 and 116 kg/m2 s at a system pressure of

118 bar and at nearly constant inlet quality of 0.76 is

shown in Fig. 6. The effect of varying the heat flux in

the range of 110–720 kW/m2 at a system pressure of

31 bar, mass flux of 310 kg/m2 s and inlet quality of

0.76 is shown in Fig. 7. Finally, the effect of varying

the inlet quality in the range of 0.89–0.19 at a system

pressure of 118 bar and at nearly constant mass flux is

shown in Fig. 8. In all the cases, the predicted wall tem-

perature variation is compared with that of the rod #8

measured experimentally. Although there is deviation

in terms of both location of dry out and subsequent var-

iation of the wall temperature, it is probably within the

experimental variation within the bundle (see Fig. 3

above). It can be said that the post-dry out heat transfer

is captured fairly well by the model.

3.3. Comparison with the THTF test series

The THTF test series is characterized by high heat

fluxes when compared to the TPTF test series. The pres-
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Fig. 5. Effect of pressure on wall temperature variation: comparison between predictions and the data on rod #8 from TPTF test

series. The pressure (in bar), mass flux (in kg/m2 s), inlet quality and the case number are indicated in each figure.
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Fig. 6. Effect of mass flux on wall temperature variation: comparison between predictions and the data on rod #8 from TPTF test

series. The pressure (in bar), mass flux (in kg/m2 s), inlet quality and the case number are indicated in each figure.
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sure ranges from 40 to 135 bar and the mass flux from

250 to 800 kg/m2 s. In addition to these, six low flow

tests have been conducted, four of which are at around

80 bar and the other two at around 40 bar, in which the

mass flux ranges from 43 to 172 kg/m2 s. Calculations
show that in these tests, there is negligible entrainment

and the dry out occurs at qualities greater than 0.95. In-

deed, the mass flux is so low that in some cases, the

three-field model reduces to a two-field model as the

droplet concentration is zero. However, in cases where
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Fig. 7. Effect of heat flux on wall temperature variation: comparison between predictions and the data on rod #8 from TPTF test

series. The pressure (in bar), mass flux (in kg/m2 s), inlet quality and the case number are indicated in each figure.
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the mass flux is greater than about 200 kg/m2 s, signifi-

cant entrained droplet flux exists and dry out occurs at

qualities as low as 0.39 (for Case B). As in the case of

the TPTF series, significant rod-to-rod variation exists

within the bundle, and for a given case a section of the

bundle may be under partial dry out condition in which

some of the tubes are wet and the rest dry (defined by

Yoder et al. [27] to have a superheat in excess of

222 �C). An experimental value of the dry out quality

can be therefore estimated by reckoning dry out to have

occurred at that point at which a majority of the tubes

are dry. This estimated dry out quality is compared in

Fig. 9 with the predicted value obtained from the calcu-

lation methodology outlined in Section 2. It can be seen

that except for a couple of cases, the predicted quality

agrees well with the experimental value. As remarked

previously by Hoyer [14] and Jayanti and Valette [17],

at high pressures, heat flux has a significant effect on

the droplet flux. The comparison in Fig. 9 shows that

this is captured well by the combination of terms repre-

senting nucleate boiling-induced entrainment (given by

correlation of Ueda et al., [31]) and evaporation flux-

induced suppression of droplet deposition (given by

equation (2) above).

Another distinguishing feature of the THTF test ser-

ies is the effect of spacers on the post-dry out heat trans-
fer. In the present study, the effect of spacer grids has

been included by incorporating their geometric details

in the calculation procedures in the cells in which they

are located. In order to bring out their effect explicitly,

calculations have been done without taking account of

the spacer grid details. Comparison of the results ob-

tained with the two treatments shows that the possible

effect of spacer grids on dry out varies from case to case.

This is brought out in Fig. 10 where the axial variation

of the fraction of the droplet mass flux (i.e., the droplet

mass flux divided by the total mass flux) is compared

with the two treatments of the spacer for three different

cases, namely, Cases B, D and F, all of which are at a

system pressure of 127 bar. The corresponding mass

fluxes are 713, 517 and 255 kg/m2 s, respectively. In each

case, the corresponding dry out location is indicated on

the abscissa. In the initial part of the tube where sub-

annular flow regimes occur, the droplet mass fraction

is zero; it then increases to a maximum value before

decreasing. The figures reveal the interesting effect of

spacer grids. Due to the decreased hydraulic diameter

at the spacer, the droplet deposition rate locally in-

creases; this reduces the droplet mass fraction. Sub-

sequently, this is re-entrained in the usual way. The

rapidity with this is re-entrained and the overall droplet

fraction together contribute to the net effect of spacer
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Fig. 8. Effect of inlet quality on wall temperature variation: comparison between predictions and the data on rod #8 from TPTF test

series. The pressure (in bar), mass flux (in kg/m2 s), inlet quality and the case number are indicated in each figure.
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grids on the dry out. In Fig. 10a, the mass flux is high

and hence the entrainment rate is also high; thus there

is quick recovery of the deposited droplets at the spacers

resulting in little change in the overall droplet mass frac-

tion around the spacers. In Fig. 10b, the mass flux is

lower and there is only a gradual recovery of the droplet

fraction following forced deposition at a spacer grid.

Since spacer grids are periodically placed, there is a
cumulative effect because of which the entrained fraction

curve is significantly lower than the case where the

spacer grid effect is neglected. This results in a substan-

tial change in the dry out location. In Fig. 10c, the mass

flux is even lower leading to even slower recovery follow-

ing forced deposition at a spacer grid. However, the en-

trained fraction itself is significantly lower due to low

overall entrainment and the net effect on dry out is

nearly negligible.

The effect of system pressure is investigated in Fig. 11

where similar plots for Cases J, M and P are compared

at system pressures of 134, 86 and 60 bar, respectively.

The corresponding mass fluxes are 731, 656 and

520 kg/m2 s, respectively. As the system pressure in-

creases, the vapour density increases and the entrained

fraction is higher. The net entrainment rate is higher.

As a result, the entrained fraction curve with the spacer

grid effects included deviates little from the one where

spacer grid effects are neglected at high pressures (Fig.

11a) resulting in little net effect on the location of dry

out. In Fig. 11b, the pressure is lower and the entrained

fraction and the net entrainment rate are lower. The

combination of these gives rise to a very significant effect

of the spacer grids on the dry out location. In Fig. 11c,

the significantly lower entrained fraction at the lower
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Fig. 10. Calculated variation of the entrained mass fraction

with axial distance with (thick line) and without (thin line)

including the spacer grid geometric details for Cases B, D and F

of the THTF test series. The long and short vertical lines on the

abscissa in each figure indicate the calculated dry out locations

with and without the spacer details, respectively. The pressure P

(in bar), mass flux G (in kg/m2 s) and heat flux Q (in kW/m2) are

indicated in each figure.
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Fig. 11. Calculated variation of the entrained mass fraction

with axial distance with (thick line) and without (thin line)

including the spacer grid geometric details for Cases J, M, P of

the THTF test series. The long and short vertical lines on the

abscissa in each figure indicate the calculated dry out locations

with and without the spacer details, respectively. The pressure P

(in bar), mass flux G (in kg/m2 s) and heat flux Q (in kW/m2) are

indicated in each figure.
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pressure results in a somewhat muted effect of the spacer

grid on the dry out location. Thus, the specific effect of

spacer grids on the location of dry out depends on a

number of factors related to the entrainment and rede-

position processes.

Finally, the effect of the spacer grids on the post-dry

out heat transfer is brought out in Fig. 12 where the pre-

dicted wall temperature variation with and without

spacer grids is compared with the measured data for sev-

eral cases. These include:

• Cases B, D and C in Fig. 12a at a system pressure of

127 bar and mass fluxes of 713, 517 and 334 kg/m2 s,

respectively. Here, the wall temperature variation in

the post-dry out region shows a decreasing, nearly
flat and increasing tendency with distance from the

dry out location. This is due to the contribution of

droplets to post-dry out heat transfer and has been

observed in flow through single tubes [17]. At low

mass fluxes (Case C), the dry out quality is so high

that there is very little contribution of droplets to

heat transfer because of which the wall temperature

continues to rise (Fig. 12a(iii)) whereas the presence

of large amount of droplets in Case B actually

reduces the post-dry out wall temperature (Fig.

12a(i)). These effects are well-captured in the model.

The presence of spacers affects only the local temper-

ature variation around the spacers due to the

dominant contribution of the droplets to the heat

transfer.
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Fig. 12. Comparison of the measured and the predicted axial variation of the wall temperature for three cases illustrating (a) effect of

mass flux at a pressure of around 130 bar; (b) effect of mass flux at a pressure of 85 bar; and (c) variation at very low mass fluxes. The

calculated variation with (thick line) and without (thin line) including the spacer grid geometric details are shown. The pressure P (in

bar), mass flux G (in kg/m2 s) and heat flux Q (in kW/m2) are indicated in each figure.
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• Cases N, M and I at a system pressure of about

86 bar for mass fluxes of 806, 656 and 363 kg/m2 s,

respectively. Here, the effects are similar to those in

Fig. 12a. The temperature rise following dry out is

higher at this pressure compared to that at 125 bar,

and the effect of spacers on the wall temperature var-

iation persists in some cases (Fig. 12b(ii)). Hence the

beneficial effect of spacers on dry out quality

translates into reduced wall temperature in such

cases.

• Cases IB, ID and IE under low flow conditions at

system pressures of 82, 81 and 38 bar, respectively,

and at mass fluxes of 83, 146 and 88 kg/m2 s, respec-

tively. Here, the mass fluxes are so low that dry out

occurs at qualities of near unity and there is very lit-

tle influence of droplets on post-dry out heat trans-

fer. The spacer grids also have very little influence

on dry out location, as noted above, and their effect

on the wall temperature variation in the post-dry

out region is purely convective and purely local. It

is noted that taking account of geometrical effects

such as reduced flow cross-section and hydraulic
diameter enables the correct prediction of the

temperature decrease at the spacer grids in these

cases.

It can be seen from the plots in Fig. 12 that in general

fairly good agreement is obtained for the prediction of

dry out location as well as for the wall temperature var-

iation in the post-dry out region within the tube bundle

over the range of parameters investigated.
4. Conclusions

A new three field model is developed in order to sim-

ulate two phase flow and heat transfer in nuclear reactor

accident conditions. The liquid phase is split up into

liquid droplets and continuous liquid. A number of issues

related to the calculation of dry out and post-dry out heat

transfer in rod bundles have been studied. It is shown that

good agreement with data can be obtained for the predic-

tion of the location of dry out and of the further evolution

of the rod wall temperature variation using:
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• The same set of constitutive equations for mass,

momentum and energy exchanges as for flow inside

tubes.

• A sub-channel model for the calculation of geometri-

cal parameters of the rod bundle that enter into the

calculation procedure (instead of a whole subassem-

bly model).

• Taking account of spacer grids by treating each

spacer grid section as a separate cell and modifying

only the geometrical parameters in these cells.

This approach has been shown to give fairly accurate

representation of dry out and post-dry out heat transfer

in typical BWR and PWR type rod bundles in the pres-

sure range of 30–135 bar, mass flux range of 50–800 kg/

m2 s over a range of heat fluxes and inlet conditions. The

essential features of the flow and heat transfer character-

istics in the rod bundle appear to have been captured

well in the parametric range studied.
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Appendix A. Set of balance equations

Mass balance of gas field

o

ot
ðAagqgÞ þ

o

oz
ðAagqgV gÞ ¼ þAðClcv þ CldvÞ

Mass balance of continuous liquid field

o

ot
ðAalcqlcÞ þ

o

oz
ðAalcqlcV lcÞ ¼ þAðCd � Ca � ClcvÞ

Mass balance of dispersed liquid field

o

ot
ðAaldqldÞ þ

o

oz
ðAaldqldV ldÞ ¼ �AðCd � Ca þ CldvÞ

Momentum balance of gas field

Aagqg

oV g

ot
þ V g

oV g

oz

� �
þ Aag

oP
oz

� Apilcg
oalc

oz
� Apildg

oald

oz

þ Abagalcqm

oV g

ot
� oV lc

ot
þ V g

oV g

oz
� V lc

oV lc

oz

� �

¼ AClcvðW icv � V gÞ þ ACldvðW idv � V gÞ � Aðsicv þ sidvÞ

� vfCg

qg

2
V g j V g j þAagqggz þ

Ralc

4
pilcg

oA
oz

with qm ¼ agqg þ alcqlc
Momentum balance of continuous liquid field

Aalcqlc

oV lc

ot
þ V lc

oV lc

oz

� �
þ Aalc

oP
oz

þ Apilcg
oalc

oz

� Abagalcqm

oV g

ot
� oV lc

ot
þ V g

oV g

oz
� V lc

oV lc

oz

� �

¼ �AClcvðW icv � V lcÞ þ ACdðV ld � V lcÞ þ Asicv

� vfCl

qlc

2
V lc j V lc j þAalcqlcgz � R

ag

4
pilcg

oA
oz

Momentum balance of dispersed liquid field

Aaldqld

oV ld

ot
þ V ld

oV ld

oz

� �
þ Aald

oP
oz

þ Apildg
oald

oz

¼ �ACldvðW idv � V ldÞ þ ACaðV lc � V ldÞ þ Asidv

þ Aaldqldgz

Energy balance of gas field

A
o

ot
agqg H g þ

V 2
g

2

" # !
þ o

oz
AagqgV g H g þ

V 2
g

2

" # !

� Aag

oP
ot

¼ Aðqvic þ qvidÞ þ vhqwv þ AClcv H v þ
W 2

icv

2

� �

þ ACldv H v þ
W 2

idv

2

� �
þ AagqgV ggz

Energy balance of continuous liquid field

A
o

ot
alcqlc H lc þ

V 2
lc

2

� �� �
þ o

oz
AalcqlcV lc H lc þ

V 2
lc

2

� �� �

� Aalc

oP
ot

¼ Aqlci þ vhqwlc � AClcv H lc þ
W 2

icv

2

� �

þ ACd H ld þ
V 2

ld

2

� �
� ACa H lc þ

V 2
lc

2

� �
þ AalcqlcV lcgz

Energy balance of dispersed liquid field

A
o

ot
aldqld H ld þ

V 2
ld

2

� �� �
þ o

oz
AaldqldV ld H ld þ

V 2
ld

2

� �� �

� Aald

oP
ot

¼ Aqldi þ vhqwld � ACldv H ld þ
W 2

idv

2

� �

� ACd H ld þ
V 2

ld

2

� �
þ ACa H lc þ

V 2
lc

2

� �
þ AaldqldV ldgz
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