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The SPACE code that is based on a multi-dimensional two-fluid, three-field model is under development for licensing purposes
of pressurized water reactors in Korea. Among the participating research and industrial organizations, KAERI is in charge of
developing the physical models and correlation packages for the constitutive equations. This paper introduces a developed wall-to-
fluid heat transfer package for the SPACE code. The wall-to-fluid heat transfer package consists of twelve heat transfer sub-
regions. For each sub-region, the models in the existing safety analysis codes and the leading models in literature have been peer
reviewed m order to determine the best models which can easily be applicable to the SPACE code. Hence a wall-to-fluid heat
transfer region selection map has been developed according to the non-condensable gas quality, void fraction, degree of subcooling,
and wall temperature. Furthermore, a partitioning methodology which can take into account the split heat flux to the continuous
liquid, entrained droplet, and vapor fields is proposed to comply fully with the three-field formulation of the SPACE code. The
developed wall-to-fluid heat transfer package has been pre-tested by varying the independent parameters within the application
range of the selected correlations. The smoothness between two adjacent heat transfer regimes has also been investigated. More
detailed verification work on the developed wall-to-fluid heat transfer package will be carried out when the coupling of a hydraulic

solver with the constitutive equations is brought to completion.
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1. INTRODUCTION

Korea Hydraulic and Nuclear Power (KHNP) and the
Ministry of Commerce and Industry and Energy (MOCIE)
have launched a nuclear reactor thermal hydraulics system
analysis code development program. The SPACE (Safety
and Performance Analysis Code) code, which has a multi-
dimensional analysis capability by incorporating a dispersed
liquid phase into the thermo-hydraulic field equations, is
under development for the safety analysis of PWRs. Several
research and industrial organizations are participating in
the collaboration for the development program, including
KAERI (Korea Atomic Energy Research Institute), KHNP
(Korea Hydro & Nuclear Power Co., Ltd.), KOPEC (Korea
Power Engineering Company, Inc.), and KNF (Korea
Nuclear Fuel Co., Ltd.).

A hydraulic solver module is being developed by
KOPEC. The solver is designed to handle a 3-dimensional
unstructured grid system and it has the capability to treat
a staggered mesh as well as a collocated mesh. Special
models such as a critical flow, mixture level tracking,
off-take, and ECC mixing models are being developed by

KNF. The main task of KAERI is to develop the physical
models and correlation packages for the constitutive
equations: wall heat transfer package, wall and interfacial
friction package, interfacial heat and mass transfer package,
entrainment/de-entrainment model package, and flow
regime selection package. In addition to that, KAERI is
also responsible for carrying out separate effect tests (SET)
and integral effect tests (IET) for code verification and
validation (V&YV). The separate effect tests have the
purpose of generating benchmark data for multi-dimensional
two-phase phenomena. The detailed test items have been
defined. The integral effect tests will be performed with
ATLAS (Advanced Thermal-hydraulic Test Loop for
Accident Simulation), which is a 1/2 reduced height and
1/288 volume scaled test facility based on the design
features of the APR1400. This code development program
is being coordinated by KEPRI (Korea Electric Power
Research Institute) to consolidate the technology of the
participating organizations effectively. Furthermore, a
technical consulting committee was constituted from the
academic field in order to support the program by performing
an independent review on the progress on a regular basis.
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This paper describes the development program for a
wall-to-fluid heat transfer package for the SPACE code.
The developed wall-to-fluid heat transfer package consists
of a heat transfer mode transition map, and heat transfer
models for each region of the well-known Nukiyama’s
boiling curve {1]. The wall-to-fluid heat transfer package
determines the energy transfer from a heat structure to a
calculation cell. Due to the three-field formulation of the
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be defined in advance and be classified depending on
whether a physical model is available for the defined heat
transfer mode. For the SPACE code, a total of 12 heat
transfer modes were determined as shown in Table 1. The

Table 1. Classification of the Wall-to-fluid Heat Transfer Modes

SPACE code,. t'he energy transfer from a heat structure Mode Application

should be partitioned into three parts: wall-to-vapor, wall- -

to-liquid, and wall-to-droplets. Mode 0 | Convection to a non-condensable steam-water mixture
Mode 1 | Natural convection to a single phase liquid
Mode 2 | Forced convection to a single phase liquid

2. WALL-TO-FLUID HEAT TRANSFER PACKAGE -
Mode 3 | Subcooled nucleate boiling

2.1 Development of a Heat Transfer Mode Mode 4 | Saturated nucleate boiling

Transition Map Mode 5 | Subcooled transition boiling
The wall-to-fluid heat transfer mode consists of a Mode 6 | Saturated transition boiling

liquid phase natural cgpvectipp, liquid phase forged Mode 7 | Subcooled film boiling

convection, nucleate boiling, critical heat flux, transition —

boiling, film boiling, vapor phase convection, and _Mode8 | Saturated film boiling

condensation heat transfer. Unfortunately, there is no Mode 9 | Convection to a single phase vapor

physical model wh?ch can integrate the releyant correla?i(.)ns Mode 10 | Convection at a supercritical pressure

and form a cohesive model for the Nukiyama’s boiling Mode 111 Cond -

curve. Hence, the wall-to-fluid heat transfer mode should ode ondensation
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classification is mainly based on the physical heat transfer
phenomena occurring on a wall contacted by a fluid. In
particular, the detailed classification for the subcooled
and saturated conditions is to provide the necessary
information on the calculation cell to code users.

A heat transfer mode transition map was developed
to make sure of a smooth transition between two adjacent
heat transfer modes and to minimize any numerical instability.
The heat transfer mode transition is based on the pressure,
non-condensable gas quality, void fraction, degree of
subcooling, and wall temperature. In particular, the minimum
film boiling temperature, TMFB, is used to define the
boundary between the transition and the film boiling heat
transfer modes. The developed heat transfer mode transition
map is shown in Fig. 1. At the present stage, only a branch
point to the reflood heat transfer mode is included in the
present heat transfer mode transition map as a reflood
heat transfer package has not been developed yet. Most
safety analysis codes such as RELAP5/MOD3.3 and
TRAC-M deal with the wall-to-fluid heat transfer under a
reflood condition with a separate model package. The
separate reflood heat transfer package is incorporated
into a heat structure model which takes account of the
two-dimensional conduction effects. When the development
of the reflood heat transfer package is completed, a reflood
heat transfer selection logic will be added to the present
heat transfer mode transition map.

2.2 Development of a Heat Transfer Package

In order to select a wall-to-fluid heat transfer model
for the SPACE code, the models currently used in major
best-estimate nuclear reactor system analysis codes, such
as RELAPS, TRAC-M, TRACE, COBRA-TF and
CATHARE, have been peer reviewed. Furthermore, an
extensive literature survey was conducted in order to
choose the best wall-to-fluid heat transfer model which
can be applied easily to the SPACE code. Through an in-

Table 2. Heat Transfer Models of Existing Codes

Regimes Models

Natural convection | McAdams for laminar, Warner & Arpaci for turbulent

Forced convection

Sellars for laminar, Dittus-Boelter for turbulent
Lahey, Ha, Chen
CHF 1) 2006 AECL-UO look-up table, 2) Biasi

Nucleate Boiling

Transition Boiling | I) Chen, 2) Bjornard, 3) Jones, 4) Elias, 5) TRACE
Film Boiling 1) 2004 AECL-UO look-up table, 2) Bromley

pure steam : max (Nusselt, Chato, Shah)
Condensation mixture : 1) Colburn-Hougen

2) Non-iterative model (No-Park)

depth literature review process, the best model for each
heat transfer mode was selected and implemented into
the SPACE code. In the heat transfer regime in which a
model’s uncertainty is expected to be high, an alternative
model is additionally programmed as a user option. The
selected heat transfer models, including the wall-to-fluid
heat transfer package of the SPACE code, are summarized
in Table 2. A detailed description of the selected model
can be found in Kim et al. [2].

2.2.1 Heat Flux Partitioning

In the SPACE code, the wall heat flux transmitted to
one of three fields is generally formulated by the sum of
the heat flux components based on three possible reference
temperatures. The general expression for the total wall
heat flux can be written as

Dot =0 1470, = Sl (T, =T+ ho (T, = T,) 4 (T, =T, )]
k=l v
(1)

where the subscript index £ can be either /, d, or v for
continuous liquid, dispersed droplet, or vapor, respectively.
The subscript &k indicates the heat transfer coefficient to
the phase k, with the phase temperature as the reference
temperature; k¢ indicates the heat transfer coefficient to
the phase &, with the saturation temperature based on the
total pressure Ty, as the reference temperature; and kp
indicates the heat transfer coefficient to the phase &, with
the saturation temperature based on the vapor partial
pressure Ty, as the reference temperature. T., and T indicate
wall temperature and phase temperature, respectively.
The total wall heat flux in Eq. (1) is used as a convective
boundary condition of the conduction equation, which
ultimately calculates the wall temperature of the solid
heat structure. Only some of the heat transfer coefficients
are nonzero in most heat transfer regimes.

2.2.2 Natural Convection

It is found that the natural circulation models used in
the TRAC-M code are the best from an extensive literature
survey. The McAdams’ model [3] and Warner & Arpaci’s
model [4] were selected for the SPACE code for the
conditions of a laminar and a turbulent flow, respectively.

- laminar flow (McAdams’ model)

h :0.59-I(L(G,-.Pr)' T for 10* <(Gr-Pr)<10° 2)

h
- turbulent flow (Warner & Arpaci’s model)

h:0.10l—’;’-(GwPr)“-‘-‘-‘3 for 10° <(Gr-Pry<10”  (3)

h
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where £ indicates conductivity of the liquid phase and D,
indicates a heated equivalent diameter of the calculation
cell. Gr and Pr is the Grashof number and Prandtl
number, respectively.

2.2.3 Forced Convection

In the case of a forced convection, the well-known
Dittus-Boelter correlation [5] was selected as a default
model for the SPACE code for the condition of a turbulent
flow. This correlation is based on a broad range of
experimental data obtained from a smooth tube and it is
widely used in the existing safety analysis codes. Though
simple, it is known that its prediction accuracy is excellent
for an application to other geometric conditions and single
phase gas flow conditions as well. Moreover, the Gnielinski
correlation [6] was selected as an alternative model for
the condition of a turbulent flow. For the laminar forced
convection flow, Sellars’ analytical solution [7] was used
for the SPACE code. A variation of the correlations for
other geometries rather than a round. tube was not taken
into account in the SPACE code in the present phase. Such
geometric effects will be considered and will be implemented
during the verification and validation phase if necessary.

- laminar flow (Sellars’ model)

h =4.36£

h

for Re <2300 )

- turbulent flow (default: Dittus-Boelter correlation)

h=0.023-Re”*-Pr™  for Re>2300 ®)

- turbulent flow (alternative: Gnielinski correlation)

s = (Re=1000)-Pr- £ /8
LO+12.7(Pr* 1)/ /8

for Re>2300 6)

where

f =(1.82logRe-1.64)

The SPACE code evaluates both a natural convection
and a forced convection heat transfer coefficient and takes
the maximum value as a final heat transfer coefficient. In
the case of a forced convection heat transfer mode to a
single phase liquid (mode 2), the obtained final heat transfer
coefficient is equal to Ay and the other heat transfer
coefficients in Eq. (1) become zero. On the other hand, for

the forced convection heat transfer mode to a single phase
vapor (mode 9), the calculated heat transfer coefficient
becomes h,, and the other heat transfer coefficients in Eq.
(1) are zero.

2.2.4 Nucleate Boiling

The nucleate boiling model consists of a subcooled
nucleate boiling model and a saturated nucleate boiling
model. The subcooled nucleate boiling model is composed
of a net vapor generation model (NVG), a subcooled heat
transfer coefficient model, and a pumping model. For the
subcooled nucleate boiling model, Lahey’s model [8] was
selected because its prediction accuracy and numerical
stability are widely accepted in this technical field. The
accuracy of the void fraction under a subcooled nucleate
boiling greatly depends on the NVG model. Lahey’s
model includes the NVG model proposed by Saha and
Zuber [9]. Recently, Ha [10] modified Saha and Zuber’s
NVG model in order to improve its prediction accuracy
in low pressure conditions.

0.124
St-Pe"C,

by =Ry = for Pe> 52000 @)
a 0.0287
St-Pe®C
By =h; 0 ————e for Pe<52000 ®)
i 918.525

where Ay,.. and C,r indicate enthalpy and specific heat for
saturated water, respectively. St and Pe indicate Stanton
number and Peclet number, respectively. Hence, Ha’s
model is incorporated into Lahey’s model as a subcooled
nucleate boiling mode! for the SPACE code. A modified
Chen’s model [11] was used to obtain the subcooled heat
transfer coefficient. This modeling approach is the same
as that widely used in the existing safety analysis codes.
For the saturated nucleate boiling, Chen’s [11] saturated
nucleate boiling model was adopted for the SPACE code
because it is judged to be the best model. The total heat
flux due to nucleation boiling can be expressed in the
SPACE code as follows:

q;ml = hm(w (T'w - T;) : F + h (Tw - rspt ) . S . (9)

‘mic

where Ay, and A, indicate a macroscopic and a microscopic
heat transfer coefficient, respectively. F and S are a Reynolds
number factor and a suppression factor, respectively. The
macroscopic heat transfer coefficient is calculated from the
convective heat transfer correlation and the microscopic
heat transfer coefficient is from Chen’s model.

In a nucleate boiling heat transfer, the heat flux to the
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dispersed droplet and to the vapor field can be assumed
to be zero so that the total heat flux is transmitted to the
continuous liquid field only. Therefore, only two heat
transfer coefficients in Eq. (1) are nonzero and the other
heat transfer coefficients become zero, that is, 4, is equal
t0 Amae'F and Ay, is equal to A,.;.~S from Chen’s correlation.
In addition, a heat flux for the vapor generation rate
calculation is calculated by partitioning the total heat flux
with the NVG model suggested by Ha [10] as follows:

hf,sat B hf hf - hcr

7 7 + o *

f sat ey hf',.m/ L

Qsotar = b0t *

it b2k, (10)

where the first term on the right hand side indicates the
heat flux used for increasing sensible heat of the continuous
liquid due to convection and the second term does the heat
flux used for boiling. Therefore, the second term on the
right hand side is used to calculate the vapor generation rate.
If iy < h,,, the vapor generation rate becomes zero and the
total heat flux is used for increasing sensible heat of
continuous liquid.

2.2.5 Critical Heat Flux

An accurate prediction of the critical heat flux is essential
for the wall-to-fluid heat transfer package to be reliable.
Most safety analysis codes such as RELAP5/MOD3.3
and CATHARE use the look-up table method proposed
by Groeneveld et al. [12] because the look-up table method
has several advantages: (a) it has a greater accuracy, (b)
it has a wide range of applications, (c) it has a correct
asymptotic trend, (d) it requires less computing time, and
(e) it can be updated if additional data become available.
Meanwhile, Biasi’s correlation [13] is also widely used
in safety analysis codes such as COBRA-TR and TRAC-
M due to its simple functional form. It was used in the
old version of the RELAP5/MOD?2 code and then it was
replaced by the look-up table method in the RELAP5/MOD3
code and its later series because Biasi’s correlation over-
predicts critical heat flux in a medium range of mass flux.
In general, Biasi’s correlation is known to have a narrower
application range than the look-up table method. Subsequently,
the look-up table recently released by Groeneveld et al.
[14] is selected for the SPACE code because this look-up
table has been intensively assessed by several investigators
and continuously improved during the past years. In
general, the tube CHF look-up table has been widely
applied to bundle geometries. In a bundle or subchannel
geometry, the tube CHF look-up table needs to be modified
to account for bundle-specific effects. The following eight
correction factors which were provided by Groeneveld et
al. [15] are implemented into the SPACE code to obtain
a bundle CHF.

CHE, e = CHF, 1, (P, G, X ) x by x by by x by x kg x kg x by x e
1D

This formulation is based on the assumption that all the
correction factors are independent. The detailed form of
the bundle correction factors are summarized in Table 3.
The eight correction factors have been programmed into
the SPACE code.

Heat flux partitioning of the obtained critical heat flux
was also taken into account. The CHF from Eq. (11) was
transmitted to the continuous liquid field only because the
critical heat flux is a physical upper limit of the nucleate
boiling heat transfer. The other heat fluxes to the dispersed
droplet and the vapor fields can be assumed to be negligible
without loss of a physical basis as follows:

q;‘H}"J = q;‘HF =h,(T,-T)+h(T,— an) . (12)

q;‘HF,d =0.0. (13)

Table 3. Summary of the Correction Factors Applicable to CHF
Look-up Table

Factors Form

K, subchannel or tube
diameter cross section
geometry factor

for 3<Dy<25mm K, = (0.008/D;)"*
for Dy>25mm K, =0.57

K., bundle correction
factor

_ 173
K, = min| 1,0,[l+—2—§~jexp x
° 2 d 2

K, mid-plane spacer
factor for 37-element
bundle

Ky=1+Adexp(—BL,,/D;)
A=1.5K*"(G/1000)*2
B=0.10

for L/D,>5
K, heated length factor | Kui=exp[(Dy/L)exp(2ou)
a=Xpr/ [XprH(1-X)pe]

K, axial flux for X<0 Ks=1.0
distribution factor for x>0 Ks=qu/qeu

Ko, radial flux for X0 Ke=q(2)ave/q(2)max
distribution factor for x>0 Ke=1.0

K, =1-exp(~(T,/3)™)
K., flow orientation (] N ij 16

gD, p (o, = pa™

T =
factor I s

G <~400kg-m?-s"or X <<0 K, =10
~400<G<0kg-m™ -5

K, vertical low flow CHF = CHF g ¢ (1~ ,)C,
factor for @, <0.8 C =10
08+02p,/p,

for &, >08 C/=——""—>~E
e ! a,,+(l—a,,)pf/pg
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qz‘HF,v =0.0. (14)

For a determined CHF from the look-up table method,
Eq. (9) is solved implicitly to obtain a wall temperature
at a CHF point which is used as an important reference
temperature to determine the boundary between the pre-
CHF and the post-CHF heat transfer regime. Once Eq.
(9) is solved successfully for a given heat flux, the critical
heat flux can easily be partitioned into two parts based on
the two possible reference temperatures as shown in Eq.
(12). Hence, only two heat transfer coefficients, 4, and
hu, have non-zero values at a critical heat flux point. The
vapor generation rate is also determined in the same method
which is used for the nucleate boiling heat transfer regime.

2.2.6 Transition Boiling

The transition boiling region of a boiling curve is
bounded by the critical heat flux temperature and the
minimum film boiling temperature. Transition boiling is
characterized by a combination of an unstable film boiling
and an unstable nucleate boiling, alternatively existing on a
heated surface. Due to its unstable heat transfer characteristics,
the physical mechanism governing a transition boiling
heat transfer is not fully understood yet. It would be
premature for a mechanistic model to be used in safety
analysis codes. Instead of a mechanistic model, most
existing safety analysis codes utilize simplified correlations
which take into account the heat flux contribution by a
nucleate boiling and by a film boiling with an appropriate
weighting function.

The transition boiling heat transfer model of the
RELAPS5/MOD3.3 code is based on Chen’s transition
boiling model [16,17]. It considers the total transition
boiling heat transfer to be the sum of a wall heat transfer
to a liquid and to a vapor. In the code, the heat flux term
to the liquid is substituted with a critical heat flux at a
computational local condition for simplification of the
computational process. The COBRA-TF code considers
the transition boiling to be composed of both a nucleate
boiling heat transfer on a wet wall and a film boiling heat
transfer on a dry wall. The fraction of the wetted wall is
obtained by a second order interpolation between the critical
heat flux and minimum film boiling point multiplied by a
void fraction multiplier [18,19]. The minimum film boiling
temperature Twrs is specified as the larger of either Henry’s
correlation or a modified Berenson’s correlation. In addition,
Twues is restricted to be between 800°F (426.7°C) and
1200°F (648.9°C).

The TRAC-M code considers the transition boiling heat
transfer as a sum of the nucleate boiling and film boiling
heat transfer terms, weighted by the fraction of the wetted-
wall area. The wetted-wall area fraction is calculated by
a second order interpolation of the temperature difference
between the critical heat flux and the minimum film boiling
points [20,21]. The minimum film boiling temperature,

Table 4. Summary of the Transition Boiling Models used in
Existing safety Analysis Codes

Code Transition boiling model

Chen’s model [16,17]

Grs = Genr Ay M,
Fhy (T, -T)-(1-4,-M)

Ay fractional wetted-wall area

M; : vertical stratification/level model
multiplier

RELAP5/MOD3.3

Bjornard’s modet [18,19]
‘];B =& Gepe Y 4rs

& =max(0.2,1-a)-

(& /7 T, MFB

Tw "TMFB )2
COBRA-TF
Tvrs - Max. of Henry’s and modified
Berenson’s correlation
426.7 °C<Twrp<648.9 °C

Jones’s modet [20,21]
‘I;B =& q;m- +(1 - &) q;{FB
TRAC-M ‘- (_T;T_@.}

T('HF - TMFB

Turs : Henry’s correlation [22]

s =& Qe + (1= &) Qg [23]

£=«/—3[ I Jz

TRACE Lo = Turs
Turs - Groeneveld-Stewart’s

correlation [24]

I =& Gegr +(1 ‘25)"?;41:8
5 — ( T, w TMFB J
TCMF - ]:\me
Turs - Groeneveld-Stewart’s
correlation [24]

CATHARE

Twmes, is obtained by the Henry’s correlation, which uses
the homogeneous-nucleation minimum stable film boiling
temperature [22]. The TRACE [23] and CATHARE codes
use a similar interpolation approach to the TRAC-M codes.
A modified form of the wetted-wall area fraction, which
includes a void fraction multiplier, is used in the TRACE
code. The CATHARE code uses the same wetted-wall
area fraction as the TRAC-M code. Both codes use the
Groeneveld and Stewart’s correlation to obtain Turs [24].
Table 4 shows a summary of the transition boiling models
used for the best-estimate safety analysis codes.

Recently, Elias [25] suggested an improved Chen’s
transition boiling heat transfer model to facilitate in its
implementation in large system codes. Though the Chen’s
model is used in the RELAP5/MOD3.3 code, the heat
flux term to the liquid is substituted with a critical heat
flux for computational simplicity. In the Elias’ model, the
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heat flux term to the liquid is modeled by considering the
mechanism of heat removal by a film of liquid at the wall.
In addition, a semi-empirical model by Chen for estimating
the liquid contact area fraction is slightly modified to
improve its prediction capabilities at low pressures and
low qualities.

In literature, numerous attempts have been reported
to model the transition boiling heat transfer phenomena.
However, there is still no model that is widely accepted.
At the present stage, a default transition boiling heat transfer
model for the SPACE code has not yet been selected.
Instead several candidate models proposed by Chen [16],
Bjornard [18], Jones [20], and Elias [25] are coded with a
user option in the first version of the SPACE code.

The transition boiling heat flux partitioning was
performed to comply with the three-field formulation of
the SPACE code. Most transition boiling candidate models
interpolate the critical heat flux and the minimum film
boiling temperature points. Therefore, the heat fluxes at
both points are split into three parts and the appropriate
interpolation method is applied for each field to obtain
the split heat flux.

q;}f,k =¢- C/v(’:///f,k +{1-8)- q;‘E,k . (15)

where k indicates either |, d, or v for continuous liquid,
dispersed droplet, or vapor field, respectively, and & indicates
a weighting function which depends on the specific model.
It is noteworthy that the heat fluxes to the dispersed droplet
and vapor fields start to increase from zero at the CHF
point to split heat fluxes at the minimum film boiling point.

2.2.7 Minimum Film Boiling Temperature

A transition from a transition boiling and a film boiling
region is determined by the minimum film boiling
temperature, Twrs, in the SPACE code. Physically, the
minimum film boiling temperature separates the high
temperature region, where an inefficient film boiling or
vapor cooling takes place, from the lower temperature
region, where the much more efficient transition boiling
occurs. Numerous models and correlations have been
reported for the minimum film boiling temperature. Note
that Turs is affected by the system pressure, liquid
subcooling, surface material, surface condition, flow rate,
additives in the liquid, geometry, droplet volume, and
initial hot temperature. However, most system codes use
a semi-empirical correlation for an easy implementation
in the code.

Through an extensive literature survey, the model
proposed by Carbajo [26] has been selected as a default
model because this model is based on a broad range of
databases and it provides a flexible formulation which can
account for the effects of several influential parameters
on Twurs.

Table 5. Summary of Minimum Film Boiling Temperature
Models in the SPACE Code

Model Formulation

(kpC,)
Tyep =Ty + Ty =T, U{’;{] )"
Pow

T, = 705.44 —(4.722x10)DP + (2.3907 x 10" *)DP?

Henry
—(5.8193x10"")DP* {°F]
DP =3203.6 - P {psi}

(kpC ) h 0.6
Turs =Tp +0.42T; - T/){\/;C‘P_)T{C (T/g— T J}
e Ty =T,

g{p, ‘Pg) "
p, +p,)

' o !rZ. #‘ —[1 3
glp,~p,) glo,—p,) ]

Modified

- phyg
Berenson | I+ =1 +0.127T.
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J : isothermal temp. difference
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102 ot
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Carbajo

A : roughness factor (1 ~52) r=0.1

ATy = AT g s0 A+ B y)A+r-G)+a-AT,,. (16)

where the term (1+85-7) accounts for the transient contact
between the solid and the liquid. The effect of the mass
flow rate G is considered in the term (1+7G*). Finally the
liquid subcooling effect is taken into consideration by the
last term a-ATvus.

In addition, some specific models which are used in
the existing system codes such as RELAP5/MOD3.3,
COBRA-TF, TRAC-M, TRACE, and CATHARE are
also implemented as alternative models: Henry’s model,
a modified Berenson’s model, and Groeneveld and Stewart’s
model. Each model can be activated easily by a user option
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in the SPACE code. A summary of the selected minimum
film boiling temperature models in the SPACE code is
shown in Table 5.

2.2.8 Film Boiling

The film boiling heat transfer region is the area where
only a vapor phase is in contact with a heated surface.
Two film boiling sub-regions can be defined depending
on the void fraction. For high void fraction conditions, a
liquid-deficient dispersed flow film boiling (DFFB) is
usually encountered. As the void fraction becomes higher,
a vapor-phase convective heat transfer is encountered
asymptotically. A value of 0.8 or 0.9 is usually accepted
as a limit void fraction for the DFFB region. If the void
fraction is low, an inverted annular film boiling (IAFB) is
encountered. An asymptotic heat transfer is a pool boiling
as the void fraction becomes small. A value of 0.6 is
usually used as a limit void fraction for the IAFB region.

The DFFB and IAFB have been treated individually
in the model development process because each boiling
regime reveals different heat transfer mechanisms. In the
existing DFFB model, it is assumed that a heat transfer
takes place in two steps: (1) from the heated surface to
the vapor, and (2) from the vapor to the droplets, whereas
the IAFB model should take account of a non-equilibrium
in both the liquid and vapor phases, and the interfacial
heat and momentum exchange should be properly predicted.
To simplify the film boiling prediction process, a film
boiling look-up table method was developed by Groeneveld
et al. [27]. This approach is similar to the CHF look-up
table method and it is based on all the available film boiling
data in order to cover a wide range of conditions. A major
advantage of this look-up table method is that it can be
applied to both the DFFB and IAFB regions without a
classification of the film boiling region into sub-regions.

For the SPACE code, the look-up table released in
2004 was used to predict a film boiling heat transfer as a
default model. As the film boiling look-up table tabulates
the overall heat transfer coefficient including conduction,
convection and radiation, the total heat flux from the
look-up table was partitioned to three parts as follows:

q;-'s = (q‘ + q:«d,v) + (ql + q:ad,l) + (q; + q:ad‘d) a7

In the SPACE code, the heat flux to the vapor phase g’
and the heat flux to the droplet phase g, are calculated
from a Dittus-Boelter type correlation and Bajorek’s
model [28], respectively. Three split radiation heat fluxes
(§raavs Graass Graaa) are obtained by the radiation model
which will be described in the next section. Then the
remaining heat flux to the liquid phase ¢ can be calculated
by subtracting the other obtained heat fluxes from the total
heat flux g'ss.

Whereas all the existing safety analysis codes use separate

models depending on whether the film boiling sub-region
is a DFFB or an IAFB region, a modified form of a Dittus-
Boelter type correlation and a modified Bromley’s
correlation are used extensively for the DFFB and IAFB
regions, respectively. Therefore, a similar approach to
the existing safety analysis codes is also implemented as
an alternative film boiling heat transfer model for comparison.
In this case, the summed heat flux to the liquid and to the
dispersed droplet phase is assumed to be obtained by the
Bromley’s correlation. The heat flux to the droplet phase
qa is calculated from the Bajorek’s model. Then, the heat
flux to the liquid phase ¢’ is obtained by subtracting ¢
from that by the Bromley’s model. The split heat flux to
the vapor phase ¢', can be calculated from a Dittus-Boelter
type correlation.

2.2.9 Radiation

During the post-CHF heat transfer period, the radiation
heat transfer rates from the heat structure to the continuous
liquid, dispersed droplet, and vapor phases should be
taken into account as the heat structure is expected to be
in a very high temperature condition. In the IAFB region,
all the radiation heat can be assumed to be transmitted to
a liquid phase only, because the vapor film is very thin
and the droplet fraction is very low. Therefore, Hammouda’s
model was selected as a default model for the IAFB
region for the SPACE code [29].

. . (T} =T}
. _ w 1 18
Drady T 9rada Ve, +1/(s, Jl—a) ~1 (18)
q;ud,v =0.0 (19)

where the radiation heat flux to the liquid phase (Eq. (18))
is assumed to include the heat flux to the droplet phase to
avoid numerical discontinuity though the droplet fraction
is expected to be close to zero.

On the other hand, most of the radiation heat is
transmitted to a droplet as well as a vapor phase in the
DFFB region because the liquid fraction is very low. In
this case, Sun’s model is selected as a default model for
the DFFB region [30].

q:ad,l + q:ad,d = wd U(Tv: - Td4) (20)

Grad = Fou0(Ty =T, @D

where the radiation heat flux to the droplet phase (Eq. (20))
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1s assumed to include the heat flux to the liquid phase
even though the liquid fraction is expected to be close to
zero. The grey-body factor Fq is a function of the droplet
diameter as well as the droplet number density; so, the
droplet fraction is replaced with the total liquid fraction.

In the SPACE code, the IAFB region is assumed to
exist for the void fraction less than 0.6 and the DFFB
region for the void fraction greater than 0.9. These criteria
are used widely in the existing safety analysis codes such
as COBRA-TF and TRACE. Though the COBRA-TF
code uses 0.8 instead of 0.9 as a low limit of the DFFB
region, the present limit of 0.9 is considered acceptable
as an interpolation method is implemented for a void
fraction between 0.6 and 0.9.

A heat flux partitioning between a droplet and a liquid
phase is performed by a weighting factor with a relative
ratio of the droplet and liquid fraction.

- IAFB region (a<0.6)
" " ad
qr(ld.d = qradJ_lmmmouda ' Wall-to_droplet (22)
a, +a,
. . aQ, o
qrad,l = qrud,l hammouda * Wan-to_hquld (23)
- a, +a,
Gragy = 0.0 wall-to-vapor 24)
- DFFB region (¢>0.9)
" . &y
qrad,d = qmd.(l sun Wan—to-droplet (25)
) T ay
. . a, o
Qrads = Dradd_sun * wall-to-liquid (26)
- a, +a,
q:ad‘v = q:aa'.v_sun Wall-to—vapor (27)

- IADF region (0.6<a<0.9)
. q ;ad d _sun q;udl hammouda . Q
= L= S (@—-0.6)+q. e
Drada [ 09-06 ( }+q md,[_hamm(mdu] o +a,
(28)
. q;mld su "‘1;«11 hammouda “ Q
adl = - r {a-0.6)+ . !
/9y [ 09-06 { ) qmd.l__hanmmuda} a ta,
(29

_ qrml Vosun

L= (a—-0.6
Inis =55 06 (a ) (30

2.2.10 Condensation

Condensation models are incorporated into the wall-
to-fluid heat transfer package of the SPACE code. Default
and alternative models were selected through an extensive
literature survey. As a default model, the same model
used in RELAP5/MOD3.3 was selected. For pure steam
condensation, a maximum value among the Nusselt’s [31],
Chato’s [32], and Shah’s [33] correlations is used in order
to consider the geometric and turbulent effects. In the
presence of non-condensable gases, the Colburn-Hougen’s
diffusion model [34] was used. As an alternative model,
the non-iterative condensation model proposed by No
and Park [35] was selected.

3. CODE IMPLEMENTATION AND VERIFICATION
TESTS

3.1 Code Implementation

The programming language for the SPACE code has
been selected as C++. Each selected wall-to-fluid heat
transfer model has been programmed to a C-function
which returns a partitioned heat transfer coefficient and/or
a partitioned heat flux. The heat transfer regime selection
algorithm was coded in the function “wallheatmode.” The
major heat transfer models were programmed with the
functions of “wallsingle,” “wallnucleate,” “wallchf,”
“walltranstion,” “wallfilm,” and “wallcondensation”
according to the heat transfer regime. A CHF and film
boiling look-up table was coded into a separate source
file for easy maintenance of the SPACE code [36].

3.2 Verification Results

After the developed wall-to-fluid heat transfer package
was implemented into the SPACE code, verification work
was conducted to identify smoothness between adjacent
heat transfer regimes and numerical stability. Two different
code verification works were conducted: one is for boiling
and the other is for condensation. The wall temperature of
the heat structure was arbitrarily increased so that the heat
transfer mode was changed from a single phase convection
to film boiling, resulting in a typical boiling curve.

Figure 2 shows a typical example of the critical heat
flux response surface calculated at 10 MPa where the
AECL-LUT method is compared with the Biasi correlation.
The Biasi correlation was implemented into the SPACE
code as an alternative option. The Biasi correlation shows
an exponentially increasing trend in the CHF when the
mass flux approaches zero. However, both models result
in smooth trends in the application range and a numerical
instability was not observed.
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Fig. 3. Effects of Transition Boiling Models on the Boiling Curve
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The effects of several candidate transition boiling
models on a boiling curve are shown in Figure 3. Several
transition boiling models are compared with one another
to investigate their difference and asymptotic trends. A
simple logarithmic interpolation method where the wall
heat flux is calculated by a straight line in log-log coordinates
for connecting the CHF and MFB points is also compared
in the present assessment.

The Jones’ model and the logarithmic interpolation
method produce a smooth connection between the CHF
and MFB points. The Bjornard model of COBRA-TF
shows a rapid decrease in the wall heat flux due to the
multiplier of the weighting function. Among the implemented
models, Chen’s model in RELAP5/MOD?3 produces the
smallest heat flux. Finally, Elias’ model shows a similar
trend to Chen’s model but it produces a little higher heat
flux than Chen’s model. The TRACE model shows a
rapid decrease in the wall heat flux after the CHF point
due to the effects of the void fraction multiplier of the
transition boiling weighting factor. The void fraction
multiplier of the TRACE code was introduced to prevent
a rapid quenching without any physical rationale. It was
found that the difference among the implemented models
1s not so small compared with other heat transfer regions.
A rigorous assessment based on experimental data is
impossible at the present stage as a reliable coupling of
the wall-to-fluid heat transfer package with a hydraulic
solver is not complete yet. It is scheduled to be performed
in the near future.

Figure 4 shows a typical heat flux partitioning result
for the Jones’s transition boiling model. It can be seen

that the heat flux is partitioned in a smooth manner.

As mentioned in the previous section, a look-up table
method and the Bromley model are coded into the SPACE
code. Figure 5 shows a comparison of the film boiling
heat flux when two models are used. Though the AECL-
LUT method shows a little higher heat flux than the
Bromley model, the agreement between the two boiling
curves is reasonable for the film boiling region.

The condensation model was assessed by comparing
the SPACE results and several models in the literature
for different wall temperatures as shown in Fig. 6. The
implemented models could simulate the heat fluxes in the
horizontal, vertical, and turbulent conditions quite reasonably
for a pure steam condensation. However, the two-phase
flow properties should be given properly to provide more
reasonable results for the assessment of condensation with
a non-condensable gas present. In particular, No and Park’s
model should be improved for low temperature conditions
and the iteration scheme should be revised to finalize the
Colburn and Hougen’s model.

4. CONCLUSION

A wall-to-fluid heat transfer package for the SPACE
code has been developed by peer review of the models in
the existing safety analysis codes and the leading models
in the literature. A heat transfer region selection map has
been developed according to the non-condensable gas
quality, void fraction, degree of subcooling, and wall
temperature. A total of 12 heat transfer regions have been

140 H v 1 T ] T
Pure steam (x=0.0)  Tes conditions:
n Vertical Psat=0.1 MPa
120 F o Horizontal Tsat=373.15 K
With NCG (x=0.2)  voidg=0.9

Heat flux, q” [kW/m’]

100 A Vierow-Schrock liquid vel.=0.5 m/s
No-Park (0.5D)  vapor vel.=10 m/s .
80 No-Park (20D)  flow area=1.0 m>

length=1.0 m

350 375

Wall temperature, Tw [K]

Fig. 6. Heat Fluxes Calculated from the Wall Condensation Models Implemented in the SPACE Code
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defined in the heat transfer region selection map. A
partitioning methodology which can take into account
the split heat flux to continuous liquid, entrained droplet,
and vapor fields has been proposed to comply fully with
a three-field formulation of the SPACE code.

The developed wall-to-fluid heat transfer package
was pre-tested and verified to evaluate the smoothness
between two adjacent heat transfer regions. It was found
that the present version of the SPACE code produces a
continuous boiling curve and a correct asymptotic trend.
The implemented condensation models could simulate
the heat fluxes reasonably well for the pure steam condition
but a few revisions are necessary for assessment of
condensation when a non-condensable gas is present.

At the moment, a full assessment for the heat transfer
package is not possible because of an incomplete coupling
of the adopted hydraulic solver with the developed
constitutive equations. More detailed verification work
on the developed wall-to-fluid heat transfer package will
be carried out when the coupling of a hydraulic solver
with the constitutive equations is brought to completion.
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