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Convection, wherein forced and natural convections are prominent, is known as mixed convection. Specifically, when a forced
convection flow is downward, this flow is called opposing flow. The objectives of this study are to gain a comprehensive
understanding of opposing flow mixed convection heat transfer and to establish the prediction methodology by evaluating
existing correlations and models. Several heat transfer correlations have been reported related to single-phase opposing flow;
however, these correlations are based on experiments conducted in various channel geometries, working fluids, and thermal
flow parameter ranges. Because the definition of nondimensional parameters and their validated range confirmed by
experiments differ for each correlation reported in previous studies, establishing a guideline for deciding which correlation
should be selected based on its range of applicability and extrapolation performance is important. This study reviewed the
existing heat transfer correlations for turbulent opposing flow mixed convection and the single-phase heat transfer correlations
implemented in the thermal-hydraulic system codes. Furthermore, the authors evaluated the predictive performance of each
correlation by comparing them with the experimental data obtained under various experimental conditions. The Jackson and
Fewster, Churchill, and Swanson and Catton correlations can accurately predict all the experimental data. The effect of the
difference in the thermal boundary conditions, i.e., uniform heat flux and uniform wall temperature, on the turbulent mixed
convection heat transfer coefficient is not substantial. The authors confirmed that heat transfer correlations using the
hydraulic-equivalent diameter as a characteristic length can be used for predictions regardless of channel-geometry differences.
Furthermore, correlations described based on nondimensional dominant parameters can be used for predictions regardless of
the differences in working fluids. The authors investigated the extrapolation performance of the mixed convection heat transfer
correlations for a wide range of nondimensional parameters and observed that the Jackson and Fewster, Churchill, and Aicher
and Martin correlations exhibit excellent extrapolation performance with respect to natural and forced convection flows,
indicating that they can be applied beyond the parameter range validated experimentally.

1. Introduction

The rapid cooling of a reactor pressure vessel (RPV) wall
embrittled owing to exposure to neutrons could propagate
cracks, if they exist, in the wall because of induced thermal
stresses. This event is called pressurized thermal shock

(PTS) and is one of the most severe loads that could act on
a RPV wall. Loss of coolant accident (LOCA) in a pressur-
ized water reactor (PWR) is the most important and com-
monly studied accident. During a LOCA, when the water
inventory of the primary system decreases and water from
the emergency core cooling system is supplied to the cold


https://orcid.org/0000-0002-3239-9947
https://orcid.org/0009-0001-7621-633X
https://orcid.org/0000-0002-4138-7286
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2024/6029412

leg (CL), the cooling water flows into the downcomer while
mixing with the fluid in the CL and then cools the downco-
mer wall while further mixing with the surrounding water.
Temperature distribution inside the downcomer wall needs
to be determined to evaluate the thermal stress in the wall;
therefore, the fluid bulk temperature and heat transfer coef-
ficient need to be calculated. Depending on the accident sce-
nario, the flow regime in the downcomer can be single-phase
mixed convection, wherein forced and natural convections
are equally prominent. Single-phase mixed convections are
distinguished depending on the directions of forced convec-
tion. Mixed convection flowing downward along a heated
wall like the downcomer is called an opposing flow. The heat
transfer coefficient of turbulent opposing flow is more than
that of forced convection because of the increased turbu-
lence caused by the increased velocity gradient at the edge
of the viscous sublayer next to a heated wall [1], thus requir-
ing a proper evaluation.

Investigating PTS requires multidisciplinary analyses,
including thermal-hydraulic analysis, probabilistic risk assess-
ment, material analysis, and analysis based on fracture
mechanics. Thermal-hydraulic analysis predicts the overcool-
ing of the RPV wall accurately and effectively using thermal-
hydraulic system codes. The thermal-hydraulic system codes
can simulate the systems of nuclear plants and are indispens-
able for plant safety evaluation, where full-scale experiments
cannot be realistically performed. Several countries indepen-
dently developed their codes, including the reactor excursion
and leak analysis program 5 (RELAP5) [2], transient reactor
analysis code (TRAC) [3], TRAC/RELAP advanced computa-
tional engine (TRACE) [4], code for analysis of thermal-
hydraulics during an accident of reactor and safety evaluation
3 (CATHARE-3) [5], analysis of thermal-hydraulics of leaks
and transients (ATHLET) [6], multidimensional analysis of
reactor safety KINS standard (MARS-KS) [7], and advanced
multifluid analysis code for generation of thermal-hydraulic
information (AMAGI) [8]. Among these codes, RELAP5 and
TRACE are widely used for safety analysis and engineering
design. The United States (US) Nuclear Regulatory Commis-
sion (NRC) and a consortium of countries and organizations
that are members of the International Code Assessment and
Applications Program (ICAP) and Code Applications and
Maintenance Program (CAMP) jointly developed RELAPS.
TRACE is the latest system analysis code that integrates the
legacy safety analysis codes (TRAC-PF1 [9], TRAC-BFI1
[10], and RELAPS5 [2]) developed by the US NRC. RELAP5
and TRACE can choose the heat transfer correlation for a
single-phase turbulent mixed convection developed by Swan-
son and Catton [11] to evaluate the heat transfer coefficient at
a downcomer wall. The reactor integrity assessment method
used for regulatory safety examination with respect to PTS
events in Japan is based on the method prescribed in
JEAC4206-2007 [12]. The JEAC4206-2007 uses the Jackson
and Fewster correlation [13] to evaluate the heat transfer
coefficient at the downcomer wall.

Heat transfer experiments related to mixed convection
opposing flow have been conducted with respect to various
channel geometries, working fluids, and thermal flow
parameter ranges, and many correlations have been pro-
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posed. Because the correlations were represented using var-
ious dependent parameters comprising nondimensional
parameters with different definitions, the mutual use of
nondimensional experimental data and comparison among
correlations were rarely conducted. When researchers and
engineers apply correlations to their problems, establishing
a guideline for deciding which correlations should be
selected considering the range of applicability and extrapola-
tion performance of the correlations is important. To derive
reliable predictions with respect to the heat transfer coefficient
under various conceivable accident scenarios, re-evaluating
the existing experimental data and confirming the validity of
the correlations against the experimental data under a wide
range of thermal flow parameters is important.

The objectives of this study are to gain a comprehensive
understanding of opposing flow mixed convection heat
transfer and to establish the prediction methodology by
evaluating existing correlations and models. This study is
organized as follows. Section 2 reviews the existing heat
transfer correlations related to opposing flow mixed convec-
tion and the wall heat transfer modeling for single-phase
flows implemented in the thermal-hydraulic reactor system
codes. Section 3 studies the applicability of the correlations
with respect to the experiments using various channel geom-
etries, working fluids, and thermal flow parameter ranges by
comparing correlation predictions with experimental data.
Section 4 studies the relationships among different depen-
dent parameters with different definitions and compares
the experimental data based on these relationships. Further-
more, this study investigates the extrapolation performance
of the correlations over a wide range of nondimensional
parameters. Section 5 summarizes the main results and pre-
sents our conclusions.

2. Existing Mixed Convection Heat
Transfer Correlations

Figure 1 shows a mixed convection opposing flow with fluid
flowing downward along a heated vertical plate. Figures 1(a)
and 1(b) show velocity profiles for inertia-dominant and
buoyancy-dominant conditions, respectively. Figure 1(c)
shows a temperature profile. L is the length of the plate.
The nondimensional numbers that appear in the nondimen-
sionalized governing equations, the transport equations of
heat and momentum approximated using the Boussinesq
approximation, are the Reynolds number (Re), Grashof
number (Gr), and Prandtl number (Pr).

Re = ’% (1a)
_ 3

Gro gﬁ(Tu:)z E (1b)

Pr= g, (1c)

where I, v, v, B, T,, T}, g» and « are the characteristic
length, mean velocity, kinematic viscosity coefficient, ther-
mal expansion coefficient, wall temperature, fluid bulk
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F1GURE 1: Schematics of velocity and temperature profiles of mixed
convection opposing flow: (a) a velocity profile for inertia-dominant
conditions, (b) a velocity profile for buoyancy-dominant conditions,
and (c) a temperature profile.

temperature, gravitational acceleration, and thermal diffu-
sivity, respectively. v,, is also termed as v, for a gas and v,
for a liquid. The product of Gr and Pr gives the Rayleigh
number (Ra), and the critical Ra indicates the criteria
for transition from a laminar to turbulent natural con-
vection flow.

Ra=GrPr. (2)

The nondimensionalized heat transfer coefficient h is
the Nusselt number (Nu).

Nu= = (3)

where k is the thermal conductivity of a fluid. The averaged
value Nu over the channel length is frequently used when h
varies along the streamline direction. Table 1 lists the channel
geometries, the working fluids, and the dependent parameters
used in previous experiments, on which the heat transfer
correlations are based. Figure 2 shows the schematics of the
channel geometries used in the experiments. Table 2 lists the
nondimensional number ranges in which each correlation
was validated based on the experimental data. The authors
extracted these ranges from each of the references and sum-
marized them in the table. The dependent parameters repre-
sent the heat transfer coefficient, depending on multiple
parameters, in a simple equation. The dependent parameter
increases as natural convection prevails and approaches zero
as forced convection prevails. The subscripts b, w, and f are
related to the reference temperature. A physical parameter
with the subscripts b, w, and f is evaluated based on fluid bulk,
wall, and mean boundary layer temperatures, respectively.
Herein, the mean boundary layer temperature defined as
Ty = (T, +T,)/2 is termed the film temperature. Researchers

use different definitions of Gr, as follows:

3
l4 n
Gr, = glizikqw =NuGr, (4)
where g is the wall heat flux.
— -p r
Gr= 7(/)1’ p)zpbg > (5)

Hp

where y, is the dynamic viscosity. The integrated mean den-
sity p is defined as

1 T,
p= j pdT. (6)
T,-T,)r,

The physical meanings of different Gr are detailed in the
following sections.

2.1. Vertical Tube

2.1.1. Churchill. Churchill [14] proposed the interpolation
formula expressed in Eq. (7) to determine the turbulent
mixed convection heat transfer coefficient using the turbu-
lent natural Nu,, and turbulent forced convection heat
transfer correlation Nug,.

Nu = (Nuj, + Nu),) " (7)

This expression is frequently used to determine mixed
convection heat transfer coefficients [17]. To calculate Nug,
the Churchill correlation [18] developed for a circular tube
is used.

_0.0357 Re Pr'?(1+Pr 7)™

= In (Re/7) (8)

The experimentally validated range of Eq. (8) is
0.02 < Pr<9810. To calculate Nu,,, the Churchill and Chu
correlation [19] developed for a vertical plate is used.

-16/27
" 0.492\ 7'
Nu,, =0.15Ra""< 1+ 5 . 9)

T

Churchill showed that Eq. (7) effectively predicts data with
respect to the experiment conducted by Herbert and Sterns
[20] for the mixed convection opposing flow in a vertical pipe
with uniform wall temperature. Figure 2(a) depicts a typical
experimental setup using a vertical tube. Herbert and Sterns
conducted experiments on mixed convection aiding and
opposing flows in a heated circular pipe with an inner diame-
ter of 2.23 cm and a length of 183 cm. The working fluid used
was water. The thermal boundary condition with respect to
the wall was the uniform wall temperature (UWT) condition.
All physical properties comprising the nondimensional num-
bers were evaluated at a film temperature. Because Eq. (7)
asymptotically approaches Eq. (8) under forced convection-
dominant conditions and Eq. (9) under natural convection-
dominant conditions, Eq. (7) can be used for a wide range of
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TaBLE 1: Existing heat transfer correlations for mixed convection opposing flow.

Reference Channel geometry Fluid Dependent parameter
Churchill (Eq. (7)) [14] Tube Water —
Gr
Jackson and Fewster (Eq. (15)) [13] Tube Water —ar a5
Re, ™ Pry
Ra?33
. . f
Aicher and Martin (Eq. (19)) [1] Tube Water e oa
Re,® Pry
Gr,
Swanson and Catton (Eq. (24)) [11] Rectangular duct Freon-113 R
b
Gr,
Swanson and Catton (Eq. (30)) [15] Rectangular duct Freon-113 Reiﬁ (Prg‘s n 1)
Grq
P. Poskas and R. Poskas (Eq. (33)) [16] Rectangular duct Air

25 p08
Re;” Pry
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FIGURE 2: Schematics of the channel geometries for (a) a vertical tube and (b) two-side and (c) one-side heating vertical rectangular ducts.
g, is the wall heat flux. D is the inner diameter of a tube. R, and S are the gap and the width of a rectangular duct.

TaBLE 2: Ranges of nondimensional numbers for which the mixed convection opposing flow correlations were experimentally validated.

Reference

Reynolds number

Grashof number

Prandtl number

Churchill [14]

Jackson and Fewster [13]
Aicher and Martin [1]
Swanson and Catton [11]
Swanson and Catton [15]

P. Poskas and R. Poskas [16]

6.105 x 10° < Re; < 6.6835 x 10"
0.1x10* < Re, < 4.0 x 10*
3.0x 10° <Re, < 1.2 x 10°
6.0 x 10° < Re, < 2.0 x 10*
2.3x10° <Re, < 2.0 x 10*

0.4 x 10* <Re, <4 x 10*

18.89 x 10° < Gr; < 22.52 % 10°
Gr<3.0x10°
3x10” <Ra; <1x10°
1.0 x 10® < Gr,, < 2.0 x 10°
1.0 x 10° < Gry, < 2.0 x 10°
1.7x10° < Gr, < 1.4 x 10"

1.75 <Prp <2.09
2.5<Pr, <7.0
0.7<Pr, <5.0

Pr,=6.5
0.7<Pr, <7.0
Pr, =0.71
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parameters. Because Eq. (9) was originally used to predict heat
transfer coefficients for a vertical plate, the distance from the
channel inlet is used as the characteristic length; however,
Churchill used the pipe diameter as the characteristic length
instead. This choice of characteristic length is also found in
the thermal-hydraulic system code (Section 2.3). The charac-
teristic length is canceled out by expanding the dimensionless
numbers on both sides of Eq. (9), indicating that the heat
transfer coeflicient does not depend on the choice of the char-
acteristic length. Furthermore, a turbulent natural convection
heat transfer correlation for a vertical plate can effectively pre-
dict heat transfer coefficients for a circular tube, except for
low-Pr fluid and small tube diameter conditions that exhibit
boundary layer merger (or boundary layer interference)
[21-23]. As an example, Ohk and Chung [23] conducted
numerical simulations for natural-convection heat transfer in
circular tubes for 0.7 < Pr < 2014. They observed that the ther-
mal boundary layer interference does not occur in pipes more
than 3 cm in diameter, and Nu for tubes is approximately the
same as that for vertical plates. Furthermore, it has been exper-
imentally confirmed that Eq. (9) can be used to calculate the
heat transfer coeflicient regardless of channel geometries
[21]. The experimentally validated range of parameters for
Eq. (7) is listed in Table 2.

2.1.2. Jackson and Fewster. Jackson and Fewster [13] pro-
posed a dependent parameter based on the model developed
by Hall and Jackson [24] and a semianalytical correlation
whose model constants were determined based on experi-
ments they conducted for mixed convection in a vertical
tube. For a fully developed turbulence, integrated buoyant
forces acting on a thermal boundary layer with a thickness
of 81 equals the shear stress difference, i.e., an increase from
the wall shear stress (Appendix A).

Sy
ac= (- plady=(pi-p)gsr  (10)

0

where y is the distance from the heated wall. The nondimen-
sional equations of Eq. (10) are Eq. (11a) for forced convec-
tion and Eq. (11b) for natural convection (Appendix B).

A G
K s (11a)
T, Re; %% Pr)?

=3 2/3
ATk (S ) (11b)
T, Rei.625pr245

where K, and K, are the proportionality factors and 7, is
the wall shear stress. Equations (11a) and (11b) indicate that
parameter Gr/(Rej**Pr)?) is a fundamental parameter for
the shear stress difference At/7,, for forced and natural con-
vection. Gr is the Gr with a different definition from the Gr
in Eq. (1b) and is defined by Eq. (5). The characteristic
length is the tube diameter. Jackson and Fewster assumed
that the increase in the shear stress due to buoyancy Ar/t,,
is similar to the increase in the heat transfer coefficient

Nu,/Nu,, based on the heat and momentum transport
analogy and modeled Nu,/Nu,, as

Nub=¢( Gr ) (12)

NuO,b Rei'GZSPrg'S

where Nu ;, is the Nu for the forced convection. The increase
in the shear stress due to buoyancy in mixed convection is
regarded as the increase in the shear stress in forced convec-
tion. In other words, the shear stress of mixed convection is
that of the forced convection with the enhanced Re by the
buoyancy effect: Re, > Re,,. Variables with (') are the forced
convection for Re’. Assuming that Nu, and the friction coef-
ficient Cr=Tyl (O.Spbvzm) for forced convection are propor-
tional to Re)** and Re} **, respectively, Eq. (13) is obtained.
This assumption affects the dependent parameter and the
exponent 0.47 in the following equation (Appendix C):

h' T, + AT 0-47
7= . (13)

Tw

Using Eq. (11a), Jackson and Fewster finally obtain
— 0.47
Nu, _ (1 ik ) . (14)

Nuo,b 1 Rei’éZSPrg'S

Nu,, for natural convection should not depend on Re,,.
However, when Eq. (14) is applied to conditions where natural
convection prevails (1 < K;Gr/Re}**Pr)®), Nu, slightly
depends on Re,. To eliminate the Nu, dependency on Re,,
Jackson and Fewster modified the exponent from 0.47 to
0.31. Jackson and Fewster conducted mixed convection
experiments to determine K, and obtained Eq. (15). The
experimental apparatus is a circular tube with an inner diam-
eter of 98.4mm and a length of 9m. The thermal boundary
condition at the wall is the uniform heat flux (UHF) condition.

0.31

Gr > (15)

2.625p0.5
Re;**Pr)

Nub
Nuy,

= (1 + 4500

Physical properties are evaluated at the fluid bulk temper-
ature, except for density, because, according to Jackson and
Fewster, the experimental data correlate better with the bulk
temperature than the film temperature. Nu,, is calculated
using the Petukhov and Kirrilov correlation [25], multiplied
by 1.16.

~ Re,, Pry, (c//2)
127(cp2) (P2~ 1) + 1,07

Nuo’b (163)

1
Cf = R
(3.64 log Re;, —3.28)

(16b)

Jackson and Fewster multiplied Eq. (16a) by 1.16 to repro-
duce their experimental value because a systematic discrep-
ancy exists between the experimental results for high Re,



and Egs. (16a) and (16b). Table 2 shows the experimental
parameter ranges. Equation (17) gives the dependent parame-
ter range over which Eq. (15) is validated experimentally. As
shown in Section 4.3, the mixed convection heat transfer cor-
relation Eq. (15) is excellent in extrapolation performance to
forced and natural convection-dominant conditions.

L, G
10 <W<0.2. (17)

The difference in the thermal boundary conditions
between UWT and UHF has no significant effect on Nu for
mixed convection if the flow is turbulent, similar to forced
and natural convection [17, 19]. It is experimentally confirmed
that the Jackson and Fewster correlation applies to UWT
experiments [26]. The critical Re, where the differences in
the thermal boundary condition lose influence on heat trans-
fer, depends on Gr,,. According to Joye [27], when Re,, is larger
than that given by the following equation, the difference in the
thermal boundary conditions no longer affects heat transfer.

~ 0.36{Gr,(L/ID)*}"”

213
Pr,

(18)

€y

2.1.3. Aicher and Martin. Aicher and Martin [1] proposed the
interpolation formula using a forced and natural convection
heat transfer correlation based on the same idea as the Chur-
chill correlation Eq. (7) and determined its exponent from
their experimental data. The experimental apparatus is a
double-pipe heat exchanger. The test section is the inner circu-
lar tube, and water flows through the outer annular section at
high velocity to impose the UWT thermal boundary condi-
tion. The inner diameter D and the length L of the inner tube
constituting the test section are (D, L) = (27,2000), (D, L) =
(37,2000), and (D, L) =(37,920) mm. The working fluid is
water. The physical properties comprising the Re were evalu-
ated at the mean bulk temperature, defined as the arithmetic
mean of the inlet and outlet temperatures. The physical prop-
erties comprising the Ra were evaluated at the film tempera-
ture, defined as the arithmetic mean of the mean bulk and
wall temperatures. The proposed correlation for the opposing
mixed convection is

Nu, = 4 /Nuﬁt,b + Nuit’b. (19)

The Gnielinski correlation [28], which is applicable from
transition to turbulent flow, is adopted for a forced convection
heat transfer correlation Nug, ;. The Gnielinski correlation uses
the following equation for a fully developed turbulent flow
Re, > 1.0 x 10*:

Nug, = 78 Bey Pry 1+ (B> b (20a)
M 1127, /f3(PRR - 1) L

(20b)

f=(1.8log Re, - 1.5)".

Equations (20a) and (20b) originally include a factor to
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correct the temperature dependency of the physical property
(Pr,/Pr,)""", but Aicher and Martine removed it [1]. The fac-
tor can be ignored under conditions where the temperature
difference is not substantial because it corrects the effect of
spatial temperature nonuniformity. The transition regime
2.3%x10° <Re, < 1.0 x 10* is interpolated as

Nug, = (1 - y)Nug,, ’Reb:23()() + VNuﬁ’b‘Reb:IOOOO’ (21a)
_ Re, - 2300 (21b)
Y= 10000 - 2300

where Nug, is given as follows using the Graetz number

34 1/3

2

1/6
_ 3 3 2/3 3
Nug,, = |3.66° +0.7° + (1.615Gz;* - 0.7) +{<T2Prh> \/sz}

(22)

The modified Churchill and Chu [19] correlation, whose
model constant was re-evaluated by Aicher and Martin based
on the experimental data [20, 30-34] in a pipe extracted from
the mixed convection experiments conducted under the natu-
ral convection dominant condition (Ra§***/Re}* Prj* > 0.2),
is adopted for the turbulent natural convection correlation
Nu,, p,.

—-16/27
0333 0.492\
Nu,, =0.122Rap™ 1+ . (23)

Pr,

2.2. Vertical Rectangular Duct

2.2.1. Swanson and Catton (JHT). In this study, the authors
term the short-side length of a rectangular channel cross-
section as the gap and the long-side length as the channel
width. Swanson and Catton [11] conducted mixed convection
opposing flow experiments, wherein both sides of a rectangular
duct with 108 cm x 4.445 cm x 43.2 cm (length x gap x width)
were heated under the UHF condition using film-type heaters
and proposed the following correlation. Figure 2(b) shows
the schematic diagram of the test section. The working fluid
used was Freon-113. The characteristic length and depen-
dent parameter were the hydraulic-equivalent diameter and
Gr/Re?, respectively.

Nu Gr 139
— =1.0+09In [ — +1 . (24)
Nu, Re?

The Petukhov and Kirillov correlation (Egs. (16a) and
(16b)) is used to calculate Nu,. The physical properties of
the fluid were evaluated at the average duct temperature
[35]. This equation does not indicate the dependence of
Nu on Pr and has not been validated for any other fluid
except Freon-113 by Swanson and Catton. Equation (24) is
verified experimentally for the parameter ranges listed in
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Table 2. The dependent parameter range, for which the cor-
relation has been validated experimentally, is

09< 3 39 (25)
I<za .
Equation (24) has been implemented in the system codes,
including RELAP5 and TRACE, as the heat transfer correla-
tion for single-phase mixed convection flows (Section 2.3).

2.2.2. Swanson and Catton (IJHMT). Swanson and Catton
[15] applied the surface renewal theory to mixed convection
opposing flow to derive an analytical expression of a heat
transfer coeflicient. They proposed a semianalytical equation
whose constants were modified based on the results of their
rectangular duct experiments using Freon-113 (Section
2.2.1) as a working fluid. Figure 2(b) shows the schematic
diagram of the test section. The UHF is the thermal bound-
ary condition on the wall. The surface renewal theory pro-
posed by Danckwerts [36] was originally developed for a
gas absorption problem to the liquid phase at a gas-liquid
interface, and Hanratty [37] and Thomas et al. [38-40]
improved and applied it to wall turbulence. The surface
renewal theory assumes that heat exchange occurs by inter-
mittently replacing fluid clumps in the viscous sublayer near
the heated wall with bulk fluid (renewal of the surface). The
theory assumes that the fluid clumps next to the wall have an
age, or a residence time, distribution at an arbitrary time,
with a variable y = (v, P, T') representing physical variables,
such as the velocity v, the pressure P, and the temperature
T, and the time average ¢ was defined as

7= vl (26)

Jo

where y is the distance from the wall, ¢ is the time, and ¢(¢)
is the distribution function indicating the time since a fluid
clump is exposed to the wall. Danckwerts’ random contact
time distribution is frequently used.

eft/‘r’ (27)

N =

¢(1) =

where 7 is the nondimensional mean wall residence time.
Constant physical properties, incompressible flow, fully
developed turbulence, boundary layer approximation, Bous-
sinesq’s approximation, and negligible effects of stream-wise
convective heat transport were assumed. By multiplying the
momentum and energy transport equations holding near the
heated wall by ¢(¢) and integrating them from 0 to oo,
Swanson and Catton obtained

oP Gr . 1%

1

levy=-Z Ly 297 28
T(V %) ox Re? +Reay2’ (282)
Lip 7o 10°T (28b)
SCDAS S

where v; and T, are the initial velocity and temperature,

respectively. The fluid physical properties were evaluated at
the average duct temperature [35]. Pe(=Re Pr) is the Péclet
number. The governing equation (Egs. (28a) and (28b)) can
be solved under the appropriate boundary conditions, and
finally, Swanson and Catton obtained

0.5
Nu=00115Re" Pr5 |14+ 41— 5% L7561 S8 17|
Re0$ Re2® (Pr0> +1)

(29)

Swanson and Catton proposed the following semianaly-
tical equation by modifying the constant and the exponent
included in the above equation based on their experimental
data.

696 Gr 039
Nu=0.0115Re**Pr° [1+{1- — +8300—— .
° o Re0S Re26 (Pr05 + 1)

(30)

The buoyancy term can be ignored for forced convection.

0.39
Nu, =0.0115Re*® P> 1+ (1- 696 31
u, =0. e Pr + Re0F . (31

The term 696/Re’® can be neglected for Re > 10000, and
the above equation asymptotically approaches the Dittus and
Boelter equation (described later, Eq. (45)). By normalizing
Eq. (30) using Eq. (31), the following equation is given:

Nu 1+ {1~ (696/Re"®) +8300(Gr/Re*® (Pr®S +1))}*¥
Nu, B 1+ (1 — (696/Re0-8))°'39 .

(32)

Table 2 shows the range where the validity of the equation
has been experimentally confirmed. Since Swanson and
Catton proposed two different correlations in different jour-
nals in the same year, Eqs. (24) and (30) are denoted Swanson
and Catton (JHT) and Swanson and Catton (IJHMT), respec-
tively, to distinguish the two correlations.

2.2.3. P. Poskas and R. Poskas. P. Poskas and R. Poskas [16]
proposed an empirical correlation based on the experimental
results in a rectangular duct whose only one side was heated
under the UHF condition. The experimental apparatus was a
rectangular duct with 6260 x 40.8 x 400 mm (length x
gap x width), and the working fluid was air. Figure 2(c)
shows the schematic diagram of the test section.

N Gr 0.8
Do ryres(—at ) (33)
Nu,, Re;” Pry;

The hydraulic-equivalent diameter, the fluid bulk tem-
perature, and the bulk velocity were used as the characteris-
tic scales comprising the nondimensional numbers. The
Grashof number Gr, was defined as Eq. (4). Table 2 shows

the parameter ranges over which the experiments were




performed. The assumption of constant physical properties
is reasonable when the temperature difference is small. How-
ever, when the temperature difference is considerable, corre-
lations considering the physical properties of nonuniformity
provide a more accurate prediction. For the forced convec-
tion heat transfer correlation Nu, ,, P. Poskas and R. Poskas
used the correlation proposed by Vilemas et al. [41] for an
annular duct to include the effect of the temperature depen-
dence of the physical property on heat transfer.

N
200 _ 1 0.744[1 - exp {~K(0.26F + 0.70K ) }],
Nu,,
(34a)
F=1-exp (-0.1%), (34b)
1.25(0.01%)>
= Lﬂf)z, (34¢)
1+(0.01x)
. X
X = D—h, (34d)
I
m Dh
Ky=-—_w " | 34
S kTNuy,:1 (34¢)

where x is the distance from the duct inlet. Nug, is the

Nusselt number for when the physical properties are con-
stant, and the following correlation is used:

Nu,, =0.01935 Re)® Pr)®(0.86 + 0.8x™"). (35)

A relationship Nul_ . ./Nul, . = 0.86(d;/d,)*'® [42]
exists for turbulent forced convection, where Nul,, .. is
for an annular duct with a heated inner wall and an adiabatic
outer wall and Nul,; is for a circular tube. d; and d, are the
inner and outer diameters, respectively. The characteristic
length is the hydraulic-equivalent diameter: D, =d, —d,.
According to this relationship, the ratio of the Nusselt num-
ber for a one-side heating parallel plate and circular tube
could be Nul,.. =~ 0.86 Nul,,, because the curvature of

the parallel plate was zero, resulting in d;/d, = 1.

2.3. Implementation of Single-Phase Flow Heat Transfer
Correlations in Thermal-Hydraulic System Codes. A ther-
mal-hydraulic reactor system code predicts an overall sys-
tem behavior for a given event and provides boundary
conditions for a stress analysis of the RPV wall in a downco-
mer. This section reviews the single-phase heat transfer cor-
relations implemented in the typical thermal-hydraulic
codes TRACE, RELAP5, and TRAC-PF1.

2.3.1. TRACE. The authors review the wall heat transfer cor-
relations implemented in TRACE V5.0/P6 [4], the latest
version. The TRACE code uses different heat transfer corre-
lations depending on a selected channel geometry. The heat
transfer correlations for tube or rectangular duct geometry
are applied for downcomers. TRACE uses the hydraulic-
equivalent diameter D, as the characteristic length. The
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density in the Grashof number is evaluated at the film tem-
perature, and the other physical properties are evaluated at
the fluid bulk temperature.

(1) Tube Geometry. When the tube geometry is selected, the
heat transfer correlations for a laminar forced convection Ay,
a turbulent forced convection Ay, a laminar natural convec-
tion h,;, and a turbulent natural h,, convection are evalu-
ated, and the largest one is adopted. A mixed convection
heat transfer correlation is not implemented in this geome-
try. Each heat transfer coeflicient is calculated from the Nu
correlation. The laminar forced convection Nuy is calculated
using an analytical solution [43] for a fully developed lami-
nar flow in a circular tube heated with the UHF condition.

The turbulent forced convection Nuyg, is calculated using
the Gnielinski correlation [44].

(¢//2) (Re, —1000) Pr,,
1+12.7 \/¢;12 (Pry° - 1)

Nuft,b = (373)

¢/ =(1.58In Re,—3.28)7" (37b)

The range of applicability of this correlation is as follows:

2.3x10° <Re, <5 x 10°, (38a)

0.5<Pr, <2.0x10°. (38b)

When the temperature difference is meaningful, the cor-
relation considering the physical property nonuniformity
improves the prediction. The TRACE uses Hufschmidt and
Burck’s equation [45] to correct the effect of the physical
property variation.

Prb 0.11 Prb
Nuft,b = Nucp W for 0.05< P_ < 20, (39)

w rw

where the Nusselt number for uniform physical properties
Nu,, is calculated using Eqs. (37a) and (37b). This correc-
tion is used for heated walls: T, > T},. The laminar Nu,
and turbulent Nu,; natural-convection heat transfer corre-
lations are given by that for a vertical plate.

Nuy, = 0.59(Gry Pry) e (40a)

Nu,;, = 0.13(Gr; Pry) " (40b)

where Gry is the Grashof number, whose density is evaluated

at the film temperature, and the other physical properties are
evaluated at the bulk temperature. Correlations for a vertical
plate use the plate height as the characteristic length, but
TRACE uses the hydraulic-equivalent diameter instead. This
characteristic length treatment is possible because the
authors can show that the heat transfer correlation does
not depend on the choice of the characteristic length by
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expanding the nondimensional numbers in Eq. (40b)
(Section 2.1.1).

(2) Rectangular Duct. A turbulent mixed convection heat
transfer correlation h,, is implemented in the rectangular
duct geometry. Similar to the tube geometry, the heat trans-
fer coefficient is calculated for each flow regime, including
laminar forced convection, turbulent forced convection,
laminar natural convection, and turbulent mixed convec-
tion, and then, the largest one is adopted.

h=max (hg, hg, By, i) (41)

The laminar natural-convection heat transfer correlation
Nu,,, is calculated using the Elenbaas equation [46, 47].

3/4
R, Ra L
Nu,,, = "24LL’f [l—exp {_24<W> H (42)
' p RaL ¢

where R), is the gap of a rectangular duct. The characteristic
lengths for Nu,;, and Ra;; are R, and L, respectively.
TRACE uses Eq. (42) after converting it to the Nusselt num-
ber based on the hydraulic-equivalent diameter D,: Nu,,
D, /R, For the rectangular duct with a large aspect ratio,
D, /R, =2, the constants in Eq. (42) were determined for
air, and the range validated by Elenbaas is

R
107! < Th Ra, <107 (43)

where Ray is the Rayleigh number with Ry, as the character-
istic length. The heat transfer coeflicient for laminar forced
convection Nuy,, is calculated using the analytical equation
for a rectangular duct heated with the UHF condition. The
analytical equation is a function of the duct aspect ratio,
but the value 7.63, calculated for an advanced neutron
source (ANS) in the Oak Ridge National Laboratory
(ORNL), has been implemented [48].

The Nusselt number for turbulent forced convection
Nuy, , is calculated using the Petukhov and Kirillov correla-
tion (Egs. (16a) and (16b)). The Nusselt number for turbu-
lent mixed convection Nu,, , is calculated by multiplying
the Petukhov and Kirillov correlation (Egs. (16a) and
(16b)) by the Swannson and Catton correlation (Eq. (24)).
The mixed convection correlation is applied only for
0.1 < Gry/Rej and Re, >3000.

2.3.2. RELAPS5. Like the TRACE code, the RELAP5/MOD?3.3
[2] also adopts different single-phase heat transfer correla-
tions, depending on a selected channel geometry. The
authors focus on the default and parallel plate geometries
applied for heat transfer analysis in a downcomer. The char-
acteristic length is the hydraulic-equivalent diameter, and

the physical properties are evaluated at the fluid bulk tem-
perature unless otherwise noted.

(1) Default Geometry. The heat transfer correlation for the
default geometry is based on that in the fully developed pipe
flow. As with the TRACE code, the largest Nusselt number
for turbulent forced convection Nug,, laminar forced
convection Nug,, and natural convection from laminar to
turbulence Nu,, ;, is adopted. Any mixed convection correla-
tion is not implemented. The Nusselt number for laminar
forced convection Nuy, is given by the analytical solution
for the UHF condition, same as TRACE (Eq. (36)). The
Nusselt number for turbulent forced convection Nug, is
given by the Dittus and Boelter equation.

Nug,, = 0.023 Re)® Pr}, (45)

where 1 =0.4 is used for the exponent of the Prandtl num-
ber. The Nusselt number correlation for natural convection
Nu,, , differs depending on whether the flow path is vertical
or horizontal. For the vertical flow path like downcomers,
the Churchill and Chu correlation [19], applicable to various
conditions from laminar to turbulent flow, is adopted.

2
0.387Ra;’®

{1 +(0.492/Pr,)”161%

Nu,, = [0.825 + (46)

(2) Parallel Plate Geometry. When the parallel plate geome-
try is selected, the Nusselt number for laminar forced con-
vection Nug, is calculated using the analytical solution for
the rectangular channel heated with the UHF condition
(Eq. (44)). The Petukhov correlation [49] gives the Nusselt
number for the turbulent forced convection Nug ;.

(f18) Re, Pr,, (#h/[’lw)oll

N = >
s af + (117 + (1L8/Pr) ) T8 (PP — 1)
(47a)
10875 — 0.1125(R, /S
f= (R/S) (47b)

(1.82 log,, Re;, — 1.64)*

where § is the width of the rectangular channel. The Nusselt
number for laminar natural convection Nu,;; is given using
the Elenbaas equation (Eq. (42)), same as TRACE. The par-
allel plate geometry considers turbulent mixed convection.
The Nusselt number for mixed convection Nu,,,, is calcu-
lated by multiplying the Nusselt number for the turbulent
forced convection calculated by the Petukhov correlation
Egs. (47a) and (47b) with the Swanson and Catton correla-
tion (Eq. (24)).

2.3.3. TRAC. The TRAC code has several variations. In this
section, the authors review the wall heat transfer models
implemented in the TRAC-PF1/MOD1 [9], a code with
respect to PWR, because PWR is the primary objective of
PTS analysis. TRAC-PF1I/MOD1 selects a heat transfer
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correlation from a generalized boiling curve. The flow
regime is determined based on a logic chart. If the flow
regime is judged as single-phase flow, the flow is considered
to be forced convection for Gr,/Re} < 1 and as natural con-
vection for Gr,/Rej > 1. A mixed convection correlation is
not implemented in TRAC-PF1/MODI1. To calculate the Nus-
selt number corresponding to forced convection, the larger of
the two heat transfer coefficients with respect to laminar and
turbulent forced convections is used. For the laminar forced
convection, the following equation [50] is used.

The Dittus and Boelter correlation (Eq. (45)) is adopted
in the case of turbulent forced convection Nug,, wherein
the exponent of the Prandtl number is #n =0.4. To calculate
the Nusselt number corresponding to natural convection, the
larger of the two heat transfer coefficients with respect to lam-
inar and turbulent natural convections is used. Equation (40a)
is adopted in the case of laminar natural convection Nu,,.
Equation (40b) is adopted in the case of turbulent natural
convection Nu,, ,, wherein the model constant is 0.1 instead
of 0.13. The characteristic length is taken to be the
hydraulic-equivalent diameter. All physical properties are
evaluated at the fluid bulk temperature, except for p; and f8

in the Grashof number, which are calculated using the Taylor
expansion at T, as follows [9].

0
pf =pp T % (Tf - Tb)’ (493)
_dp, 1
B3y (49b)

3. Verification of Existing Correlations Using
Experimental Data

The experimental data published in the previous articles
were typically provided with respect to the nondimensional
parameters and a dependent parameter constructed based
on those nondimensional parameters. Because the details
of experimental boundary conditions, including the fluid
bulk and wall temperatures, are usually not provided,
directly comparing the existing heat transfer correlations
with the experimental data is not easy. Using the following
steps, the authors evaluate the predictive performance of
the correlations described in Sections 2.1 and 2.2 by compar-
ing them with the experimental data obtained using various
working fluids and channel geometries.

Step 1. Select a database from among the experiments
based on which the correlations were developed. The Axcell
and Hall experiment [34], conducted using air in a vertical
circular tube, and the Takeishi et al. experiment [51],
wherein one-sided and two-sided heating experiments were
conducted in a vertical rectangular duct, are added to the
database for comparison because of their importance.
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Step 2. Determine the boundary-condition ranges for the
selected database based on the nondimensional number
ranges over which the experiments were conducted.

Step 3. Randomly sample virtual experimental condi-
tions, ie., the boundary conditions and the characteristic
length, within the range defined in Step 2.

Step 4. Calculate the nondimensional numbers for the
virtual experimental conditions sampled in Step 3 and Nu/
Nu, for the existing correlations.

Step 5. Compare the values predicted in Step 4 with the
experimental data by plotting them against the same depen-
dent parameter as in the experiment.

The definition of the nondimensional numbers and the
temperature used to evaluate the physical properties are
the same as in the experiments. The characteristic length is
the hydraulic-equivalent diameter. For the Churchill correla-
tion (Eq. (7)), all physical properties are evaluated at the film
temperature according to the Herbert and Sterns experiment
[20]. If the experimental data are given in a table for each
nondimensional number, the authors use Jackson and Few-
ster’s dependent parameter to compare the experimental
data and correlation predictions. The comparison results
are shown in Section 3 and discussed in Section 4.1.

3.1. Vertical Tube Experiment

3.1.1. Herbert and Sterns’ Experiment. Table 3 lists the
parameter ranges determined based on the Herbert and
Sterns experiment [20]. Pry ranged from 1.75 to 2.09; there-
fore, the film temperature T, can be calculated using any
randomly selected Pr; value from this range. The tempera-
ture difference AT can be calculated based on the randomly
selected Gry in the range shown in Table 3. The wall and
fluid bulk temperatures can be calculated from Ty and AT.
The characteristic velocity can be calculated based on the
randomly selected Re, value between 6.105x 10* and
6.684 x 10*. Figure 3 shows the calculation results. The hor-
izontal axis Gry/(Re}*Pry°) comprises nondimensional

numbers with the same exponent as that in Jackson and
Fewster’s dependent parameter.

3.1.2. Jackson and Fewster’s Experiment. Table 4 lists the
parameter ranges determined based on the Jackson and Few-
ster experiment [13]. The values of Pr, ranged from 2.5 to 7;
hence, the bulk temperature T, can be determined using
randomly selected Pr;, values from this range. The wall tem-
perature T, can be calculated based on randomly selected
Gr,, value between 5 x 10° and 1 x 10®, where Gr,, = (p, -
P.) Py 9D’y is the Grashof number with a definition that
is different from the definitions provided in Eq. (1b). The
values of Re;, ranged from 1 x 10° to 4 x 10%; therefore, the
characteristic velocity is calculated using from randomly
selected Re,, values in this range. Figure 4 shows the calcula-
tion results.

3.1.3. Aicher and Martine’s Experiment. Table 5 summarizes
the parameter ranges decided based on the Aicher and Mar-
tin experiment [1]. According to the article, Pr, was 3-5.
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TaBLe 3: The calculation conditions used to evaluate the
correlations for the Herbert and Sterns experiments [20].

Working fluid Water
Thermal boundary condition UWT
Hydraulic-equivalent diameter D;, (cm) 2.23

Reynolds number Re; 6.105 x 10°~6.684 x 10*

Grashof number Gr, 18.89 x 10°-22.52 x 10°

Prandtl number Prf 1.75-2.09

4%x10°
3x10°

2 x10°

Nu/Nu,

3 e
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6x 107!
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@ Churchill O Herbert & Sterns Exp.

FIGURe 3: Enhancement factor Nu/Nu, predicted based on the
Jackson and Fewster (Eq. (15)), Swanson and Catton JHT (Eq. (24)),
Swanson and Catton I[JHMT (Eq. (30)), Churchill (Eq. (7)), and
Aicher and Martin (Eq. (19)) correlations. Experimental data are
extracted from Herbert and Sterns experiments [20].

TaBLE 4: The calculation conditions used to evaluate the
correlations for the Jackson and Fewster experiments [13].

Working fluid Water
Thermal boundary condition UHF
Hydraulic-equivalent diameter D;, (cm) 9.84

1x10° -4 x10*
5x10°-1x10%
2.5-7

Reynolds number Re;,
Grashof number Gr,,

Prandtl number Pr,

The bulk temperatures T}, can be given from randomly
selected Pry, in the range. The experiments were performed
for Re, = 4,500, 7,500, 11,500, and 15,500. The characteristic
velocity can be given by Re, randomly selected from among
those. The temperature differences can be obtained by ran-
domly selected Ra, from 10° to 10°. Note that the physical
properties are evaluated at the bulk temperature instead of
the film temperature because it is unknown when evaluating
AT from Ra;. The authors conducted sensitivity analyses
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FIGURE 4: Enhancement factor Nu/Nu, predicted based on the
Jackson and Fewster (Eq. (15)), Swanson and Catton JHT (Eq.
(24)), Swanson and Catton IJHMT (Eq. (30)), Churchill (Eq. (7)),
and Aicher and Martin (Eq. (19)) correlations. Experimental data
are extracted from the Jackson and Fewster experiments [13].

TaBLE 5: The calculation conditions used to evaluate the
correlations for the Aicher and Martin experiments [1].

Working fluid Water
Ther1.n.a1 boundary UWT
condition

Hydraulic-equivalent 2.7 and 3.7

diameter D, (cm)

0.45 x 10, 0.75 x 10%, 1.15 x 10%,

Reynolds number Re, and 1.55 x 10¢

Rayleigh number Ray 10°-10°

Prandtl number Pr, 3-5

and confirmed that this approximation does not significantly
affect the calculation results. The calculation results are
shown in Figure 5.

3.1.4. Axcell and Hall’s Experiment. Axcell and Hall [34]
conducted the mixed convection opposing flow experiments
using air as the working fluid at atmospheric pressure in a
vertical tube heated under the UWT condition. The experi-
mental apparatus had a diameter of 0.613m and a test-
section length of 0.667 m. A preheated section of 4m, with
the same temperature as the test section, was located
upstream from the test section. Table 6 lists the parameter
ranges based on the Axcell and Hall experiment. The ranges
with respect to the wall and bulk temperatures are extracted
from the table shown in Axcell and Hall [34]. The difference
between the wall and bulk temperatures is calculated based
on the randomly selected values from these ranges. The
characteristic velocity is calculated based on the Re, value
in the range extracted from the table shown in Axcell
and Hall [34]. The integrated density is calculated using
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F1GURE 5: Enhancement factor Nu/Nu, predicted using the Jackson
and Fewster (Eq. (15)), Swanson and Catton JHT (Eq. (24)),
Swanson and Catton IJHMT (Eq. (30)), Churchill (Eq. (7)), and
Aicher and Martin (Eq. (19)) correlations. Experimental data are
extracted from the Aicher and Martin experiments [1].

TaBLe 6: The calculation conditions used to evaluate the
correlations with respect to the Axcell and Hall experiments [34].
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FIGURE 6: Enhancement factor Nu/Nu, predicted using the Jackson
and Fewster (Eq. (15)), Swanson and Catton JHT (Eq. (24)),
Swanson and Catton IJHMT (Eq. (30)), Churchill (Eq. (7)), and
Aicher and Martin (Eq. (19)) correlations. Experimental data are
extracted from the Axcell and Hall experiments [34].

TaBLE 7: The calculation conditions used to evaluate the correlations
with respect to the Swanson and Catton experiments [15, 35].

Working fluid Air
Thermal boundary condition UWT
Pressure P (MPa) 0.1
Wall temperature T, (K) 326.9-421.1
Bulk temperature T, (K) 296.4-317.6
Hydraulic-equivalent diameter D) (cm) 61.3

Reynolds number Re, 0.179 x 10°-1.261 x 10°

Eq. (6), and the other physical properties are evaluated using
the bulk temperature. Figure 6 shows the calculation results.

3.2. Two-Side Wall Heating Experiments Using the Vertical
Rectangular Duct

3.2.1. Swanson and Catton’s Experiment. Table 7 lists the
parameter ranges defined based on the Swanson and Catton
experiment [15, 35]. The bulk temperature T, was calculated
using Pr, = 6.5. The Re, and Gr,, ranges are listed in Table 7
[35]. The characteristic velocity and temperature difference
were calculated based on randomly selected Re, and Gr,
values from these ranges, and Figure 7 shows the calculation
results.

3.3. One-Side Wall Heating Experiments Using the Vertical
Rectangular Duct

3.3.1. P. Poskas and R. Poskas’ Experiment. Table 8 lists the
parameter ranges based on the P. Poskas and R. Poskas
experiment [16]. The working fluid used in the experiment
was air, and one side of the rectangular duct was heated.
P. Poskas and R. Poskas’ experimental data were provided

Working fluid Freon-113
Thermal boundary condition UHF
Hydraulic-equivalent diameter D) (cm) 8.88

Reynolds number Re, 0.6x10* —2.0x10*

Grashof number Gr,, 0.1x10°-2.0x10°

Prandtl number Pr, 6.5

based on the Grashof number Gr, defined using the wall

heat flux g./, which is correlated to Gr,, as shown in
Eq. (4). Preliminary calculations confirmed that Gr/Gr, =
0.45 and Gry/Gr,~0.7 in the parameter range with
respect to the P. Poskas and R. Poskas experiments. Sensi-
tivity analysis confirmed that this approximation does not
substantially affect the distribution of the predicted values.
By substi:cuting the approximation Gr, = Gr,Nu, ~ Gr;N
1,/0.7 = GrNu,/0.45 into each correlation, the authors
can transform the correlations described based on Gry,
Gry, and Gr into those described based on Gr,. After the
random sampling of Re, and Gr,, Nu,, for each correlation
can be calculated using the correlation expressed based on
Gr, via iterative calculations, and Figure 8 shows the cal-
culation results.

3.3.2. Takeishi et al.’s Experiment. Takeishi et al. [51] con-
ducted mixed convection opposing flow experiments using
a vertical duct for one- and two-side heating under the
UWT condition. The working fluid used in the experiments
was air. The duct was 4 m in length and 0.6 m in width, and
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F1GURE 7: Enhancement factor Nu/Nu, predicted using the Jackson
and Fewster (Eq. (15)), Swanson and Catton JHT (Eq. (24)),
Swanson and Catton IJHMT (Eq. (30)), Churchill (Eq. (7)), and
Aicher and Martin (Eq. (19)) correlations. Experimental data are
extracted from the Swanson and Catton experiments [15].

TaBLe 8: The calculation conditions used to evaluate the
correlations with respect to the P. Poskas and R. Poskas
experiments [16].

Working fluid Air
Thermal boundary condition UHF

Reynolds number Re, 4x10° -4 x 10*

Grashof number Grq 1.7x10% -1.4x 10"

Prandtl number Pr, 0.7
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F1GURE 8: Enhancement factor Nu/Nu, predicted using the Jackson
and Fewster (Eq. (15)), Swanson and Catton JHT (Eq. (24)),
Swanson and Catton IJHMT (Eq. (30)), Churchill (Eq. (7)), and
Aicher and Martin (Eq. (19)) correlations. Experimental data are
extracted from the P. Poskas and R. Poskas experiments [16].
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TaBLe 9: The calculation conditions used to evaluate the
correlations with respect to the Takeishi et al. experiments [51].

Working fluid Air
Thermal boundary condition UWT
Pressure P (MPa) 0.1

Wall temperature T, (K) 303.15-373.15
Bulk temperature T}, (K) 293.15-363.15
Temperature difference AT =T, - T, (K) 10.0-70.0
Hydraulic-equivalent diameter D) (cm) 20

Velocity Vg (m/s) 0-15.0
w0l S S o
‘ | ';
1 N S |
X . F'Es”‘
Z 3 oo I‘ﬁ;
: CUA
> : & ot
100] - oo o oM. @EELE. ...l
10-° 10 1072 10°

G_T/(Rehz'bzs prl.,o.s)

M Swanson & Catton JHT ® Jackson & Fewster
® Swanson & Catton IJHMT O Takeishi Exp., One-side
@ Churchill O Takeishi Exp., Two-side

A Aicher & Martin

FIGURE 9: Enhancement factor Nu/Nu, predicted by the Jackson
and Fewster (Eq. (15)), Swanson and Catton JHT (Eq. (24)),
Swanson and Catton IJHMT (Eq. (30)), Churchill (Eq. (7)), and
Aicher and Martin (Eq. (19)) correlations. Experimental data are
extracted from the Takeishi et al. experiments [51].

its gap could be varied between 0 and 25cm. The authors
focus on the data obtained from the experiments using a
gap of 10cm. Table 9 lists the calculation conditions. The
ranges of the pressure, the temperature difference, the
hydraulic diameter D,, and the velocity are obtained from
Takeishi et al. [51]. The ranges of the temperature difference
AT and the bulk temperature T}, were determined as the
range listed in Table 9, with reference to the figures in
Takeishi et al. [51]. The wall temperature T, was calculated
based on the randomly selected AT and T, within the range
listed in Table 9. The value of characteristic velocity is
selected from the range of 0-15m/s, and Figure 9 shows
the calculation results. The experimental data for one- and
two-side heating are shown in Figure 9.

4. Discussion
4.1. Accuracy of Correlations

4.1.1. Effect of the Thermal Boundary Condition. The corre-
lations based on the data for the UHF experiments,
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including the Jackson and Fewster (Eq. (15)) and the
Swanson and Catton (Egs. (24) and (30)) correlations, can
effectively predict the data for the UWT experiments,
including the Herbert and Sterns (Figure 3) and Axcell and
Hall (Figure 6) experiments. Conversely, the correlations
based on the data for the UWT experiments, including the
Churchill (Eq. (7)) and the Aicher and Martin (Eq. (19))
correlations, can effectively predict the data for the UHF
experiments, including the Jackson and Fewster experiment
(Figure 4). The heat transfer correlations for turbulent
mixed convection can be applied regardless of the thermal
boundary conditions similar to the cases for turbulent forced
and natural convection [17, 19].

4.1.2. Effect of Channel Geometry. The Jackson and Fewster
correlation that is based on the experiment with respect to
the flow of water in a vertical tube can reproduce the
Swanson and Catton experiment (Figure 7), which is
conducted with respect to the flow of Freon-113 in a vertical
rectangular duct, and the Takeishi et al. experiment
(Figure 9), which is conducted with respect to the flow of
air in a vertical rectangular duct, using the hydraulic-
equivalent diameter as the characteristic length. The Swan-
son and Catton correlation can reproduce the Axcell and
Hall experiment (Figure 6), which is conducted with respect
to the flow of air in a circular tube, using the hydraulic-
equivalent diameter as the characteristic length. Therefore,
the correlations can predict experiments regardless of the
channel geometries using the hydraulic-equivalent diameter
as a characteristic length. This is because Nu/Nu, is less sen-
sitive to the characteristic length. For example, because the
dependent parameter of the Jackson and Fewster correlation
is Gr/Re}*Pr)> ~ D)*7>, even if Dj, is doubled in the range
where the validity has been confirmed experimentally, the
effect of D), on Nu/Nu, is less than 8.3%.

4.1.3. Effect of the Working Fluid. The correlations can
predict experimental data regardless of the working fluid
differences, indicating that the nondimensional numbers
appearing in the correlations and their combinations are
appropriate.

4.1.4. Effect of the Heating Wall. The Churchill (Eq. (7)),
Jackson and Fewster, and Swanson and Catton (IJHMT)
correlations (Eq. (30)) can effectively predict the one-side
heating experiments performed by P. Poskas and R. Poskas
(Figure 8) and Takeishi et al. (Figure 9), indicating that the
existing mixed convection correlations can be used for pre-
dicting one- and two-side heating.

4.1.5. Prediction Accuracy. Although all the correlations can
predict the experimental data effectively, the Jackson and
Fewster, Churchill, and Swanson and Catton (IJHMT)
correlations can predict the experimental data with high
accuracy.

4.2. Comparison among Experimental Data. Each heat trans-
fer correlation uses different definitions, even for a nondi-
mensional number with a specific physical meaning, e.g,
the Grashof number. To make the comparison among the
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experimental data easy, the authors study the relationships
among the dependent parameters using the dependent
parameter introduced in the Jackson and Fewster correla-
tion, which has excellent predictivity as a representative
parameter. Figure 10 shows the relationships between each
dependent parameter adopted in each experiment (the verti-
cal axes) and Jackson and Fewster’s dependent parameter
(the horizontal axes) for the sampling data provided in
Section 3: (a) Herbert and Sterns [20], (b) Aicher and Martin
[1], (¢) Axcell and Hall [34], (d) Swanson and Catton
(JHMT) [15], (e) P. Poskas and R. Poskas [16], and (f)
Takeshi et al. [51]. The figures show strong correlations
between Jackson and Fewster’s and other dependent param-
eters. These correlation relations (the solid lines in the fig-
ures) enable the conversion of a dependent parameter into
another. Hence, the experimental data can be compared
directly. The fitting curves are applied only within the range
wherein the correlation relations are confirmed among the
calculated dependent parameters.

Figure 11 compares the experimental data extracted
from each study and converted into Jackson and Fewster’s
dependent parameter using the fitting curves that represent
the relationships among the dependent parameters given in
Figure 10. All experimental results are distributed along a
single line, despite the differences in channel geometries,
parameter ranges, and working fluids. The experimental
data reasonably agree with the Jackson and Fewster correla-
tion, the solid line in Figure 11, indicating that the experi-
mental data for mixed convection opposing flow are
effectively represented using the Jackson and Fewster’s
dependent parameter. This result is consistent with the fact
that Jackson and Fewster’s correlation could predict all
experimental results in Section 3.

4.3. Extrapolation Performance under Forced and Natural
Convection Conditions. Mixed convection heat transfer cor-
relations are required to apply in a wide range from forced
to natural convection-dominant conditions; i.e., they can
be extrapolated to two dominant conditions. The extrapola-
tion performance of the mixed convection heat transfer cor-
relations can be evaluated by whether the correlation
asymptotically approaches forced and natural convection
heat transfer correlations under forced and natural
convection-dominant conditions, respectively. Figure 12
shows the predictive performance of the mixed convection
heat transfer correlation under forced (Figure 12(a)) and
natural convection-dominant (Figure 12(b)) conditions.
The authors sample the dimensionless numbers in a wider
range of conditions than the range over which each
correlation was experimentally validated by the correlation
developers (Table 2) and calculate the predictions by each
correlation. Since the definitions of the nondimensional
numbers used in each correlation differ, the authors approx-
imate them as Pr=Pr, =~ Pry, Re = Re, = Ref, and Gr=Gr,
~Gry = 2Gr. This approximation is more accurate for

smaller temperature differences and reasonable, for example,
when the wall temperature is close to the bulk temperature
later in the downcomer cooling process during a PTS event.
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FIGURE 10: Relationship between Jackson and Fewster’s dependent parameter Gr/(Rez®**Pr)*) and the dependent parameters for (a)
Herbert and Sterns [20], (b) Aicher and Martin [1], (c) Axcell and Hall [34], (d) Swanson and Catton (IJHMT) [15], (e) P. Poskas and
R. Poskas [16], and (f) Takeshi et al. [51] for the sample calculation conditions used in Section 3.1. Solid lines show the fitting curves.
Although the channel geometries, the parameter ranges, and the working fluids differ, all sampling data distributed along a line.
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For example, when the working fluid is water, the bulk
temperature is T}, =300K, and the temperature difference
is T, -T,=20K; the nondimensional numbers can be
approximated as Pr, = 1.25Pry, Re;, = 0.82Rey, Gr, =0.53G

Ifs and Grb:1.70Gr. Based on the proportionalities,

Nug, ~ Re®8Pr?* and Nu,, ~ Gr®33Pr%33, the maximum
influence of the approximation on Nu can be estimated to be
9% for forced convection and 9%-15% for natural convection.
These approximations are reasonable for qualitatively evaluat-
ing the asymptotic behavior. The nondimensional numbers
are sampled from the range shown in Table 10. The horizontal
axis is Jackson and Fewster’s dependent parameter. The
vertical axis is Nu/Nug for Figure 12(a) and Nu/Nu,, for
Figure 12(b). The Gnielinski (Egs. (37a) and (37b)) and the
Churchill and Chu (Eq. (9)) correlations are used for Nug
and Nu,,, respectively. These correlations can apply within
the whole range, where the parameters are sampled
(Table 10) [17]. Figure 12(a) shows that Nu = Nuy for Gr/R
e>%%Pr%3 < 107, indicating that turbulent forced convection
is dominant. Figure 12(b) shows that Nu=Nu,, for Gr/R
e>%%Pr%3 > 1072, indicating that turbulent natural convection
is dominant. The mixed convection conditions are in the
range of 10~* < Gr/Re***Pr®> < 1072, Figure 12(a) shows that
all correlations provide good predictions under forced convec-
tion conditions, which is obvious for most correlations
because they are modeled to approach the forced convection
correlations under forced convection-dominant conditions.
Figure 12(b) shows that the Aicher and Martin and Churchill
correlations are excellent in prediction under the natural
convection-dominant conditions because they are the interpo-
lation formulas. Although the Jackson and Fewster correlation
is not an interpolation equation, it is excellent in prediction
under the natural convection-dominant condition because it
has a similar functional form under the natural convection-
dominant condition (Appendix D). These correlations can
apply in a wider range of conditions than those validated
experimentally by the correlation developers. Predictions by
the Swanson and Catton (JHT) correlation are widely scat-
tered compared to the other correlations because it does not
include the dependency on Pr. Furthermore, since the
Swanson and Catton (JHT) and Swanson and Catton
(IJTHMT) correlations are not interpolation formulas and the
difference between Nu and Nu,, slightly increases for the
large dependent parameter, the range of application should
receive attention.

4.4. Correlation Applicability to Conditions Assuming LBLOCA
in Actual Plants. In Section 4.3, the authors discussed the
extrapolation performance of the mixed convection correla-
tions with respect to forced and natural convection by
sampling the nondimensional numbers under various condi-
tions. In this section, the authors investigate the applicability
of the mixed convection correlations to forced and natural
convection conditions under conditions assuming LBLOCA
in an actual plant as an example. Table 11 shows the
parameter ranges assumed in this analysis. The assumptions
are as follows. The working fluid is water with a bulk tem-
perature of 300K at atmospheric pressure, a condition that
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FIGURE 11: The Nu/Nu, as a function of Gr/(Re}** Pr)*). The
solid line shows the Jackson and Fewster correlation (Eq. (15)).
The symbols are the experimental data with respect to Jackson
and Fewster [13], Swanson and Catton [15], Herbert and Sterns
[20], Aicher and Martin [1], Takeishi et al. [51], Axcell and Hall
[34], and P. Poskas and R. Poskas [16].

can occur during the LBLOCA. The wall temperature range
is shown in Table 11, assuming that the single-phase mixed
convection correlations are applied where the wall tempera-
ture is lower than 373 K. The characteristic length D, is cho-
sen with reference to the UPTF experiment [52]: a 1:1
representation of a PWR primary system. Table 11 shows
the Grashof number ranges calculated from AT obtained
by random sampling. The range of Re, shown in Table 11
is determined as a sufliciently wide range under turbulent
conditions. Randomly selected Re, from this range gives
the characteristic velocity. Table 12 shows the mean € and
the standard deviation o, of the percentage error €; and
mean absolute percentage error €, when comparing Nu,,,
obtained from each mixed convection correlation, with FC
the turbulent forced Nug and NC the natural Nu,, correla-
tion. The reference values Nug; and Nu,, are calculated
using the Gnielinski (Egs. (37a) and (37b)) and Churchill
and Chu correlations (Eq. (9)), respectively.

B Nuy, - Nu(ft|nt)

€= —m Tl (50a)
" Nugy
LN
€= ﬁ; ei’ (SOb)
LN
€ = N;|€i|’ (50¢)
o, = (50d)
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TaBLe 10: The range of nondimensional numbers for data
sampling.

TaBLE 12: Mean (€) and standar