Y. Sudo

Head, Division of HTTR Project Management,
Oarai Research Establishment,

Japan Atomic Energy

Research institute (JAERI),

Qarai-machi, Higashiibaraki-gun,
tharaki-ken, 311-13 Japan

A New CHF Correlation Scheme
Proposed for Vertical Rectangular
Channels Heated From Both Sides

in Nuclear Research Reactors

M. Kaminaga

Research Engineer,

Research Reactor Technology
Development Division,

Department of Research Reactor,
Tokai Research Establishment,

Japan Atomic Energy

Research institute (JAERI},

2-4 Shirakata-Shirane, Tokai-mura,
Naka-gun, Ibaraki-ken, 319-11 Japan

In this study, an investigation was carried out to identify the important parameters
affecting critical heat flux (CHFY in rectangular channels, Sfocusing on the effects
of flow direction, channel inlet subcooling from 1 to 213 X, the channel outlet
condition extending from subcooling of 0-74 K to quality of 0-1.0, pressure of 0.1
to 4 MPa, water mass flux of — 25,800 to + 6250 kg/m®s, and channel configuration.
In particular, the effect of the outlet subcooling in upflow and downflow on the
CHF was quantitatively investigated. As a result of this study, a new CHF scheme
covering downflow, countercurrent flow, and upflow was established in the rectan-

gular channels within the ranges of parameters investigated in this study.

Introduction

The quantitative understanding of critical heat flux (CHF)
for vertical rectangular charnels is essential and required for
core thermohydraulic design and safety analysis of nuclear
research reactors in which flat-plate-type fuel is employed. In
the safety design, some abnormal operational occurrences and
accidents have been assumed. In the case of a pool-type nuclear
research reactor in which steady-state core flow is downward,
a transient core flow is considered in which the flow rate
decreases from a steady-state downward flow to a zero flow,
and then an upward flow is established as a cooling mode of
natural convection to remove the decay heat after a reactor
scram in case of abnormal operational occurrences and acci-
dents. A detailed understanding of CHF is, accordingly, es-
sential not only for a downward flow but also for an upward
flow, including a flow subject to flooding conditions, that is,
a countercurrent flow, in order to assure the intactness of fuel
under normal operations, abnormal operational occurrences,
and accidents. It should be noted that when the coolant flow
rate decreases to zero and the flow becomes stagnant, the flow
would become a countercurrent flow with downward water
flow and upward flow of bubbles or steam generated in the
channel. This is a flooding condition, because the flow channels
are submerged in a water pool in the nuclear research reactor.

Many existing nuclear research reactors are approaching the
end of their lifetime. Nuclear research reactors that are to be
reconstructed or planned in the near future will be designed
to have a higher neutron flux and a higher power density than
ever. Therefore, to remove heat generated in the core, coolant
mass flux will be very high and the coolant will be pressurized.
Under such conditions, the channel outlet coolant would be
subcooled not only for normal operation but also in abnormal
ocecurrences.

The existing correlations and schemes for predicting CHF
in the rectangular channels were investigated by the authors
from the point of view of their applicability to the core ther-
mohydraulic design and safety analysis. It was found that
differences in CHF between an upward flow and a downward
flow under the subcooled condition at the channel outlet, i.e.,
at a rather high mass flux region, have not been fully clarified
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systematically for vertical rectangular channels heated from
both sides or from one side.

Therefore, in this study, the effect of dominant factors on
CHF was investigated based on the existing CHF experimental
data to establish a CHF scheme that is applicable for nuclear
research reactors using flat-plate-type fuel. A new correlation
scheme was proposed as the results of this investigation.

Previous CHF Correlation Scheme for Rectangular
Channels

A CHF correlation scheme for rectangular channels previ-
ously proposed by the authors consists of three CHF corre-
lations (Sudo et al., 1985a), which were used for the core
thermohydraulic design and safety analysis of the upgraded
JRR-3 (Sudo et al., 1985b; Hirano and Sudo, 1986).

The authors’ CHF correlation scheme is illustrated in Fig.
1. The correlations used in the scheme are shown as follows:

donr, =0.00541G* 106! 0
for both upflow (G* > G7) and downflow (G* > GY),
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for downflow in the region where gonr2 < Gonr., that is, G°
< Gy, and
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Fig. 1 Previous CHF correlation scheme proposed by authors for rec-
tangular channeis for ATsuso = 0
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It should be pointed out here that Eq. (2) glves the condition
that the outlet subcooling equals zero, that is, ATsugo = 0.

Equation (1) is a correlation proposed by Sudo et al. (1985a).
Equations (2) and (3) are correlations proposed originally by
Mishima (1984; Mishima et al., 1983). Mishima could not make
clear the applicability of these correlations fully enough be-
cause of small number of available experimental data. The
authors accumulated the available experimental data, carrying

the CHF scheme described above because such a highly sub-
cooled condition at the outlet was not expected in the core
thermohydraulic design and safety analysis of the upgraded
JRR-3 where the outlet subcooling is in the range of 0 to 20
K.

Other typical existing correlations considered to be applic-
able to the rectangular channels would be those proposed by
Katto (1981), Mirshak et al. (1959), Zenkevich (1959), and
Gambill and Bundy (1961).

Katto proposed the following correlations for the CHF in
the rectangular channels through comparison between the pre-
vious experimental data of Yicel and Kakac (1978), Gambill
and Bundy (1961), and others and the correlations he originally
proposed for round and annular tubes.

Katto’s correlations are expressed as follows for low mass
flux, medium mass flux, and high mass flux, respectively:
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out the experiments with rectangular channels. They have
shown that the correlation error of the CHF scheme is within
33 percent of rms error against the experimental data. It was
found that the scheme is applicable for the region of 0 < 1G" |
< 3000.

According to the results previously investigated by the au-
thors (Sudo et al., 1985a), it was concluded that the CHF for
upflow in the region of gour, = qonr.2 Was expressed by Eq.

(1) and the CHF for downflow in the region of anFn = q"

cxF.2 was expressed by Eq. (2). For both upflow and downflow,
there is a minimum CHF, which is defined by Eq. (3). On the
other hand, the CHF for both upflow and downflow in the
region of gCur. = qcnr.2, Which is shown as a shaded region
in Fig. 1, was expressed by Eq. (1). In the shaded region, a
channel outlet coolant condition is a subcooled one with a very
high coolant mass flux |G*!. An effect of channel outlet sub-
cooling ATgype on the CHF was not considered in Eq. (1) in
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for high mass flux.
Here, the low mass flux region is defined for G* of GeuF.a
= QEHF,42a the medium mass flux region for G* of qEHmz <

dimensionless heat transfer
h/

Cov )\ng(,ol = pg)

latent heat of evaporation,

length of channel, m

heat flux, kW/m?
dimensionless heat flux
defined by Eq. (1)
defined by Eq. (2)
defined by Eq. (3)

dimensionless temperature

width of channel, m
- Ta K

Nomenclature
A = flow area of channel, m? h* = s
Ay = heated area of channel, m® coefficient =
Cp = specific heat of liquid,
3/(kg+K) hy =
De = equivalent hydraulic J/kg
diameter, m L =
Dh = equivalent heated diameter, P = pressure, MPa
m q =
g = acceleration of gravity, m/s? q =
G = mass flux, kg/m?es qcur =
G* = dimensionless mass flux diury =
G, = boundary value of G* given  glurs =
by qlury = Gcur.2 T = temperature, K
G, = boundary value of G given T =
by gcur. = GouF.s = Cp e« T/hy,
G; = boundary value of G* given W =
by glurs = Gours AT; = superheat = T,
h = heat transfer coefficient, AT; =

kW/m’K

Journal of Heat Transfer

dimensionless superheat =
Cp(T. — T))/hg, K

ATgyp = subcooling, K
ATSys = dimensionless subcooling =
Cp . ATSUB/h/g
A = charactenstlc length = [o/(p;
- pg) g]
v = kinematic v1scosny, m?/s
p = density, kg/m’
¢ = surface tension, N/m
Subscripts
b = bulk
CHF = critical heat flux
g = vapor
in = inlet
! = liquid
o = outlet
s = saturation
w = heated surface
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The effects of pressure, mass flux, subcooling, and the ratio
of channel length to heated equivalent diameter were taken
into account as key parameters in the above correlations. As
the number of available experimental data was small, as stated
in his article, only the availability of Eq. (5) could be inves-
tigated for high mass flux. He noticed that the magnitude of
CHF in downflow obtained by Gambill and Bundy (1961) were
clearly smaller than that in upflow obtained previously but the
number of available existing data was so small that he could
not investigate the difference in CHF characteristics between
upflow and downflow. A feature of Katto’s correlations is that
the CHF approaches zero as the G* approaches zero.

Mirshak et al. (1959) proposed for downflow the following
correlation in which the effects of water velocity, subcooling,
and pressure were taken into account as key parameters, based
on the experiments for downflow with a medium mass flux of
500 to 1300 kg/m?s and outlet subcooling of 6 to 74 K:
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A feature of the correlation proposed by Mirshak et al. is
that CHF approaches a constant, which is not zero and is
determined by pressure and subcooling, as shown below, when
G" approaches zero:
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Zenkevich (1959) proposed for upflow the following cor-
relation, in which the effect of pressure, subcooling, and mass
flux were taken into account: ’
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A feature of Eq. (9) is that CHF is proportional to G2,
and then approaches zero as G" approaches zero.
Gambill and Bundy (1961) proposed a correlation with a
form shown below for a subcooled forced-convection flow in
a vertical rectangular channel.

1 3/4
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+h* (AT, +ATsup)  (10)

Here, AT is given by a correlation that is determined with
the saturation temperature T and the critical heat flux, and
h* is given by a heat transfer correlation for a single-phase
turbulent forced convection flow. A feature of Eq. (10) is that
géur does not approach zero with decreasing G*, but ap-
proaches a constant given by géur = 0.18 with G"* approaching
zero under saturated conditions.

In Fig. 2, for comparison, Egs. (1), (3), (4), (5), (6), 9,
and (10) are illustrated for upflow with the conditions of P =
0.11 MPa, AT4us.m = 0and ATsygo = Oalong with the typical
experimental data whose AT3upy is less than 4 K. Here, Egs.
3), @), (5), (6), and (10) are illustrated for a rectangular
channel heated from both sides (L = 0.75 m, W = 0.05 m,
and gap = 2.25 mm), which were investigated by Sudo et al.
(1985a). These equations include the effects of channel con-
figuration. Zenkevich’s correlation gives overly conservative
predictions for the experimental data for high mass flux. On
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Fig. 2 Comparison of typical previous CHF correlations (ATsyee = 0)

with experimental data for upflow (Kaminaga et al., 1991; Kirby et al,,
1967; Sudo et al., 1985a; Yiicel and Kakac, 1978)
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Fig. 3 Comparison of typical previous CHF correlations with experi-
mental data for downflow (Kaminaga et al., 1991; Sudo et al., 1985a)

the other hand, Katto’s correlation for low mass flux gives
overly conservative predictions to the experimental data. The
correlation given by Eq. (1) shows a good prediction for the
experimental data whose ATsys, is almost zero.

In Fig. 3, on the other hand, Egs. (2), (3), and (7) are
illustrated with the condition of P = 0.11 MPa and are com-
pared with the typical experimental results for downflow with
G® less than G . Here, Eq. (7) is illustrated for ATsype = 0,
Eq. (3) for a rectangular channel heated from both sides (L
= 0.75m, W = 0.05 m, and gap = 2.25 mm) and Eq. (2),
which gives the condition of ATsuse = 0 as already described,
for the rectangular channel with two cases of ATsyp,in = 23
and 75 K.

Equation (1) is also illustrated in Fig. 3 so as to make clear
the differences in CHF characteristics between upflow and
downflow. Equations (2) and (3) show a good prediction for
the experimental data of downflow for the low and medium
mass fluxes of G* =< Gi.

From the discussion described above, it is very clear for G*
< G that Eg. (1) would be a proper correlation for predicting
the experimental data of ATSupo = 0 for upflow, and Eqs.
(2) and (3) for downflow. However, the effect of subcooling,
AT<us.0, is not clear on the CHF for G* = Gi, although the
effect should be properly taken into account in Eq. (1) for
both upflow and downflow so that the thermohydraulic design
and safety analysis may be reasonably done without giving
overly conservative results for G* = Gt.

Effects of Channel Outlet Subcooling (ATsys.0)
In this study, Eq. (1) was selected as a base correlation to
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Table 1 Test conditions of existing tests investigated in this study

Author(s) Pressure Mass flux Inlet water Qutlet condition CilF L/De A/A I Number of
(MPa) (kg/lzs) subcooling subcooling quality (kW/lz) (-} (-) data(-)
(K) (K) (-)
Sudo ¢t al. 0.170.12 -600~+480 2081 0.0-27 0.0-1.0 32-320 170 LBB><10”:3 40[U.Dl.”
(1985&). (Inlet} 66830 71 4.G7XI0‘3 3710,0}
Kaminaga, et al. 0.1-0.12 -2,200-+450 2.3-78 0.0-33 0.0-1.0 22~1,190 170 1.88X10”3 2031u,n]
{1991)" (Inlct)
0.1 -340~+330 1.3-75 0.0-24 0.0~1.0 54~540 83 d.l’lxl()—3 63{u,D]
(Inlct)
Yiicel and Kakac 0.1 -6,250-+6,250 3.2~44 0.0-37 0.0-0.01 1,580-5,820 40 3.35X10-2 16{U,D]}
(1978)"" (Inict)
Kirby ct al. 0.18 -2,720~+2,720 2.9-46 0.6~43 - 1,170-5,810 8 1.65X10~1 49(U,D}
(1967)"*" {Inlet)
Mirshak et al. 0.1770.6 -12,500~-5,030 27-104 6.0-74 - 3,980~10,000 41 8n51><10-3 51({D}
(1959)"* {outlet) -1 1.65%10°2
Gambill and Bundy 1.1-4.0 -25,800--9,210 151-213 14-55 - 8,270-19,400 128 1v18><10-3 10]b}
(asn** {outlet) -240  -2.20x10°°
Mishima 0.1 -610-+360 13-71 0.0~21 0.0~1.0 56-1,170 T7 4.57)(10_3 511U,D]
{1984)"""* {Inlet) -9.14x10°°  58[U,D]
Komori et al. 0.1-0.72 -2,440~--610 51117 0.0-12 0.0-0.03 322-1,630 150 2.9:3)<1().3 181D}
(1990)" {Inlet)
« Rectangular channcl, lleated from both sides. *+ Rectangular channel, Heated from one side
s+ Rectangular channel, lleated by round tube. #1) U : Upflow, D : Downf{low
35 1 T T T T T T T 20 1 T T T T
L 16%1 =135 6910
30| © Kirby etal 16" = 60 _ 78,216M =900
8 Yiicel el ol 60 o287 L
16M =138 - 15k
a77 ™
~ 25f s ‘ > L
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*:5 15k 13% : ’%1770 ] A Yiice! ef ol
R oy 16 =575 A Kirby ef ol
333—4—; ‘570 05 5 . \ i .| Gombll! % Bundy
287 ¥
1.0 e ~sTs 0.0 0.0 , 0.2
AT'5yg,0 {-)
05 i ] i ! ) ! ] ] Fig. 5 Effects of ATgpg on CHF in downflow
-0.2 0.0 0.2

*
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Fig. 4 Effects of ATsys, on CHF in upflow

estimate effects of ATsypo, based on previously investigated
results. In the region of geyr,1 = gonr.2, CHF is well correlated
by Eq. (1) for the saturated single phase and two-phase flow
conditions, i.e., under the condition with no subcooling at the
outlet of channel. Experimental conditions of the available
existing CHF tests investigated in this study are listed in Table
1. The experimental data were investigated within the ranges
of pressure of 0.1 to 4 MPa, mass flux of — 25,800 to +6250
kg/m?s including stagnant flow conditions, inlet subcooling
of 1 to 213 K, outlet condition extending from subcooling of
0-74 K to quality of 0-1.0, and ratio of heated length to
equivalent hydraulic diameter L/De of 8 to 240.

It should be mentioned here that the experimental data of

Journal of Heat Transfer

Sudo et al. and Kaminaga et al. constitute 58 percent of total
experimental data listed in Table 1. The estimated uncertainty
of these CHF data was 3 percent based on the estimations of
heat loss from the test channel and so on. Besides, the CHF
data in Table 1 would be mixed with the flow excursion data
because no criteria were applied for distinguishing one from
the other.

The CHF experimental data for upflow and downflow are
shown in Figs. 4 and 5, respectively, to make clear the effects
of the outlet subcooling ATsyg, on the CHF, taking the ratio
of gene/ gonr. as the ordinate and CpATsyp 0/ (= ATSs0)
which is a dimensionless parameter for ATsyg o, as the abscissa.
These CHF experimental data were obtained in rectangular
channels, except for those of Kirby et al. In the figures straight
lines are illustrated to show a rough tendency on 1G* 1. The
fluid conditions of experimental data shown in Figs. 4 and 5
are subcooled at the channel outlet. It is pointed out on the
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Fig. 6 Effects of AT, on CHF as a function of G for both upflow
and downflow (Gambill and Bundy, 1961; Kirby et al., 1967; Mirshak et
al., 1959; Yiicel and Kakac, 1978)

whole from Figs. 4 and 5 that the value of gy for both upflow
and downflow is greater than the values predicted by Eq. (1),
and it increases with increases of ATsyg g, under the same 1G*!
in the region of AT§UB,0 greater than zero, though the data
scatter over a rather wide range. It is recognized in the figures
that 1G*! in the data for upflow is rather smaller than that
for downflow at the seme condition of ATSyse, but a signif-
icant and systematic tendency seems to be recognized com-
monly to upflow and downflow in Figs. 4 and 5: that glus/
gour. increases with decreasing 1G* | under the same ATsyg o

Figure 6 shows the data for both upflow and downflow to
make clear a relationship between the effects of ATgyg, and
|G*1, taking (gcus/qcur, — 1)/ATsypp as the ordinate and
IG*! as the abscissa. A bold solid line shown in Fig. 6 is a
best-fit line for the data and is expressed as follows:

Ll
qCcHF
qdcur,1 IG

It should be mentioned here in Fig. 6 and in Eq. (11) that
the CHF increases with an increase of ATsypo and the effect
of ATdys, increases with a decrease of 1G™|. From Figs. 4
and 5, the effect of ATsypo on gcnr for upflow seemed to be
different from that for downflow. It is now understood that
it was due to the difference in the magnitude of 1G* 1 and was
not to the difference in flow direction. The CHF for both
upflow and downflow can be expressed by Eq. (11) in the same
way, considering the effects of both ATsyp and |G 1.

Theoretical and physical reasoning do not yet explain why
the effects of ATy and |1G” | can be expressed in the form
of Eq. (11), but the following discussion should help in un-
derstanding the reason or give us some clue for it.

Under the condition of subcooled forced-convection flow,
the dimensionless heat flux g* is expressed as below by using
dimensionless heat transfer coefficient #* and dimensionless
temperatures, T and 7.

g' =h"(Ty=Ty) =h" (AT, +AT;)
S,
The glur under the subcooled condition can, therefore, be

expressed as
ATsypo
AT,

y ATsuso (1D

Genr=h" AT, (1 +

at the channel exit, .

Here, h*AT? is assumed to be approximately equal to g
cHr.1» Which is the CHF under the saturated condition, and
thus,

(qene/gene) =1 _ 1
ey Sttt
ATsuso AT,

It is well known that a form of AT; = A+g"" can be applied

not only in the fully developed nucleate boiling region but also
in the region from the departure of nucleate boiling to the
critical heat flux point.

Thom et al. (1966) reported that n is 1/2 for forced-con-
vection nucleate boiling. On the other hand, Gaertner (1965)
reported from a photographic study of nucleate pool boiling
that nis 1/0.6 in the second transition region where the burnout
will follow after the departure of fully developed nucleate
boiling.

By using the correlation glyr,; = 0.0051G*1%%"" under the
saturated conditions obtained so far, the following are intro-
duced from the correlations proposed by Thom et al. and
Gaertner, respectively:

(geur/enr) = 1 1\ 44x 10°
¥ =oF | =TT
ATsyp AT, [G*I
and
(QEHF/QEHF.I) —1f__1 _4.48x 10°
ATsypo AT |G* |12

These correlations are illustrated in Fig. 6 for comparison.
It is very suggestive that the latter gives almost the same pre-
diction as Eq. (11). More accumulation of experimental data
on g versus AT? in the region from the departure of fully
developed nucleate boiling to the CHF point should, therefore,
help in understanding the mechanism of critical heat flux.

It is also pointed out as one of the major features in Fig. 6
that no significant differences in the tendency of (qEHF/qEHF',
— 1)/ATsys,p versus 1G*| are observed between upflow and
downflow for |G” | larger than about 500. On the other hand,
there seems to be a tendency that the values of (géur/qcnr.,
— 1)/ATsyso for downflow are smaller than those for upflow
for 1G"! less than 200.

It would be pointed out as a major reason for this that heat
transfer will deteriorate near the heated surface because of
accumulation of bubbles generated near the heated surface,
due to the intensified effect of buoyancy when mass flux be-
comes relatively low in the subcooled downflow. The speed of
bubbles rising in a stagnant water column will be 0.01 to 0.3
m/s. Bubbles will be stagnant in downflow with |G*1 of 2 to
80 when bubbles are assumed to be 0.1 to 1 mm in diameter
at a system pressure of 0.1 to 4 MPa, according to the exper-
imental results of Peebles and Garber (1953). It would be,
therefore, understood that there is no difference in character-
istics of the CHF between upflow and downflow for 1G"|
larger than 500, which is significantly larger than 2-80. On the
other hand, the CHF for downflow would become smaller
than that for upflow when !G" | approaches 80-2.

A Modified CHF Correlation Scheme

From the discussion above, a new CHF correlation, in which
the effect of subcooling at the channel outlet is considered, is
proposed by using Eqgs. (1) and (11), and is expressed as follows:

geur.4=0.005¢1G* 106" (1 +%0;%-AT§UB_O) 12)

Equation (12) shows that the CHF increases with an increase
of ATdus and the effect of ATSyupo on the CHF increases with
a decrease of |G" | compared with Eq. (1). Now, Eq. (12) can
be applicable to both upflow and downflow in the range of
gcur. < qcur.-

Equation (12) is rewritten as follows with the subcooling at

the inlet of the channel, ATs'u‘a_,-,, (.= Cp « ATsyp in/ hyy) becau%e -
of ATsupo = ATsysin — (9 /G7) » (A"/A)/:f’mﬁ':ff”i' 7’;@&;{ //,i 5

1 +‘!—-|'AT;UB.m
Genra=0.005+1G* 106! G
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Fig. 7 Modified CHF scheme proposed in this study

It should be noted here that in the case of nonuniform heat
flux channels, such as those of Kaminaga et al., Eq. (13) cannot
be applied directly to the prediction of CHF. Some additional
consideration, such as adoption of the maximum heat flux as
the CHF, should be paid to Ea. (13), though this gives a
conservative prediction of the CHF for nonuniform heat flux
channels.

Thus, Fig. 7 presents the scheme of CHF correlations pro-
posed newly in this study for upflow and downflow, taking
qur as the ordinate and 1G”| as the abscissa. Equation (12)
is a new correlation for predicting the CHF under high mass
flux for both upflow and downflow. In Fig. 7, three regions
for a high, medium, and low mass flux are defined as Region
I. Region II, and Region 111 for upflow, and Region 1, Region
I1’, and Region 111 for downflow.

It should be mentioned here that Eq. (2) gives the upper
limits for Eq. (12) in Region I of G* > G; as shown in Fig.
7 because Eq. (2) gives the condition of ATsype = 0 for both
upflow and downflow in Region I of G* > Gi.

In Region I where the mass flux is high, a difference in CHF
is not observed between upflow and downflow in this study
and the CHF for both upflow and downflow is well predicted

by Eq. (12). In this region, ATduso and G* have significant -

effects on the CHF. A larger AT3us,p gives a larger CHF with
the same 1G*1 and a larger |G*| gives a larger CHF with the
same ATS‘UB.O-

In the medium mass flux region, the CHF for downflow is
expressed by Eq. (2) and is much lower than that for upflow
with the same 1G*|. Therefore, a flow direction has a signif-
icant effect on the CHF in the medium mass flux region. In
Region 11 for upflow where ATéupo = 0, the CHEF is predicted
solely by Eq. (1) and only G* has a significant effect on the
CHE. On the other hand, in Region 11’ for downflow, the
CHF is predicted by Eq. (2). In this region, ATsus,in» 1G* 1
and a ratio of the flow area to the heated area, A/Ay, have
significant effects on CHF.

In Region III for both upflow and downflow where mass
flux is very low or the flow condition is a countercurrent flow
with G* = 0, CHF is predicted by Eq. (3). In this region, the
ratio of the flow area to the heated area, A/Ax, and a channel
width W have significant effects on the CHF. Under the CCFL
condition with a large L/De the temperature of water supplied
into the channel would at last become a saturated temperature
because water is well mixed with upflowing steam generated
in the channel at the top of the channel, even if water is
subcooled at first. Therefore, ATsys,in and 1G* | would have
no significant effects on the CHF. Equation (3) is a common
correlation for predicting the minimum CHEF for both upflow
and downflow.

Figures 8(a) and 8(b) illustrate the regions described above
for upflow and downflow, respectively, taking {G*! as the
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ordinate and ATsyg.in as the abscissa. These regions are func-
tions of not only 1G"| but also ATSUB.n

A boundary between Region | and Region 11 or 11’ is cal-
culated and identified as follows by using Egs. (1) and (2):

i

- 0.00 0.389
G = 71___ 5 0.389
P ATsu,in

Equation (14) shows that G; decreases with an increase of
ATZus,n and a larger A/Ay gives a smaller G7 with the same
ATsyg,in-

A boundary between Region I and Region 111 is calculated

and identified as follows by using Egs. (1) and (3):

(14)

L
0611

AN (15)

Ay 174~ 2
()]
P

Equation (15) shows that G; increases with an increase of
A/Ay and W/\. With increasing pressure, pg/ps would in-
crease; therefore, G, would decrease. Equation (15) is not a
function of ATSyp.in-

A boundary between Region 1’ and Region 111 is calculated
and identified as follows by using Egs. (2) and (3):

i A VWA

G, = | 140
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Equation (16) shows that G5 increases with an increase of
W/ and decreases with an increase of AT&yp i, With increas-
ing pressure, p,/p; would increase, and therefore, G; would
decrease.

(16)

Comparison of Modified CHF Correlation Scheme and
Experimental Data

Figures 9(a-d) show the comparisons of all the available
experimental data shown in Table 1 with the modified CHF
scheme, taking the measured giyr as the ordinate and géyur
predicted by the CHF scheme as the abscissa, in order to
estimate the error of the CHF scheme. The figures on the right-
hand side show the region where the data belong, taking |G* 1
as the ordinate and ATgyg , as the abscissa.

Figure 9(a) shows the comparison of all the experimental
data that belong to Region I for both upflow and downflow
with Eq. (12), gcur 4. Region [ is identified by using Eq. (14).
The comparison shows that Eq. (12) gives a good prediction,
allowing the rms error of +33 percent to the lower and upper
limits of the experimental data.

Figure 9(b) shows the comparison of all the experimental
data that belong to Region Il for upflow with Eq. ("}, gCup.1-
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Region II is identified by using the combination of Egs. (14)
and (15). The comparison shows that Eq. (1) gives a good
prediction, allowing the rms error of — 33 percent as the lower
limit of the experimental data. In this region some of the data
are greater than +33 percent of the values predicted by Eq.
(n.

Figure 9(c) shows the comparison of all the experimental
data that belong to Region 11" for downflow with Eq. (2),
qcur,2- Region 117 is identified by using the combination of
Egs. (14) and (16). The comparison shows that Eq. (2) gives
a good prediction, allowing the rms error of — 33 percent as
the lower limit of the experimental data. In this region some
of the data show the errors greater than + 33 percent to the
values predicted by Eq. (2).

Figure 9(d) shows the comparison of all the experimental
data that belong to Region I1I for both upflow and downflow
with Eq. (3), gcur 3. Region 111 is identified by usmg Eq. (15)
for upflow and Eq. (16) for downflow. The comparison shows
that Eq. (3) gives a good prediction, allowing the rms error of
—33 percent as the lower limit of the experimental data. In
this region some of the data also show rms errors greater than
+ 33 percent for the values predicted by Eq. (3).

Figures 10(a, b, ¢) show comparisons of the Zenkevich,
Katto, and Gambill correlations, which can evaluate the effects
of mass flux and subcooling with experimental data for Region
I in both upflow and downflow, respectively. The predictions
from the correlations are not as good as that from Eq. (12).

Comparison of the results of all the experimental data with
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Fig.9(a) Comparison of CHF between prediction (Eq. (12)) and the experimental results (Gambill and Bundy,
1961; Kirby et al., 1967; Mirshak et al., 1959; Mishima, 1984; Sudo et al., 1985a; Yiicel and Kakac, 1978) for

Region | in both upflow and downfiow
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432 / Vol. 115, MAY 1993

Transactions of the ASME



T T T i I, C)
. ’
s
10' - P //f.
D +33%.7 A 7
B . « .,®
b ’
© o /! .
o ° & P
2 A
g . 8" -33%
£ L Y ]
u: . ‘K Qo
5 -2 o.'/r .//
*2 107 ‘ 2% v N
v 0,/
//. :/
I , 4 4
, ’
’ ©/
7’ /
’ ’
P L L L
N 1
10 10
‘ -
qCHF 2 =)

for Mishima o
1 | for Komori et ol @
for Sudo et ol /
Kominago et al. &
Eq (1877

\OO N for Yicel et ol
for Mishima {rectangulor, one side)
for Sudo et al. {L/De=T1}
for Mishima {rectanguiar, both sides)
- for Kaminaga et af {L/De= 83}
10 : I PN DT T W A W 1
=3 -2 -{ 0 {
10 10 10 10 10
ATS g 1 ()
SUB, in

Fig. 9(c) Comparison of CHF between prediction (Eq. (2)) and the experimental results (Kaminaga et al.,
1991; Komori et al., 1980; Mishima, 1984; Sudo et al., 1985a; Yiicel and Kakac, 1978) for Region il” in downflow

-4

10 : . T . —
0
4 s
. S
o UPFLOW R
© DOWNFLOW o 8(,/’
— o] e
1 - S e i
L o fo X
S +33% 8
= 10 - ,,’ («' -
g '/ R9-33%
E_ 4 ,
[ o 7’ i ]
*5 . .
or e P
4
/’ ’(
e /' 1
'/’ ’
10‘3 ”u i | { :
1073 107 107
*
Geur,s )

10 ENEDUSE——————., .
. for Mishima et ol ©
for Sudo ¢! ol.,Kominogoetal. e, s

for Mishima
{rectanguiar, one side) |

for Sudo et ol
(L/De=71)
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mental data for Region | in both upfiow and downflow (Gambill and
Bundy, 1961; Kirby et al., 1967; Mirshak et al., 1959; Mishima, 1984; Sudo
ot al., 1985a; Yiicel and Kakac, 1978)

the modified CHF scheme described above show that Egs. (1),
(2), (3), and (12) give good predictions against almost all the
experimental data. But Egs. (1), (2), and (3) somewhat un-
derpredict the CHF against some of the experimental data even
though the rms errors of 33 percent are allowed. Itis considered
that these errors are due to the following reasons: (1) The
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Fig. 10(b) Comparison of Katto correlations (Egs. (4)-(6)) with experi-
mental data for Region | in both upflow and downflow (Gamblll and
Bundy, 1961; Kirby et al., 1967; Mirshak et al., 1959; Mishima, 1984; Sudo
ot al., 1985a; Yiicel and Kakac, 1978)

experimental data were obtained under various experimental
conditions (pressure, configuration of channels, etc.) as shown
in Table 1, but the predicted CHF for each of Regions I, 11,
11°, and 111 was calculated by only one correlation, which was
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Fig. 10{c) Comparison of the correlation of Gambill et al. (Eq. (10)) with
experimental data for Region | in both upflow and downflow (Gambilt
and Bundy, 1961; Kirby et al., 1967; Mirshak et al., 1959; Mishima, 1984;
Sudo et al., 1985a; Yiicel and Kakac, 1978)

proposed by the authors. (2) For Region III, the experimental
data themselves scattered widely because the flow in tuis region
was not stable due to low flow rates. (3) For Region I1’, the
experimental data themselves also scattered widely, even though
flow rate in this region was greater than that in Region III,
because the flow was not stable under the condition of co-
current downflow or countercurrent flow.

From the viewpoint of thermohydraulic design and safety
evaluation of the nuclear research reactors, however, it is con-
sidered that these underpredictions are the margin for using
these correlations. As the rms error of — 33 percent is estimated
for the CHF scheme, it is recommended that the Minimum
DNB (Departure from Nucleate Boiling) Ratio should be larger
than 1.5, which is equivaient to an rms error of —33 percent
in this study, in the case that the proposed CHF scheme is
adopted in the core thermohydraulic design.

Conclusions

This study investigated the kind of factors that affect CHF,
and it was found that mass flux, inlet subcooling, outlet sub-
cooling, flow direction, pressure, and configuration of chan-
nels have significant effects on CHF. The effects of these
factors on CHF were also estimated. A CHF scheme for both
upward and downward flows was, thus, established within the
ranges of pressure of 0.1 to 4 MPa, mass flux of —25,800 to

+6250 kg/m?s including stagnant flow conditions, inlet sub-
cooling of 1 to 213 K, outlet condition extending from sub-
cooling of 0-74 K to quality of 0-1.0, and the ratio of heated
length to equivalent hydraulic diameter L/De of 8 to 240. It
was also made clear that rms errors of CHF correlations used
in the proposed CHF scheme were within - 33 percent. It is
proposed that when this CHF scheme is applied, the Minimum
DNB Ratio should be larger than 1.5, which is equivalent to
the correlation error of —33 percent, in the core thermo-
hydraulic design of nuclear research reactors.
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