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ABSTRACT

An analytical expression for counter-current-flow-limita-
tion (CCFL) was used to predict critical heat flux (CHF) for
downward flow in thin vertical rectangular channels which are
prototypes of coolant channels in test and research nuclear
reactors. Top flooding is the mechanism for counter-current
flow limited CHF. The CCFL correlation also was used to
determine the circulation and flooding-limited CHF. Good
agreements were observed between the model predictions and
data on the CHF for downflow. The minimum CHF for
downflow is lower than the flooding-limited CHF and it is
predicted to occur at a liquid flow rate higher than that at the
flooding limit.
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Flow area

Heated area

Fanning friction factor at interface

Thermal heat capacity at constant pressure

Friction factor

Liquid mass flux

Gnmiational acceleration

Latent heat of vaporization

Superficial velocity

Kutateladze number

Height of heated channel

Wetted perimeter

Pressure

Heat flux
Channel gap

Degree of liquid subcooling

Phase velocity

Channel width

Greek Symbols

a Void fraction
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Subscripts

c
CHF
f
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Liquid film thickness

Characteristic wave length

Density

Surface tension

Wall shear stress

Flooding limit

Critical heat flux

Saturated liquid

Vapor phase

Interface or top of a channel

Liquid phase

Bottom of a channel

Wall

Superscripts

Non-dime; .'.otai parameter with respect to 2W or A.

Non-dimensional parameter with respect to S

INTRODUCTION

Critical heat flux (CHF) correlations developed for
nuclear power reactors are generally not directly applicable to
research and test reactors due to their unique geometry and dif-
ferent operating conditions. In order to produce high neutron
fluxes, research and test nuclear reactors are typically designed
to have high power densities, i.e., high heat generation rate per
unit volume of reactor core. This requirement for design is
often met by using plate-type fuel elements with thin rectangu-
lar coolant channels. Many research and test reactors are oper-
ated under relatively low pressure with downward coolant
flow. Under upset conditions, such as a loss of forced flow,
decay heat from the reactor fuel is removed by natural circula-
tion. The transition from downward flow to natural circulation
requires the coolant to undergo a flow reversal during which
the coolant flow passes through a stagnation state. The task of
evaluating CHF for research and test reactors thus requires the
ability to predict CHF in thin rectangular channels under low
flow (up and down) and low pressure conditions.
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This study applied a new analytical relation for coun-
ter-current-flow-limitation to predict CHF for downward flow
in thin rectangular channels. Critical heat flux is assumed to
occur when the downward liquid flow is limited by top flood-
ing. The average critical heat flux is calculated by an energy
balance for the counter-current flow of the liquid and vapor
phase at the top of the channel. When the liquid downflow rate
falls below the flooding condition, i.e. zero net flow at the top
of a channel, but remains finite, the conservation of mass
requires makeup liquid flow from the bottom of a channel. An
expression also was developed for the so-called circulation and
flooding-limited CHF, where the inlet liquid flow from the bot-
tom of a heated channel is low enough so that top flooding
remains as the controlling mechanism for boiling transition.
Thus, the CCFL relationship also can be used to predict CHF
for a slightly upflow condition.

PREVIOUS WORKS

There are far less CHF data for downflow than upflow.
Cumo et. al. 1 demonstrated that critical power data for
downflow fall a little below those for upflow at equivalent inlet
conditions. A minimum point in critical power is reached at
slightly negative mass fluxes when the flow regime is in coun-
ter-current flow. Similar dependence of CHF on flow direction
at low flow rates also was observed in thin rectangular chan-
nels by Mishima and Nishihara 2 and Sudo, et. al. 3.

It appears that at low flow rates vapor blanketing becomes
the mechanism for boiling transition. Griffith, et. al. 4 pro-
posed a low-flow CHF correlation based on pool boiling from a
vertical surface. In this correlation, the pool boiling CHF is
modified by a reduction factor proportional to the mean vapor
volume fraction.

At low pressures, top flooding becomes a likely mecha-
nism for boiling transition at low flow rates. When top flood-
ing occurs in a heated channel, the vapor generated in the
channel may not allow sufficient liquid to drain back from the
upper plenum due to CCFL. Inadequate liquid makeup eventu-
ally leads to dryout in the channel. This phenomena is more
likely to happen at lower pressures when the vapor density is
low and its corresponding velocity is high.

Mishima 5 formulated a CHF correlation for downflow in
uniformly heated rectangular channels. Under CHF condi-
tions, Mishima assumed that all the liquid in the counter-cur-
rent flow would be vaporized within the heated channel. The
CHF correlation has a form,

and.

\=

tlCHF = - 1/2

(1)

(2)

(3)

G : Pi in
1/2 (4)

where qCHF is the critical heat flux; G is the downflow mass
flux at the inlet: j u is the liquid superficial velocity at the inlet;

A is the flow area; AH is the heated area; W is the width of the
flow channel; Cp is the specific heat of the liquid at constant
pressure; AT sub is the inlet water subcooling; h f . is the latent
heat of vaporization; p is the vapor density; p, is the liquid
density; Ap = p,—pg; o is the surface tension; g is the gravita-
tion*] acceleration; X is the characteristic wavelength; and m
and C are the constants in a Wallis-type CCFL correlation. The
superscript '*' denotes that a parameter is non-dimen-
sionalized. Mishima adopted the following CCFL correlation.

[•
..-il/2

where

'..-11/2

1/2

(5)

(6)

Notice that in equation (6) the characteristic length of a rectan-
gular channel is assumed to be twice the width of a channel.
Equation (1) shows that the CHF reaches a minimum when G*
= 0 or when AT$ub = 0. For Mishima's correlation, the CHF at
zero flow corresponds to a CHF limited by flooding 6, where
the conservation of mass requires that.

i = P*J« (7)

Experimental data 2j3_ clearly show that the flooding lim-
ited CHF does not correspond to a minimum CHF for
downflow. Sudo and Kaminaga 7 developed an empirical cor-
relation for CCFL in vertical rectangular channels. The CCFL
correlation was then applied to predict CHF for downflow in
rectangular channels. The empirical CCFL correlation is based
on a Wallis-type correlation shown in equation (5). Sudo and
Kaminaga chose to use the gap dimension S, as the characteris-
tic length. The non-dimensional superficial velocities Jg and J,
are defined by.

pk
2

. k = g, I

and the Wallis-type CCFL correlation is expressed as,

(8)

(9)

The constants m and C are correlated in terms of the Bond
number Bo and the aspect ratio W/S. They are given by the fol-
lowing expressions:

C = 0.66 (10)



and.

where.

m = 0.5+ 0.0015 Bo1:3

Bo =
SW

(ID

(12)

Sudo and Kaminaga found that their data on air/water CCFL
are well-correlated by the following equation.

where the dimensionless parameters X and Y are defined as
follows.

and.

(14)

(15)

Sudo and Kaminaga 7 assumed that the occurrence of boiling
transition is coincident with top flooding. Their model does not
require all liquid downflow to be vaporized. This allows partial
delivery of liquid into the lower plenum. From an energy bal-
ance for the top flooding condition, a relationship for CHF was
derived using equation (13) as the CCFL correlation. The
resulting CHF correlation, which is semi-empirical in nature,
has the form.

where.

, 0 . 7 .F = 1 . 3 U ' - | L 5 2 l ^ | mG
,1/2
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(17)

The a bove CHF correlation showed reasonable agreement with
data for downflow CHF in uniformly heated, thin rectangular
channels.

In the present study, an analytical expression for CCFL in
thin rectangular channel was used to derive the CHF for
downflow. The same CCFL relationship also was used to pre-
dict CHF for the circulation and flooding-limited CHF.

THE NEW CCFL RELATIONSHIP

An analytical expression for predicting CCFL in thin rect-
angular channels was previously derived 8 from the momen-
tum equations for the liquid and gas phase. The development of
the analytical CCFL relationship is outlined in the following.
The liquid downflow is assumed to take the form of a falling
film along the narrower sides of a rectangular channel, while
the gas flow occupies the wide span of the channel (Figure 1).
A concentration of liquid along the side walls of a thin rectan-

gular channel was observed 7,9, ] 0 to be the predominant flow
regime in counter-current flow in thin rectangular channels.

Assuming a steady-state, adiabatic two-phase flow with a
gas core between two liquid films at the narrower side walls, as
shown in Figure I, the one-dimensional momentum equations
for each phase are expressed as,

dp

and,

A( l -a) A( l -a )

P T P
wt i i

(18)

(19)

where p is the pressure at axial location z. The void fraction a
is approximated by.

• 2 5

a-!-w (20)

where 5 is the thickness of the liquid film, and W is the width
(wider span) of the channel. The wetted perimeters and shear
stresses are given by,

P; = wetted perimeter of the gas-liquid interface = 2S (21)

Pw! = wetted perimeter of the channel wall in contact with the
liquid film = 2S (22)

Pw . = wetted perimeter of the channel wall in contact with the
gas flow s 2Wo (23)

fi 2Ti - interfacial shear stress = — p. (V, ~ "i) (24)
2 •
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Figure 1. Momentum balance for separated two-phase flow in a thin
rectangular channel.



TW| = wall shear stress for the liquid film

L | V | I (25)

where S is the gap (narrow dimension) of the channel; f, the
friction factors. The phasic velocities in equations (24) through
(26) are related to the superficial velocities by.

(27)

a (28)

The gravity correction term in equation (25) arises natu-
rally for a laminar film flow H>. Since the liquid film in the
flow regime under consideration here is expected to be rela-
tively thin, the same gravity correction term is retained for tur-
bulent flow.

By using an interfacial friction factor given by Wallis J 2 f o r

wavy annular flow, the corresponding friction factor in a thin
rectangular channel is.

f, = < A (29)

The film thickness was estimated by Richter \2, who used an
interfacial stability criterion to obtain the following relation-
ship.

(30)

The Fanning friction factor Cf in equation (29) corresponds to
that for a smooth-walled pipe when the liquid film disappears.
Hence, as a first approximation, all wall friction factors can be
assumed to be identical, i.e..

Elimination of the pressure gradient term from equations (18)
and (19) results in.

Apg =
2t,wl 2T^

aw( l -a ) W(l-a) S
(32)

The CCFL relationship is obtained by substituting equations
(20)-(31) into equation (32). In terms of dimensionless param-
eters, the CCFL relationship becomes.

(33)

Twg = wall shear stress for me gas flow = — p(Vg |Vg| (26) + — j - j
3 c r

The dimensionless superficial velocities, j* and jf are defined
in equation (6), where twice the width is used as the character-
istic length of a thin rectangular channel. The dimensionless
width of a channel W* is defined as.

••-? (34)

The ratio of channel width to liquid film thickness is obtained
from equation (30) and it has the form.

W _ W ' 2 , . 2

6 " a2 J*
(35)

The void fraction a in equation (33) is then derived from equa-
tions (20) and (35), resulting in.

(36)
21 "

Alternatively, equation (33) can also be expressed in
terms of the Kutateladze numbers which are related to j* and j*
by.

and,

K,=j*W 1 / 2

Thus, another form of the CCFL relationship is,

I 150 + 2W/S

(37)

(38)

W
. (39)

l
J

It is noted that, at the point of zero liquid penetration (K, = 0),
equation (39) approaches a constant limit when W* increases
to infinity, i.e.,

W*
K.

lim K. = ^TTV'4
(40)



A typical value of Cf is between 0.005 and 0.008. From equa-
tion (40), the critical Kutateladze number Kg is in the range of
3.0-3.4, which is very close to the 3.2 value determined by
Pushkina and Sorokin J_3 for the condition of zero liquid pene-
tration in relatively large pipes.

Comparisons between the CCFL relationship in equation
(39) with a C f = 0.008 and data on air/water counter-current
flow from Sudo and Kaminaga 7.are shown in Figure 2.
Generally, good agreement is obtained for the thinner
channels. As the gap size or the liquid velocity is increased, the
assumption of liquid film existing mainly in the corner regions
of a channel is no longer valid and the analytical CCFL relation
deviates appreciably from the data. However, the analytical
expression is observed to predict, for all tested gap sizes, the
right data trend at relatively high gas velocities. This is the
region of interest when the analytical CCFL relationship is
used to predict CHF for low liquid flow rates (both down and
up) in the vicinity of the flooding limit.

COUNTER-CURRENT FLOW LIMITED CHF

For the case of boiling transition occurring in a downflow
situation, the CHF is assumed to be controlled by lop flooding.
In the present study, the formulation of downflow CHF is simi-
lar to the approach used by Sudo and Kaminaga 2- The amount
of down ward liquid flow entering a heated channel is governed
by CCFL. The counter-current flow pattern is shown in Figure
3. The liquid entering the top of the heated section is assumed
to have constant subcooling ATsub and the liquid flow is heated
to saturation in the channel. Any excess saturated liquid not
vaporized in the heated channel is assumed to drain into the
lower plenum. Boiling transition is postulated to occur when
for a given liquid downflowju, the maximum vapor flowjgj

leaving the top of the channel is limited by CCFL. The
analytical CCFL relationship from equation (33) is used to
determine j g j for any given jjj.
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Figure 3. Flow model for the counter-current flow limited CHF

The downflow CHF is obtained from an energy balance
for a counter-current flow as shown in Figure 3. The critical
heat flux qCHF is given by,

<1CHFAH = hf,Ap,Jti + <^AT,Hb Ap Ju (41)

The above equation is rewritten in terms of dimensionless
parameters defined in equations (3) and (4).

where.

and,

1/2

(42)

(43)

(44)

Figure 2. Comparison between the CCFL correlation and the experi-
mental data from Sudo and Kaminaga.

The Kutateladze numbers Kgi and Kn are related through the
CCFL relationship in equation (39).

Comparisons between the predictions from equation (42)
and the experimental data from Sudo and Kaminaga 7 are
shown in Figures 4 and 5 for two different channels which
were heated uniformly from both sides of the wide span. In
Figures 4 and 5 the solid lines are the present predictions and
the dotted lines are predictions by Sudo and Kaminaga, i.e.
equation (16). The present predictions, with a C f = 0.005,
which are based on an analytical expression for CCFL are
almost identical to the predictions by Sudo and Kaminaga,
which are based on an empirical correlation for CCFL. As
compared to the air/water CCFL tests, a lower value of Cf is
expected for the diabatic tests since the viscosity of water is
lower at higher temperatures resulting in lower friction factors.
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Figure S. Comparison between predicted and measured CHF in
downflow (Sudo, et. al., L=375 mm).

For the two cases of heated length L = 750 mm and 3S0 mm, the

predictions clearly show that for downflow, q£HF is not a mini-

mum at the flooding limit, but the minimum q£-HF occurs at a

liquid downflow rate greater than the flooding limit. The ana-

lytical CCFL relationship predicts a liquid flow at the flooding

limit, G*, of 2.062 and 2.064 for the case of L = 750 mm and

350 mm, respectively. The corresponding G*'s predicted by

Sudo and Kaminaga are 2.018 and 1.995. For both test sec-

tions, the present predictions show that <\cw is a minimum at a

G* of - 5 and -10 for the cases of ATsub = 75K ind <4Tsub =
25K, respectively.

A comparison between the predictions and another set of
CHF data is shown in Figure 6. Mishims's data 2 were
obtained from a channel with uniform heating from only one
side of the wide span. The width and gap sizes of the channel
used by Mishima were less than that used by Sudo and
Kaminaga while the aspect ratios for both tests were almost
identical. Mishima's experimental data appear to exhibit the
same trend as the data in Figures 4 and 5. The present predic-
tions are shown to be in better agreement with Mishima's data
than the predictions by Sudo and Kaminaga. The flooding limit
is predicted to occur in the channel used by Mishima at aG* of
2.144.

It is noted that the minimum q£HF observed in Figures 4
through 6 corresponds qualitatively to the minimum in a
subcooled flooding correlation developed by Tien | 7 from a
simple analytical model to analyze the effect of vapor conden-
sation on the CCFL phenomenon.

In all three comparisons, the smallest downflow used is
O'c, which corresponds to the predicted flooding limit gov-
erned by the mass conservation expressed in equation (7).
Dryout will occur in a channel with a blocked bottom iniet
when the liquid downflow is below the flooding limit. If liquid
is also allowed to enter from the bottom of a channel, it is men
possible to determine the CHF for liquid downflow at a rate
less than the flooding limit. Dryout of the heated surface
occurs when all the liquid entering the channel from the bottom
is vaporized and the liquid flow from the top is limited by
flooding due to high vapor flow. This type of bumout is called
a circulation and flooding-limited burnout 14. The rate of the
bottom inlet liquid flow is assumed to be low enough so that
top flooding is still the mechanism controlling boiling transi-
tion in a channel. The new CCFL relationship is again used to

1 h

Figure 6. Comparison between predicted and measured CHF in
downflow (Mishima. et. al., L=350 mm).



determine the CHF for the case of circulation and flood-
ing-limited bumout.

Following the development of Lahey ^5, the energy bal-
ance for a heated channel with top flooding and bottom inlet
flow takes the form.

ICHF x =j*-p»h«" ) + JioPi(VATsubo)]

(45)

where the liquid flow j M entering from the top and the liquid
flow entering from the bottom. j l o are assumed to have
subcoolings ATsuW and AT sub0 , respectively. Mass conserva-
tion requires that the total amount of liquid entering the chan-
nel is equal to the amount of vapor leaving the top of a channel.

i.e..

(46)

In terms of dimensionless parameters, equations (45) and (46)
become,

I . , f ,

[ v
A I . , f ,

= I " Kfi ' +
] „ • P /
+ G JT

and.
K,i=G-+G;

where the bottom inlet flow G* is defined as.

JloPl
1/2

(47)

(48)

(49)

In equation (47), the liquid and vapor flow at the top of a chan-
nel is related through the CCFL relationship given in equation
(39).

The CHF relationship expressed in equation (47) is
bounded by two limits occurring at the top of a channel.
Equation (47) becomes a minimum at the flooding limit when
the net mass flow at the top of a channel is zero, i.e., G* = 0 in
equation (48). According to the CCFL relationship and mass
conservation, the maximum bottom inlet flow occurs when the
liquid penetrating the top becomes zero. Hence, the maximum
4CHF predicted by equation (47) corresponds to the condition
of zero liquid penetration at the top of a channel.

Equations (42) and (47) are plotted in Figure 7 to compare
with Mishima's data 2. For the case of no bottom inlet flow,
i.e., G* > G*, q^HF is plotted against G*, the liquid downflow at
the top of a channel. On the other hand, when the bottom inlet
flow becomes positive, i.e., when 0 < G* < G*. the critical heat
flux is plotted against G*, the liquid upflow at the bottom inlet.

In equation (47), the subcoolings are assumed to be identical.
For the rectangular channel used by Mishima, the CCFL rela-
tionship in equation (39) predicts aG* of 2.144 and a maxi-
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Figure 7. Comparison between predicted and measured CHF in
downflow and upflow (Mishima, et. al., L*35O mm).

mum G* of 3.0. A direct comparison between the predictions
and Mishima's upflow data is impossible since no data were
reported for a G* between 0 and 3.0. However, the calculated

4CHF f o r r e l a I i v e 'y small upflows do reflect the general trend of
the upflow data, which clearly shows higher CHFs for upflow
than those for downflow at the same inlet flow rates.

As the liquid flow from the bottom of a channel is
increased beyond the condition of zero liquid penetration from
the top, burnout is characterized by complete vaporization of
the liquid entering from the bottom and no liquid flow from the
top. This is called a circulation-limited burnout 14_, which
occurs in a natural circulation loop when the exit quality at the
top of a heated channel approaches unity. The corresponding
CHF is obtained from equation (45) by setting G* = 0 and Kgi =

(50)

In summary, when the liquid downflow rate G* is greater

than G*. the liquid downflow rate corresponding to flooding,

burnout in a thin rectangular channel is limited by top flooding.

In the relatively narrow range where 0 < G* <G*, CHF is dicta-

ted by circulation and flooding limited burnout.

CONCLUSIONS

An analytical relationship for CCFL in thin rectangular
channels was applied to predict CHF for downflow and low
upflow conditions when the liquid flow from the top is limited
by top flooding.



The new CCFL correlation was developed from a momen-
tum bsiance for the liquid and gas phase, respectively. The
CHF predictions based on the analytical CCFL correlation
were compared with data and good agreement was observed.
The predictions show that the CHF for downflow does not
reach a minimum at the flooding limit where the net mass flow
at the top of a channel is zero. In the case of high inlet
subcooling, the downflow CHF reaches a minimum at a liquid
flow rate slightly higher than that at the flooding limit. At
lower inlet subcoolings, the minimum CHF occurs at increas-
ingly higher liquid flow rates.

In addition to analyzing downflow CHF, the CCFL rela-
tionship also was applied to predict circulation and flood-
ing-limited CHF.
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