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Abstract-—This paper presents an analysis of the critical heat flux (CHF) of subcooled flow boiling based
on the liquid sublayer dryout mechanism, i.e. the dryout of a thin liquid layer beneath an intermittent
vapour blanket due to the coalescence of small bubbles. Starting from the same basic mechanism adopted
in earlier models, a new model is derived for the analysis of the CHF in subcooled flow boiling under
conditions of very high mass flux and liquid subcooling, typical of fusion reactors thermal hydraulic design.
The model is characterized by the absence of empirical constants always present in earlier models. Predicted
CHF values are compared with data of 1888 data points for water, showing a good agreement both in
precision and in accuracy.

1. INTRODUCTION

THE crITICAL heat flux (CHF) in water subcooled
flow boiling at high mass flux and subcooling has been
studied recently in relation with the cooling of high
heat flux components in thermonuclear fusion reac-
tors. The above thermal hydraulic conditions, coupled
with relatively small tube diameters and lengths, allow
us to reach very high values of the CHF, up to some
tens of MW m 2. A very recent state-of-the-art review
has been proposed by Celata [1].

For calculation and design purposes it is necessary
to have reliable predictive tools, such as correlations
and models. With regard to correlations, recent papers
by Inasaka and Nariai [2], Yin et al. [3] and Celata er
al. [4] showed that few of the existing correlations
may provide consistent predictions of water sub-
cooled flow boiling CHF at high heat fluxes. They
were originally recommended for operating con-
ditions typical of the Pressurized Water Reactor (i.e.
CHF an order of magnitude lower than fusion reac-
tors high heat flux components), in relation to which
water subcooled flow boiling CHF was extensively
studied in the past [5-6].

As is known, models have the advantage, with
respect to correlations, to characterize not only the
developing database, but also to be used for the pre-
diction of the CHF beyond the operating conditions
of the reference data set. Unfortunately, a full under-
standing of the basic mechanisms of subcooled flow
boiling CHF at high liquid velocity and subcooling
has not been accomplished so far [1]. Consequently,
existing models [7-9], although mechanistic in nature,
make use of empirical correlations or parameters
deduced from a best-fit procedure through available
data sets. Similarly to correlations, their use outside
the experimental ranges of developing data sets can-
not therefore be reliable. Even if the Katto model [9]
gives an acceptable prediction of existing data points
of CHF at high mass flux and subcooling, its use is
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none the less limited to thermal hydraulic conditions
for which high exit bulk subcooled conditions are
obtained (i.e. almost 51% of existing data points) [4].

The aim of the present paper is to provide an
improvement of existing models, starting from
acknowledged basic hypotheses, directly borrowed
from existing models [8, 9] and trying to eliminate all
the empiricisms through a rationalization process in
the description of the dynamics of bubbles in the near-
wall region.

2. BACKGROUND

Basic mechanisms of CHF in subcooled flow
boiling, usually studied by optical techniques, were
outlined by Tong er al. {10], Fiori and Bergles [11],
Molen and Galjee [12], Hino and Ueda [13] and Matt-
son ef al. [14]. The main achievements have already
been reported by Weisman and Ileslamlou [7], Lee
and Mudawar [8] and Katto [9]. For convenience of
the reader they are briefly summarized hereafter: (i)
through photography or other means, the existence
of vapour slugs or thin vapour layers near the wall was
evidenced [10-13]; (ii) wall temperature fluctuations
prior to CHF were detected in uniformly heated chan-
nels [11]; (iii) no abrupt visible change in the bulk
flow pattern at CHF was observed [14] ; (iv) the largest
bubbles or vapour slugs are generated by the coales-
cence of smaller bubbles within the two-phase boun-
dary layer in the wall region [12-14]. It has to be
pointed out, however, that the basic mechanisms of
CHF in subcooled flow boiling at high liquid velocity (up
to 40 m s~ ') and subcooling (up to 250 K), i.e. includ-
ing the operating conditions of interest to fusion reac-
tors, are still to be understood, in spite of the many
experimental data carried out in the recent past [1].
The great difficulty in applying optical techniques
under the above thermal hydraulic conditions, that
means fast and very small bubbles (whose diameter is
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Cp drag coeflicient [dimensionless]

CHF critical heat flux [W m™7

C, specific heat at constant pressure

kg 'K

diameter [m]

friction factor [dimensionless]

function of contact angle, 0.02-0.03

[dimensionless)]

mass flux [kgm~2s7]

gravitational acceleration m s 7]

thermal conductivity [Wm~ ' K~ ']

length [m]

pressure [MPa]

Prandtl number, C, u/K [dimensionless]

group defined in equation (16)
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NOMENCLATURE

y distance from the heated wall [m]
v*  superheated layer [m]
y*  non-dimensional distance from the heated

wall, defined in equations (8)—(10).

Greek symbols
f  contact angle [deg]
I'  mass flow rate [kgs ']
6  liquid sublayer initial thickness [m]

& surface roughness [m]
7 latent heat of vaporization [J kg™ ']
u  dynamic viscosity [kgs™'m ]
p  density [kg m ]
¢ surface tension [Nm™")
T passage time of the vapour blanket [s]
1, wall shear stress [MPa].
Subscripts
B pertains to the vapour blanket
in inlet
L. pertains to the liquid phase
m  mean
sub pertains to subcooled conditions

v pertains to the vapour phase
w  pertains to the wall.

around some microns or tens of microns), stili pre-
vents us from obtaining the necessary information.
What remains to be excluded is the hidden existence
of an alternative crisis mechanism due to the sudden
coalescence of tiny wall bubbles which, still adhering
to the wall and beneath the transient vapour slug,
thermally isolate the heating wall from the coolant.

Existing models may be classified according to the
basic mechanism assumed by the relative authors as
the main cause of the CHF occurrence.

(1) Liquid layer superheat limit model. The diffi-
culty of heat transport through the bubbly layer
causes a critical superheat in the liquid Jayer adjacent
to the wall, giving rise to the occurrence of the CHF
[15].

(2) Boundary layer separation model. This model is
based on the assumption that an ‘injection’ of vapour
from the heated wall into the liquid stream causes a
reduction of the velocity gradient close to the wall.
Once the vapour effusion increases beyond a critical
value, the consequent flow stagnation is assumed to
originate CHF [16-21]. The weak physical basis of the
model has been demonstrated by the studies reported
above [11-14].

(3) Liquid flow blockage model. It is assumed that
the CHF occurs when the liquid flow normal to the
wall is blocked by the vapour flow. Bergel’son [22]
considers a critical velocity raised by the instability

of the vapour-liquid interface, while Smogalev [23]
considers the effect of the kinetic energy of vapour
flow overcoming that of the counter motion of liquid.

(4) Vapour removal limit and near-wall bubble
crowding model. It is assumed that the turbulent inter-
change between the bubbly layer and the bulk of the
liquid may be the limiting mechanism leading to the
CHF occurrence. CHF occurs when bubble crowding
near the heated wall prevents the bulk cold liquid
from reaching the wall [24]. Weisman and Pei [25],
and Weisman and Ying [26] postulate that CHF
occurs when the void fraction in the bubbly layer,
calculated under the assumption of homogeneous
two-phase flow in the bubbly layer in ref. [25] and
using the slip model in ref. [26], just exceeds the critical
value of 0.82. The void fraction in the bubbly layer is
determined through the balance between the outward
flow of vapour bubbles and the inward liquid flow
at the bubbly layer—bulk liquid flow interface. The
Weisman and Ileslamlou model [7] is an improvement
of the Weisman and Pei model, for subcooled exit
conditions. A research work carried out by Styri-
kovich et al. [27] showed that measured void fraction
at CHF ranges from as low as 0.3 to as high as 0.95,
making the validity of the near-wall bubble crowding
models questionable. In addition, the models are quitc
empirical in the determination of the turbulent ex-
change in the bubbly layer. Obviously, it is not
excluded that, due to differences in the thermal
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hydraulic conditions, different crisis mechanisms may
be valid in some ranges of the above conditions.

(5) Liquid sublayer dryout model. The model is
based on the dryout of a thin liquid sublayer under-
neath a vapour blanket or elongated bubble, due to
coalescent bubbles, flowing over the wall. This model
is supported by more recent experimental studies [12—
14, 28-31] in the conditions of our interest.

Lee and Mudawar [8] proposed a mechanistic
sublayer dryout model which eliminates the need for
much of the empiricism found in the above-described
subcooled flow boiling CHF models. Unlike most of
them, the CHF analysis proposed by Lee and Muda-
war is theoretically based, requiring only three empiri-
cal constants. The model closely predicts several well-
known CHF databases at high pressure (above 5.0
MPa). None the less, as some assumptions are not
valid for low-pressure systems (such as the NET diver-
tor), it is not expected to yield accurate CHF pre-
dictions at low pressure {4].

Recently, Katto [9] proposed a model for the pre-
diction of subcooled flow boiling CHF in a very
extended range of pressure (0.1-20.0 MPa), employ-
ing essentially the same theoretical model constructed
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by Lee and Mudawar. The main differences are in the
calculation of the vapour blanket velocity, obtained
by an empirically based relation (as a function of
Reynolds number, liquid and vapour density, and
void fraction), and in the evaluation of the liquid
sublayer thickness, that was indirectly modelled using
a correlation for pool boiling [32]. The Katto model,
although yielding acceptable predictions of very high
heat flux CHF data and points to a wide range of
pressure, is not able to calculate the CHF in those
cases where the local void fraction in the near-wall
bubbly layer is higher than 70%. This is the limit
considered by the author for the validity of the
assumption of homogeneous flow in the bubbly layer.
It happens in all cases where inlet thermal hydraulic
conditions are such that the bulk liquid at the exit is
slightly subcooled, and was verified for about 51% of
high heat flux CHF data collected so far in the litera-
ture {4].

Considering that the Lee and Mudawar model can-
not be used properly at low pressure, and in view of
the above-described limitations of the Katto model,
the authors believe it necessary to accomplish a
rationalization of the existing liquid sublayer dryout
models. They intend to reach a model description of
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Fi1c. 1. Schematization of subcooled flow boiling near CHF conditions.



350 G. P. CELATA et al.

the subcooled flow boiling CHF that, starting from
the basic assumptions already proposed by Lee and
Mudawar and by Katto, allows a precise and accurate
prediction of boiling crisis at high velocity and sub-
cooling, without making use of empirical constants.
As already stated above, the basic mechanisms of
CHF at high velocity and subcooling are not yet
understood. Therefore, the authors wish to call the
proposed model a rationalization of those existing,
as it is based on the same physical evidences, while
proposed modifications are deduced on a rational
basis.

3. THE PROPOSED CHF MODEL

The basic assumptions which the proposed model
is based on are exactly the same used by Lee and
Mudawar [8] and by Katto [9] (liquid sublayer dryout
model) ; also, some of the definitions reported below
are borrowed from them. The reference flow con-
figuration is schematically illustrated in Fig. 1. A thin
clongated bubble, called ‘vapour blanket’, is formed
as a consequence of coalescence of small bubbles ris-
ing along the near-wall region as vertical distorted
vapour cylinders. The vapour blanket is overlying a
very thin liquid sublayer adjacent to the wall, and
CHEF is assumed to occur when the liquid sublayer
initial thickness, J, is extinguished by evaporation dur-
ing the passage time of the vapour blanket, t = Ly/ Uy,
where Ly and U, are the length and velocity of the
vapour blanket, respectively.

As assumed by Lee and Mudawar [8], the cir-
cumferential growth of a vapour blanket is strongly
limited by adjacent blankets. It is therefore reasonable
to assume the equivalent diameter of each blanket,
Dy (i.e. its thickness) as approximately equal to the
diameter of a bubble at the departure from the wall.
It is assumed that departing bubbles may coalesce into
a distorted blanket that stretches along the fluid flow
direction (due to vapour generation by sublayer evap-
oration) and keeps almost a constant equivalent diam-
eter (thickness). A continuous blanket may be formed
along the inner wall of the tube, as a consequence
of circumferential blankets merging. Vapour blanket
velocity, Uy, is obtained by superimposing the liquid
velocity, calculated using the velocity universal
profile, and the relative blanket velocity, with respect
to the liquid, deduced from a forces balance applied
to the blanket (buoyancy and drag) [8].

Vapour blanket length, Ly, is postulated to be equal
to the critical Helmholtz wavelength at the liquid—
vapour interface [8, 9].

Vapour blanket can develop and exist only in the
near-wall region where the local liquid temperature is
above the saturation value. Considering the tem-
perature distribution from the heated wall to the
centre of the channel, it will exist a distance from
the wall at which the temperature, decreasing as we
proceed towards the centre of the tube along the
radius, is equal to the saturation value at the local

pressure. We define this distance as ‘superhcated layer’
and indicate it with y*, as illustrated in Fig. 2. For a
distance from the wall greater than y*, the blanket
(and each single bubble) will collapse in the subcooled
liquid bulk. Considering also that the vapour blanket
is pushed towards the centre of the tube by the velocity
gradient, we assume that the vapour blanket location
in the superheated layer is such as to occupy the region
closer to the saturation limit, i.e. as far as possible
from the heated wall, but within the superheated layer,

y*. The liquid sublayer thickness, J, can therefore be

calculated as the difference between the superheated
layer, y*, and the vapour blanket thickness, Dy.

This basic assumption, based only on a physical
consideration, is the main difference between the pro-
posed model and those proposed by Lee and Muda-
war and by Katto.

3.1. Length of vapour blanket

As discussed above, the liquid sublayer is generally
very thin, and it can be roughly assumed to rest on
the wall, while the blanket flows at the velocity Uy. It
is then postulated that the mean vapour blanket
length, Ly, is equal to the critical wavelength of
Helmbholtz instability of the liquid—vapour interface,

and is given by :
2

Ly = ,,fq(f,]lifj E),. (D
pv Ui

This is the same procedure and expression used by
Lee and Mudawar [8] and by Katto [9].

SUPERHEATED
LAYER

Tsat | _ _ £

M)

FiG. 2. Schematization of the superheated layer, i.e. the
two-phase layer.
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3.2. Velocity of vapour blanket

As reported by Lee and Mudawar [8], the velocity
of the vapour blanket in vertical turbulent flow can
be obtained by a forces balance, i.e. buoyancy and
drag forces:

n ,aD3
D3 Loglou~pv) = 4o ColUn=Un)* 5> (D)

where Cy, is the drag coefficient and Uy~ Uy is the
relative velocity of the blanket with respect to the
liquid at a position corresponding to the centreline of
the blanket, given by :

2Ly g(p — p_@)"' : 3

Up—Up = (—;:‘50“

The drag coefficient, Cp, is calculated using the equa-
tion recommended by Harmathy [33] and Ishii and
Zuber [34] for a deformed bubble, the motion of which
is determined by buoyancy and surface tension forces,
given by :

Dy

o 0.5
(Q(PL"P—.\T)-)

For the evaluation of the vapour blanket equivalent
diameter, or thickness, Dy, the model proposed
by Staub [35], is used based on a balance of forces
to growing bubbles attached to the heated surface, to
approximate the diameter of bubbles at departure. In
the model, the bubble is considered to detach from
the surface when dislodging forces overcome adhesive
forces. Among the several forces acting on the bubble
(surface tension force, dynamic force due to the
momentum change of the liquid resulting from the
growing bubblé, drag force, buoyancy force, dynamic
forces due to the liquid inertia and to the evaporating
vapour thrust), Staub considered surface tension force
{adhesive) and drag force (dislodging) to be the domi-
nant, and the balance of such forces yields the fol-
lowing expression for Dy

Co =

“

W

_ 24P,
Dy=" g ®)

where £ is the contact angle, and f{f) is a function
that depends only on contact angle. An approximate
value for f(f) of 0.02-0.03 for water was rec-
ommended, and f(f) = 0.03 is used in the present
model.

The friction factor, f, is calculated using the
Colebrook-White equation combined with Levy’s
rough surface model [36], recommended for highly
subcooled nucleate boiling, In fact, the pressure drop
gradient will increase in the proximity of the CHF, as
the bubbles cause an increased surface roughness, but
the coolant will still behave as a single-phase fluid.
The expression for the friction factor is given by :

1 g 935
N 1.14—2.0log (5 + ’1};'\’/7) ©

where & is the surface roughness that has been shown
to be close to 0.75Dy, D is the inner tube diameter,
and Re is the Reynolds number. Considering that

F(B) = 0.03 and & = 0.75D5, the above equation, mak-

ing use of equation (5), becomes

1 0.720p, 935
~~~~~ - = 1,14—2.010g (W*{" ) (7)

Jf Rey/f

Note the dependence of the friction factor on the
surface tension. The solution of this equation for the
friction factor requires iteration.

Turning to the calculation of U, equation (3), it is
now necessary to calculate Uy, , i.e. the liquid velocity,
U, , at the centreline of the vapour blanket. The liquid
velocity, Uy, for a turbulent flow in a tube as a func-
tion of the distance from the wall, y, can be rep-
resented by the Karman velocity distribution as

U =y* 0yt <5 (8)
Uf =50lny" =305 5<y* <30 9)
U =25Iny*+55 y* 230 (10)
where

UT
y+ =yN—pLa Tw =
L

Calculating Uy, as the mean liquid velocity, U, at
distance y = é+ Dy/2 from the wall using equations
(8)—(10), and rearranging equation (3), the vapour
blanket velocity, Uy, is given by

2L8g(pL—pv>)‘” ( DB> G?

Up=| ——2 1 +0.125f1 64+ —

8 ( e Cp f 2 /pin
(11a)

o Co

X {In [0.354;?-\0‘ (6-!— P;)]~0.61} (11b)

2Ly g(pL —m))“‘s G
Ug=|——2——1 +0884 e
8 ( o Cp \/f Fr

x {m |:0.354#G\/f (5+ %‘iﬂuz.z}. (11c)

The procedure adopted for the calculation of the
vapour blanket velocity is the same as in Lee and
Mudawar [8], while the equations used for the evalo-
ation of the blanket equivalent diameter, or thickness,
and the friction factor are different. Those used in the

2L — 05
Up = <,___M> +1.768\/f§“
L
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Lee and Mudawar model are not suitable for the
operating ranges for which the present model is
derived.

3.3. Initial thickness of liquid sublayer

As already discussed, the thickness of the liquid
sublayer is calculated as the difference between the
superheated layer, y*, and the vapour blanket thick-
ness, or equivalent diameter, Dy

5 = y*— Dy, (12)

As Dy can be calculated by equation (5), it is now
necessary to calculate the distance from the wall at
which the temperature is equal to the saturation value.
The temperature T at a given distance from the wall
», can be obtained using the temperature distribution
for turbulent flow in a tube, as proposed by Martinelli
(371

T,—T=QPry*

To—T= SQ{Pr—Hn [1 +Pr <’V5+ — 1)]}

5<yt <30 (14)

0<y <5 (13)

T.~T= 5Q[Pr+1n(l +5Pr)+0.51n (}3())]

yt =30 (15

where T, is the wall temperature, Pr is the liquid
Prandtl number, y™* is defined above, and @ is a group
defined as a function of the local heat flux, ¢", the
liquid specific heat, C,,. and the friction velocity, U,

Q=——0. (16)

As the wall temperature 7, is not known (it can only
be calculated using empirical correlations), the cal-
culation of the temperature distribution is based on
the exit average temperature of the fluid, 7,,. This
latter is calculated, for a given heat flux ¢”, by the heat
balance in the fluid
q'S
T, Tm+GCL a7n
where T;, is the liquid inlet temperature, § is the heat
transfer surface (S == D L), and I is the mass flow
rate. The average temperature 7,,, obtained from
equation (17), can be put equal to that calculated
using equations (13)—(15)

5 25

_ 5 B y+(R)—-3O
Tn=Simy Tm 5 my T

A S T
Torm

(13)
being

E
Tw = SJ T(yH)ydy® 0<y* <5 (19)
0

1 30
T = ~= +ydy-
m2 25 5 T(,} )dl

] vH(R)
Ton= o T+ dy
T (R) =30 L) () dy

5<yt <30 (20

P =30 (2N
and R the radius of the channel. In equation (18), T,
is the only unknown and, therefore, it can be deter-
mined. Once T, is known, it will be possible to cal-
culate the distance from the wall y at which the liquid
temperature is equal to the saturation value at the
local pressure, 1.e. the superheated layer y*. Now,
calculating Dy from equation (5), and from the knowl-
edge of y*, it is possible to calculate the liquid sublayer
thickness J from equation (12).

This procedure is different from the Lee and Muda-
war and Katto models, and allows us to obtain the
wall temperature directly from the heat balance, with-
out making use of empirical correlations for the evalu-
ation of the heat transfer coefficient as well as of
empirical constants.

3.4. Critical heat flux
The critical heat flux, ¢¢ye, is calculated according
to the procedure proposed by Katto [9]. The minimum
heat flux necessary to extinguish a liquid sublayer of
initial thickness d by evaporation during the passage
time 7 of a vapour blanket having a velocity Uy and

alength Ly, is
qine = &TiA = ﬂ[L: . Uy

(22)

where p, and A are the liquid density and the latent
heat of vaporization, respectively, both calculated at
saturated conditions. Thus, for given geometric and
inlet thermal hydraulic conditions, and local pressure
p. the critical heat flux g¢y; can be predicted by an
iterative procedure through the foregoing equations
(1), (4), (5), (7)-(18) and (22).

4. VERIFICATION OF THE CHF MODEL

To verify the accuracy of the proposed model, a
CHF database recently gathered by authors under
operating ranges typical of fusion reactor thermal
hydraulics was used. The data set [39-59] was based
on 1888 data points and was detailed in ref. [4], where
it was used by the present authors to assess existing cor-
relations and models for the prediction of water sub-
cooled flow boiling CHF at high liquid velocity and
subcooling. The database covers the following operating
ranges: 0.1 <p <84 MPa; 03<D<254 mm;
00025<L <06l m; 1G9 Mg m * s ':
25 € AT o < 255 K.

Figure 3 shows a comparison of calculated vs exper-
imental CHF, using the above data set. About 91%
of data points are predicted within +30%, with a
r.m.s. of 17.2%. This is a good performance, also
taking into account the wide operating ranges of the
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F1G. 3. Calculated vs experimental CHF using the whole data set [39-59].

data set. With reference to the results reported in ref.
{4], a comparison between the performances of the
Katto model [9] and of the present model has been
accomplished. The percentage of data points cal-
culated with a given error band (%) is plotted in Fig.
4 against the error band for the two models. The
proposed model provides better predictions than the
Katto model all over the error band range, with par-
ticular emphasis to the region 1 10-30%. The present
model shows also a better global r.m.s. than the Katto
model (24.5%). A comparison of the different per-
formance with the single data sets, in terms of r.m.s.,
1s reported in Fig. 5 for the two models.

There is also another significant difference between
the two models regarding the number of data points
that they are able to predict. While the proposed
model is able to calculate all the 1888 data points, the
Katto model fails for 961 data points (50.9%). They
are discarded because the calculation procedure of the
Katto model requires the void fraction in the boiling
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Fi1G. 4. Percentage of data points predicted within a given
error band vs the error band, for the present model and the
Katto model [9].

layer be less than 0.7. This condition is matched when-
ever the inlet subcooling is medium/low and is associ-
ated with low liquid velocity. This is the limit con-
sidered by the author for the validity of the as-
sumption of homogeneous flow in the near-wall,
two-phase boundary layer. For conditions where a
void fraction higher than 0.7 is predicted in the cal-
culation procedure, the model cannot calculate the
CHF. Figures 6-10 show the ratio between calculated
and experimental CHF vs thermal hydraulic con-
ditions (G, p, x.,) and geometric parameters (L and
D), to ascertain possible systematic effects in the
model behaviour. A slight underprediction of the
CHF can be observed for a mass flux lower than 2
Mg m~2s™', however, in a region where the CHF is
not high (Fig. 6) that is beyond the purposes of the
present work. No systematic effect of the pressure is
observed (Fig. 7), while a significant underprediction
of the CHF is shown for few data points with exit
conditions close to saturation (Fig. 8). It is obvious
that approaching the saturation conditions, the
assumptions made in the construction of the model
may not hold any longer, and the model shows a
systematic error. Geometric parameters (L/D and D)
do not show any systematic influence on the model
predictions (Figs. 9 and 10).

5. PARAMETRIC TRENDS

It is of interest to verify the parametric trends of
the model for the subcooled CHF. This latter is a
function of thermal hydraulic conditions (mass flux,
pressure and subcooling) and geometric parameters
(channel diameter and length). The parametric trends
of subcooled CHF at medium/low pressure, very high
mass flux, high and very high subcooling, and small/
very small tube diameter, typical of fusion reactor
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Fii. 11. Mass velocity effect on CHF.

thermal hydraulics, as reviewed by Celata [1], can be
surmarized as follows.

e CHF increases as mass flux increases.

o CHF is practically independent of pressure.

¢ CHF increases with increasing degree of sub-
cooling.

e CHF increases as tube diameter decreases.

Figures 11-14 show the calculated and the exper-
imental CHF vs mass flux, pressure, inlet subcooling
and exit quality, and tube diameter, respectively, for
typical data points selected from the data set. Figure
11 shows that the model provides the same observed
experimental trend of CHF vs mass flux, for a wide
range of G [42]. The negligible dependence of CHF
on exit pressure is matched by the model at low press-
ure [47] and medium pressure [40], as shown in Fig.

12, The almost linear dependence of the CHF on the
liquid subcooling is verified in Fig, 13, where the CHF
is plotted vs inlet subcooling [38, 40] (top figure) and
exit quality [38, 40, 48, 49, 51] (bottom figure). The
dependence of the CHF on D at small diameters is
well predicted by the model, together with the inter-
relation between tube inside diameter and liquid
velocity as shown in Fig. 14.

The parametric trends shown in Figs. 1i-14,
demonstrate that the proposed model is very accurate
in predicting independent CHF variations with
respect to mass flux, pressure, liquid subcooling and
channel diameter.

Finally, to give an idea of the order of magnitude
of the several parameters involved in the CHF cal-
culation, Fig. 15 shows the normalized data of the
predicted CHF, the vapour blanket velocity Uy, the
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F1G. 12. Pressure effect on CHF.



CHF of subcooled flow boiling

357

60.

T T T T T T
u [m/s] Xex [~] Ref. \’ 8 &
X 10.0 -0.10 [401 a :
20.0 -0.10 1401 o °
s0.-| 40.0 -0.15 138,401 o -
p=0.8Ma; D=2.5mn o
- |_Present model ] b
b3
~ 40,1 _
=
3 L ° W
z
T 301 o ﬂ
Q
20. ° Q o o ~
1
L a oo J
10 wli] . ] \ i A 1 .
’ 100. 120. 140, 160. 180.
Msub,in X)
120. . T : T : ——— : :
u fm/s]l D lmm] p [MPal Ref.
r x 6.1 6.6 0.20 [48] ol 1
100 } * 50.0 0.5 1.14 [49,511 | _|
: 10.0 2.5  0.80 ([40] v
20.0 2.5 0.80 [40] ol
{ 40.0 2.5 0.80 [38,40] &
80. — Present model ] T
.
2 601
- L a ]
T A A%
40. |- ~
L B\qgu\ o
20, @\WW\ Qo -
I v ]
0 . L . ] . ! S .
~0.25 -6.20 -0.15 ~0.10 -0.05 0.00
Xex [-]
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wall temperature T, the initial liquid sublayer thick-
ness J, the length of the vapour blanket Lg, and its
equivalent diameter Dy, as a function of mass flux for
data reported in ref. [42] (top figure), and as a function
of pressure for data reported in ref. [40] (bottom
figure).

6. CONCLUSIONS

A rationalization of existing liquid sublayer dryout
models has been accomplished, focusing the pro-
posed new model on physical mechanisms typical of
the CHF in subcooled flow boiling at high liquid
velocity and subcooling. Similarly to the Lee and
Mudawar [8] and Katto [9] models, the proposed
model is based on the observation that, during fully
developed boiling, a vapour blanket forms in the vicin-
ity of the heated wall by the coalescence of small

bubbles, leaving a thin liquid sublayer in contact with
the heated wall beneath the blanket. The CHF is
assumed to occur when the liquid sublayer is extin-
guished by evaporation during the passage time of the
vapour blanket. The rationalization process allowed
us to eliminate any empirical constant present in Lee
and Mudawar, and Katto models.

The proposed model has been tested on a wide data
set of 1888 data points [39-359], covering the following
ranges: 0.1 <p <84 MPa; 03< D <254 mm;
0.0025<L <061 m; 1<G<90 Mg m~? s ';
25 € AT ;0 < 255 K. The comparison with exper-
imental data showed a good precision, 86% of data
points predicted within +25% (91% within +30%),
with a rm.s. of 17.2%. The analysis of parametric
trends demonstrated the good accuracy of the model
with regard to variations of mass flux, pressure, sub-
cooling and tube diameter.

The proposed model is particularly useful in the
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thermal hydraulic design of fusion reactor high heat
flux components.
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APPENDIX: CHF CALCULATION PROCEDURE

Input parameters G, p,, D, L, T;,.
Assume a value of g. Necessary physical properties are:

Cors Koy pies 20 po, pon o

Where not specified, physical properties are calculated at

saturated state at p,,.

q'S 5 25

T =TT -
m+rCPL T (R) ""+;'*(R)

PR =30

m3d

Toat "~
YR

where C,; 1s calculated at (7, +T7,)/2 and T,,. T, and
T, are calculated from equations (19) (21) using the
temperature distributions:

T,—T=0QPry" 0<gy*<5

o
T, T= SQ{PH—IH [1 +Pr ("‘—5—7 - 1)}} S<yt <30

s b
T,—T = 5Q|:Pr+1n (1+5Pr)+0.51n (;O)J =30

q
Q pL Cor, U~
In the above temperature distribution equations, C, is cal-
culated at saturated conditions at p,,. From the above cal-
culation T, is obtained. Using the above temperature dis-
tribution equations it is possible to calculate y*, that is the
value of the distance from the heated wall, y, at which the
fluid temperature is equal to the saturation value at p,,.
Calculation of Dy:

2af(f)p
Dy =70
where (/) = 0.03 and the friction factor f comes from

I 72 9.3
——=1.14—-20log <0_7 0’3" /5 >
IDG* " Re(f

/
v

Calculation of ¢ :

Calculation of Cpy:

VP
(fq(? - iw))
Calculation of Uy and Ly (linked with each other) :

2L _ 0.5 D G:
Uy = ( ﬂﬁlﬂ) +0‘125f<5—“>
0. Cp 2 Jpuik

e = <2La 9(pr —m))" ’
B — - A :
. Co

G G D
+1.768./f — {m [0.354 — V/f<5 + ~“>} - 0.61}
4 M 2

U, = <2LB g(pL— Pv))” ;
" . Co

.G G D
+0.884./f {m [0_3547 V/_f<5+ : ")}2.2}
148 H 2

where Ly is given by
_2raleytm)

ov e Ug
Calculation of ¢%:

HE = Us.
qour L B

The condition of critical heat flux, g(yr, is reached when
9\ = 45



