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Abstract

This study presents a new analytical model for the prediction of the critical heat flux (CHF) in water saturated flow
boiling in round vertical and uniformly heated pipes. The CHF is assumed to occur in annular flow when the liquid film
vanishes at the exit section of the heated channel. Channel pressure drop is calculated using the Friedel correlation.
Liquid film flow rate is obtained by a balance of liquid entrainment and droplet deposition. Two mechanisms are
considered in the calculation of the entrainment: liquid—vapour interfacial waves and boiling in the liquid film. The
model CHF prediction values are compared with a data set of 5159 selected experimental points for water, showing a
good agreement both in precision and in accuracy for liquid quality in the range 0.2-1.0. © 2001 Elsevier Science Ltd.

All rights reserved.
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1. Introduction

The critical heat flux (CHF) is an important design
limitation for many industrial boiling systems and is
crucial for safety operations of water cooled nuclear
reactors. A remarkable feature of the CHF in saturated
flow boiling is that in many applications, it occurs in
annular flow regime. Annular flow is a particularly im-
portant flow regime, since it occurs along the major part
of the vapour quality range (roughly from around 0.1 up
to unity), for a wide range of pressure and flow con-
ditions. Under this regime a liquid film covers the sur-
face of the heated tube, and while vapour with entrained
droplets flows in the central core. The CHF occurs when
the liquid film on the heater dries out. Therefore, the
CHF in this region is referred to as dryout. Several
models such as the Whalley et al. [1], Saito et al. [2] and
Sugawara [3] have been developed to calculate the CHF
using empirical correlations for droplet entrainment and
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deposition. These models are successful in predicting the
CHF for many practical conditions. It turned out,
however, that they overpredicted the CHF for short
tubes. The present model, based on the model of
Mishima et al. [4], which has been initially developed for
water at atmospheric pressure, is extended over a wide
range of tube geometry and inlet conditions.

2. Analytical model
2.1. Reference conditions

The two-phase flow reference conditions at the CHF
in the heated channel are represented in Fig. 1. The
channel is assumed to be uniformly heated. There are
three main heat transfer regions: single phase flow re-
gion, subcooled flow boiling region and saturated flow
boiling region. Generally, in the saturated flow boiling
region, the flow pattern varies from bubbly, to slug, to
churn and finally eventually to annular flow. The an-
nular flow regime is characterised by the presence of a
liquid film flowing on the heated wall, a vapour core
stream in the centre of the channel, and entrained
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Nomenclature

A area (m?)

Cp specific heat at constant pressure (J kg ™' K™)
d droplet deposition rate (kg m™ s)

D tube diameter (m)

D, vapour bubble diameter (m)

e droplet entrainment rate (kg m™> s~')

E fraction of liquid flowing as droplets in the
vapour core

ey wave droplet entrainment rate (kg m™> s~')

ep boiling droplet entrainment rate (kg m > s™')

E, equilibrium entrainment fraction

f friction factor

f(B) function of contact angle S introduced by
Staub [10]

Fr Froude number G?/(gDp?)

G mass flux (kg m 2 s')

g gravitational acceleration (m s~2)

h heat transfer coefficient (W m™> K™')
i enthalpy (J kgfl)

k thermal conductivity (W m~" K™')

j volumetric flux or superficial velocity (m s™')
Nu viscosity number

p pressure (MPa)

q’ heat flux (W m™?)

Re Reynolds number GD/u

T temperature (°C)

u velocity (m s7!)

ut non-dimensional velocity

vt non-dimensional distance

w liquid mass flow rate (kg s™)

We  Weber number G*D/(po)

b steam quality
Z channel length (m)

Greek symbols

o void fraction
p liquid contact angle
0 liquid sublayer thickness (m)

ATsal Twall - Tsat (K)

& surface roughness (m)

A latent heat of vaporisation (J kg™")

u dynamic viscosity (kg s™' m™)

n non-dimensional parameter used in the Ishii
Mishima correlation

P density (kg m™?)

prp  homogeneous density (kg m™)

g surface tension (N m™")

T shear stress (N m™2)

@y, Friedel two-phase multiplier

Subscripts

ex pertains to the exit conditions

exp  experimental value

Fri parameters of the Friedel correlation

in pertains to the inlet conditions

1 pertains to the liquid phase

le pertains to the entrained liquid phase
If pertains to the liquid film

m mean value

ONB onset of nucleate boiling

sat pertains to the saturated conditions
SP pertains to the single phase conditions
sub  pertains to the subcooled conditions
v pertains to the vapour phase

droplets in the vapour core. The liquid film flow rate
decreases along the heated channel due to the liquid
evaporation and droplet entrainment. Under these
conditions, and for uniformly heated conditions of the
channel, CHF occurs when the liquid film flow rate is
reduced to zero and the heated wall dries out at the
channel outlet.

The pressure drop of in the heated channel is evalu-
ated by taking into account of pressure losses in each
region represented in Fig. 1. For each region the most
appropriate pressure drop calculation method has been
chosen.

2.2. Flow regions boundaries

In order to perform the pressure drop calculations in
each flow region (Fig. 1), it is important to define the
boundaries and the extensions of the different regions. In
Fig. 1, the extension of single phase flow, subcooled flow
boiling and saturated flow boiling regions are indicated,
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Fig. 1. Two-phase flow patterns in the heated channel.
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respectively, with Zsp, Z, and Z,. For the calculation
of Zsp, Zsu, and Zg,,, the following well-known equations
are used in the model.

The boundary between the single phase and the
subcooled flow boiling regions is located in the point,
where wall temperature (7Ty.;) exceeds the value typical
for the onset of nucleate boiling:

Twal] > Tsat + |ATsal|ONB7 (1)

being Ty, the liquid saturation temperature and
|AT;at|ONB = TONB - T;at (2)

is the superheat necessary for nucleation incipience.
Wall temperature can be calculated with

" 4 //Z
T+ T4+ 22

Tyan (Z) = ) (3)
h  GepD
P!

where / is the single phase heat transfer coefficient given
by the well-known Dittus—Boelter [5] correlation. The
wall superheat at the onset of nucleate boiling,
|AT | ong- 1S calculated with the Bergles and Rohsenow
correlation [6]:

q// pO 0234/2.]6
|ATlong = 0-555 <W @

where p (bar), ATy, (K), ¢" (W m~2). Re-arranging Eqgs.
(3) and (4) it is possible to obtain the following expres-
sion for the single phase length Zgp:

GCPID

Zsp = ((Tsat + ‘ATSM‘ONB) - (Ti" + q”/h)) 4q” ' (5)

In the subcooled flow boiling region, the local liquid
quality is

(Z) _ 461// il.sat - il,in
DAG A ’

where i, and iy;, are the local saturation enthalpy and
the inlet liquid enthalpy, respectively.

The boundary between the saturated and the sub-
cooled regions is the location along the channel where
the quality is zero. Therefore the length of the subcooled
flow boiling region is given by the following expression:

Zgip = |Zl,—g — Zsp- (6)
Knowing the extensions of single phase and subcooled

flow boiling regions, the length of the saturated flow
boiling region is calculated with

Zsat =7Z- Zsub - ZSP~ (7)
2.3. Pressure drop calculation

The total pressure drop in the heated channel is cal-
culated using the following equation:

Ap = Apsp + Apab + Apgat- (8)

Each term in the above equation refers to the dif-
ferent regions represented in Fig. 1. In the single phase
region the pressure drop is evaluated using integrating
from 0 up to Zsp (see Fig. 1) along the channel, the
following equation

dPSP

= foz—+ P& 9)

2Dp

The friction factor f; is fy = f(ttyan/t)"> - This correc-
tion is proposed by Kays and Crawford [7] accounting
for the temperature effect on the liquid viscosity. The
friction factor f, is that obtained using the Blasius
equation f = 0.3164Re~ ">, while pu,,; is the liquid vis-
cosity evaluated at wall temperature while, and g, is the
liquid viscosity at the bulk temperature. The term p,g, is
the static head pressure.

In the subcooled flow boiling region, the pressure
drop is calculated as integrating the following expression
from Zsp up to Zgp:

dpsub
= f— . 1
& Sy 2D, P8 (10)

In this equation the friction factor fis evaluated using
the Colebrook—White [8] equation combined with the
Levy’s [9] rough surface model for subcooled flow
boiling, i.e.:

1 ¢ 935
7:1.14—210g,0(5+w), (11)

where the surface roughness ¢, as suggested by Levy, is
assumed to be as ¢ = 0.75D,, and where D, is the de-
parture vapour bubble diameter calculated using the
Staub model [10]:

_ 2 af (B)p
e

Dy (12)

Here, o is the surface tension, and f(f) is a function of
the liquid contact angle f; for water Staub suggested
f(B) =0.02 to 0.03. In the present model f(f) = 0.03 is
used.

In the saturated flow boiling region pressure drop
Apg.. 1s calculated using the Friedel [11] correlation.
According to Lezzi and Niro [12], who compared dif-
ferent pressure drop correlations with experimental
pressure loss measurements under CHF conditions in
water saturated flow boiling, the Friedel correlation
provided the best performance.

In the saturated flow boiling region the pressure drop
Apy, 1s calculated by integrating from Zy, up to Z the
following equation:
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dpsat G2 9 2 d X2 (1 — x)2

—f— @ Il I SV

e T R L T [ Y
+g(ap, + (1 —a)py) (13)

being the first term f£(G*>/2Dp,)®%, the frictional
pressure drop. In Eq. (13), f; is the friction factor cal-
culated as the mass flow is completely liquid and @, is

the Friedel two phase multiplier:

3.24F; Hry
5 Frif IFri
&, = Epyi +W7 (14)
Eri = l—xz-ﬁ-xz(pl—fv)

FFri _ x0,73(1 - x)().zzt7

0.91 0.19 0.7
e (27 03)
Pv M H (16)

G? G

Fr=———, e = ,
gD/’%P 1%vig

where f, and f; are the friction factors for the total mass
flux flowing with vapour and liquid properties, re-
spectively, and prp is the homogeneous model density

= ( x N 1-— x) -
w Py g1 ’
In the accelerational term,
2
G (2, 0=9")
dz\ap, (1—0a)p
and in the static head pressure term, g(ap, + (1 — o)p,),

the void fraction « is calculated with using the classical
equation:

SEN o

where the slip ratio s is given by the correlation of
Premoli et al. [13].

2.4. Liquid film flow rate

In diabatic annular flow, some complex mass transfer
phenomena occur at the liquid-vapour interface of the

Liquid Film 4 @ d Liquid Droplet

o9 e “qﬂ\ ,.,/ Dryout
NN /

Heated Wall

Vapour Bubble

Fig. 2. Liquid film and dryout location.

liquid film. As is shown in Fig. 2, liquid droplets are
continuously entrained from the liquid film into the
vapour core, while, at the same time, some liquid
droplets are deposited on the liquid surface. Besides, the
vapour core is supplied with the liquid evaporated at the
liquid-vapour interface and with the vapour bubbles
due to the boiling process in the liquid film. Based on
these observations, the liquid film flow rate can be cal-
culated, as a function of the distance z along the chan-
nel, with the following equation (see also [14]):

dVVlfﬁ q'
dZ—nD(d e=7) (18)

where wy is the liquid film mass flow rate, d is the liquid
droplets deposition rate per unit area, e is the liquid
droplets entrainment rate per unit area, ¢” is the heat
flux and A is the latent heat of evaporation.

The droplets deposition rate, d, is calculated with the
equation given by Kataoka and Ishii [15]:

D 0.26
D _ 20pe™ (’i) B, (19)
I 10}

where w; and g, are the liquid and vapour viscosity,
respectively, Re is the liquid Reynolds number, and E is
the fraction of liquid flowing as droplets in the vapour
core.

The droplet entrainment rate, e, is calculated con-
sidering the contribution of two different mechanisms of
droplets formation: breakup of disturbance waves and
boiling in the liquid film. According to Kataoka and
Ishii [15], droplet entrainment is mainly attributed to the
breakup of large disturbance waves on the liquid—
vapour interface. Regarding the second mechanism of
droplet formation, according to Mishima et al. [4], burst
of boiling bubbles in the liquid film may cause droplet
entrainment at sufficiently high heat fluxes. Since CHF
reaches relatively high values, especially for small L/D
ratios, considerable amount of liquid may be entrained
in the vapour core by this process. Therefore, droplet
entrainment rate e, is the sum of two quantities, such as
ey (entrainment due to disturbance waves) and e (en-
trainment due to boiling in the liquid film): e = e,, + ep.

The wave entrainment rate e, is evaluated by with
the following equations [15]:

if E/E.. <1, D _ 072 % 10°Re} *We(l — E,.)*”
H
x (1 —E/Ey) (20)
p ewD 074 v\ 074
if E/E, > 1, 22 = 0.22Re! 7 & E% (21)
15} Iz}
if Reyy < Rejeey = 07 (22)
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where E = (ji — jir)/ji is the fraction of liquid entrained
in the vapour core, E,, is the equilibrium entrainment
fraction [16], E,, = tanh(7.25 x 1077y), 5 is a non-di-
mensional parameter n = We!®Rel?, We is the Weber
number for entrainment,

o — PP (Ap 1
a \p /)’
Re is the liquid Reynolds number,
Rei — G(1 —x)D7
H

and Rey is the liquid film Reynolds number:
G(1-=x)(1-E)D

I .

Relf = (23)

The minimum liquid film Reynolds number, Rey,
below which no droplet entrainment due to superficial
waves occurs [17], is given by:

y+ 1.5 p 0.75 L 1.5
Repe = [ =—=—— a 29, 24
o (0347) (pv) (ul) @)

where y* is the non-dimensional distance associated
with the onset of the entrainment. For the present
model, y* is equal to 10.

The boiling entrainment rate eg can be calculated
from the correlation of Ueda et al. [18], who studied
falling liquid films on heated vertical tubes:

" 0.75
@t _ 477 102<q2ﬁ) . (25)
" )\, O,pv

The liquid film thickness, d, is calculated using the
von Karman [19] universal velocity profile and assuming
no bubble present in the liquid film.

2.5. Liquid film thickness

The liquid film thickness ¢ is calculated through the
evaluation of the mean liquid velocity in the liquid film.
Assuming a first attempt value for the liquid film
thickness 0, it is possible to calculate the mean liquid
film velocity in two different ways: by integrating the von
Karman universal velocity profile in the film thickness,
and by the mass balance in the film flow where mass flow
rate is evaluated with Eq. (18).

For the calculation of the liquid film mean velocity
with the universal profile the following assumptions are
made:

1. the liquid film thickness is small in comparison with

D;

2. the shear stress is constant through the liquid film
and equal to the wall shear stress;

3. the whole liquid phase flows in the liquid film on the
heated wall. The von Karman velocity profile is given
by the following well-known equations:

ut =yt 0yt <, (26)
ut =5In(y*) —3.05, 5<yt <30, (27)
um=25In(y")+55, »y > 30, (28)
where
fulzfpl Tw 03 u
w = ; U‘E = - ) t=— 29
8 P1 ! UI ( )
U, 1 - 1
gt = 2P uu:G( x)_ (30)
My l—o/p

In the above equations, u™ is the dimensionless liquid
velocity, y* is the dimensionless distance from the wall,
1y is the wall shear stress, and f is the friction factor
calculated with the Blasius equation f = 0.3164Re%3,
where Re = (jiDp;)/w, being j; the liquid superficial
velocity.

For a given value of the liquid film thickness J, Eqs.
(26)—(28) allow to calculate the mean liquid velocity in
the liquid film, u,, with the integral

5+

1 [
u]?m :(Sj/o utdyt. (31)

The value of 6" is given by y* equation with y = 6.

On the other hand, with the same thickness value o
above introduced, it is possible to calculate the mean
liquid velocity with the mass balance uyy, = wir/Airp),
where wy is the film mass flow rate evaluated with Eq.
(18) and Ay = (n/4)(D* — (D — 26)) is the area occu-
pied by the liquid flowing in the film with ¢ as thickness.
So, as already said, given a liquid film thickness value,
the mean liquid film velocity can be calculated with two
equations: one from the universal velocity profile and
the other one from the mass balance in the liquid film
with mass flow rate given by Eq. (18). According to an
iterative procedure, when the two equations for the
mean liquid film velocity evaluation give the same value,
the corresponding o is assumed to be the actual liquid
film thickness.

2.6. Flow regime transitions in saturated flow boiling
region

In the present model, the criterion of the flow regime
transition to annular flow is that proposed by Mishima
and Ishii [20]. The transition from churn to annular flow
(Fig. 1) occurs with collapse of liquid slugs associated
with the formation of large disturbance waves and the
onset of droplet entrainment. Annular flow is assumed
to start when

) O'gAp 0.25 0
Jv = N ™ (32)

M

p?
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Table 1

Summary of CHF experimental values
Name No. of pex (bar) G (kgm™ s) Tn (°C) D (mm) ZID QG KW m™2)  xy

exp. pts.

Becker [24] 1884 2-100 100-8200 -25-270 3.9-25 3-380 500-52,000 0.0-1.0
Beus [25] 130 27-160 425-4660 90-315 9.5 194 388-4073 0.0-0.9
Kureta [26] 972 1.0 10-19,000 6-100 1.0-6.0 1-113 35-160,000 0.0-1.0
Lowdermilk [27] 551 1.0 27-34,000 21-100 1.3-4.8 25-250 167-41,600 0.0-1.0
Griffel [28] 402 34-70 350-2700 130-270 6-23.6 70-150 1600-3000 1.0
Macbeth [29] 1553 1.0-110 10-18,000 0.0-295 1-37.3 8.5-365 100-21,000 —-0.25-1
Waters [30] 1217 30-200 150-8000 4-315 10.0 100-300 250-5500 —-0.8-1

where N, is the viscosity number defined as
Po

—-0.5
( Vo/ghp > ’

where j, is the superficial vapour velocity, ¢ the surface
tension, g is the gravitational acceleration and Ap is the
density difference between the two phases. In a previous
study of Whalley et al. [21], the value for the entrain-
ment fraction starting point of annular flow is assumed
to be in the range from 0.9 to 0.99. Some existing data
on the variation of entrainment fraction along the
stream, however, indicate that the initial entrainment
fraction is rather small. Therefore, it is assumed here
that the initial entrainment fraction is only given by the
contribution from the boiling entrainment.

N,

W=

2.7. Dryout mechanism

According to Saito et al. [2], although the CHF oc-
curs when the liquid film is too thin and breaks down
into rivulets around dry patches, it is reasonable to as-
sume as the CHF criterion the vanishing of the liquid
film. Therefore, the CHF is reached when the liquid film
flow rate is zero at the exit of the heated channel (Fig. 2).

3. Results

In order to validate the model, a wide data set of
6709 CHF experimental points has been collected (see
Table 1). The model was tested only tested on those
experimental points (5159) which verify the following
conditions:

1. the flow regime is turbulent (Re > 2500);
2. the outlet exit quality is positive (xex > 0);
3. the flow pattern at the CHF is annular flow.

The annular flow regime is verified through the the
flow regime of Hewitt and Roberts [22], Taitel and
Dukler [23] and Mishima and Ishii [20]. The three
transition methods are adopted in order to avoid an
eventual low precision in flow pattern identification of a
single method, especially near the boundary between

churn and annular flow. For the flow regime identifica-
tion the experimental CHF value is used in calculations.

In Figs. 3-10, the ratio between calculated and ex-
perimental CHF is plotted versus thermal hydraulic
parameters (Xexp, Xout» G, Pouts Zann/Z) and geometric
parameters (Z/D, D).

Fig. 3. Calculated to experimental CHF versus experimental
exit quality Xeyp.

r PO S v Ky —]
X
[ >><<>X % ><><>(XX>§< X x x ]
L o4 ]
[ Xy ¥ oS X X o .
4 % % <% XX % <]
[ « X X x X x ]
[ X

- 3 r XX X X
= : P4
g r X 3

Fig. 4. Calculated to experimental CHF versus calculated exit
quality xoy.
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Fig. 5. Calculated to experimental CHF versus mass flux G. Fig. 8. Calculated to experimental CHF versus Z/D ratio.
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Fig. 9. Calculated to experimental CHF versus internal tube
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In Figs. 3 and 4 a sensible systematic effect of
the experimental and calculated liquid quality can be Fig. 10. Calculated versus experimental CHF on the whole
observed. In fact, in the case of the perfect model data set.
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prediction capability, these two graphs should have the
same trend. But, actually in the low quality region
there is a discrepancy between experimental and cal-
culated exit quality. In particular, the model shows the
tendency to overpredict the CHF calculation in the low
quality region (xoy < 0.2). In this region, even if the
flow regime is annular, the thermal crisis mechanism is
likely DNB type and the model assumption about the
Dryout mechanism looses its validity. On the other
hand, as the boundary between DNB and Dryout
CHF type regions is not clearly defined, it can be
reasonably placed in the lower quality region. There-
fore the model worst performance is concentrated in
this region. Later in the discussion, the model tendency
to overpredict the CHF in the low quality region will
be explained.

Mass flux (Fig. 5) seems to have a slight significant
influence on the model prediction capability for low
values. Exit pressure (Fig. 6) seems not to have an in-
fluence on the CHF prediction. Fig. 7 shows the relation
between the CHF calculation and the heated channel
length fraction, Z,,,/Z, where the annual flow occurs.
Most of overpredicted points are placed in the region of
small annular flow length (Z,,,/Z < 30-35%). When
annular flow regime occurs in a small portion of the
heated channel, the reference conditions adopted in the
model are no longer valid. In particular the liquid film
dryout mechanism is not completely appropriate in or-
der to describe the physical phenomena at CHF. In this
situation the liquid film thickness becomes thick and the
thermal crisis is probably influenced by the formation of
vapour bubbles in the liquid film. When the liquid film
thickness becomes thick, the present model gives ex-
aggerate CHF values, with calculated critical heat flux
values up to 30-40 times the experimental ones. In fact,
from mathematical point of view, the model increases
the predicted CHF in order to get smaller liquid film
thickness and the dryout at the channel exit. This situ-
ation typically occurs in the low quality region as shown
in Fig. 3.

Geometric parameters (Z/D and D) do not show
any systematic influence on the CHF prediction (Figs. 8
and 9).

Fig. 10 shows the global comparison of calculated
versus experimental CHF for all experimental points of
the data set. About 65% of all calculated data points are
within the error range +30% and the R.M.S. is about
270%. In order to give an assessment of the actual model
potential, it is convenient to consider the effect of the
annular flow length as above explained. The model
shows a quite good CHF prediction capability for
Zann/Z larger than >35%, with about 92% of data points
within the error range +30% and a R.M.S. of 28%.
Therefore, it is reasonable to consider the model appli-
cable for annular flow length higher than 30-35 % of the
channel length.

4. Conclusions

A new model for the evaluation of the CHF in
under saturated flow boiling conditions is proposed.
The flow regime at the CHF occurrence is assumed to
be annular flow. The condition that triggers the CHF is
when the liquid film vanishes at the heated channel
outlet (dryout). The model is tested over a data set of
5159 selected experimental points. The model shows a
quite good CHF predictive capability for those exper-
imental points where annular flow occurs in a portion
larger than 35% of the channel length (Z,,,/Z > 35%),
with about 92% of data points within the error range
+30% and a R.M.S. of 28%. Generally this situation
occurs in region characterised by vapour quality higher
than 0.2-0.3.

In those cases where annular flow occurs in a short
length, especially in low quality region, the thermal crisis
mechanism is DNB type and is different from that
(dryout) postulated in the model. In such cases the
model assumptions are not longer valid and the pre-
diction capability is poor.
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