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Abstract

A two-dimensional two-fluid numerical model is developed for the prediction of two-phase flow thermal-hydraulics on the shell side of
the kettle reboiler. The two-phase flow around tubes in the bundle is modeled with the porous media approach. A closure law for the
vapour–liquid interfacial friction is based on modified pipe two-phase flow correlations. The tube bundle flow resistance is calculated by
applying to each phase stream the correlations for the pressure drop in a single phase flow across tube bundles and by taking into account
the separate contribution of each phase to the total pressure drop. Physically based boundary conditions for the velocity field at the
two-phase mixture swell level are stated. The system of governing equations is solved numerically with the finite volume approach
for two-phase flow built in the commercial computer program. Simulations are performed for available conditions of performed physical
experiments. In comparison to the previous kettle reboiler two-dimensional modeling approaches, here presented model is original
regarding the applied closure laws for the interfacial friction and bundle flow resistance, as well as applied boundary conditions for
the modeling of two-phase mixture free surface. Also, regarding the previous published results, here obtained numerical results are com-
pared with the available measured data of void fraction within the tube bundle and acceptable agreement is shown.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Reboilers are widely used in the process industry for
vapour generation, while kettle reboilers are one of the
most common reboiler types [1]. Also, some developments
of horizontal steam generators for nuclear power plants are
based on the kettle reboiler design [2]. A typical design of
the kettle reboiler applied in the process industry is shown
in Fig. 1. The boiling two-phase mixture flows on the shell
side, across the horizontal U-tube bundle, while the heating
fluid flows inside the tubes. The liquid level is controlled by
a weir, so that the tube bundle is submerged. The liquid
inflows on the shell side at the bottom. The gap between
the bundle and the reboiler shell forms a downcomer that
0017-9310/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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allows internal recirculation of liquid. The velocity of fluid
across the bundle is increased by the outer recirculation of
liquid, affecting the global heat transfer coefficient. The
outer recirculating flow rate is proportional to the amount
of generated vapour in the reboiler

_min ¼ C0

_Q
hfg

ð1Þ

where C0 is the overflow factor and
_Q
hfg

is the total rate of
vapor generation.

Tube bundle to shell side heat transfer and thermal-
hydraulic flow conditions on the shell side of the reboiler
have three-dimensional character. They are determined
with the tube bundle position within the reboiler shell,
liquid inlet and weir positions, as well as with the mutually
interconnected effects of spatial non-uniform primary
to secondary side heat transfer, heat transfer and vapour
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Fig. 1. Illustration of a typical kettle reboiler.

Nomenclature

a interfacial area concentration (m2 m�3)
C0 overflow factor (Eq. (1))
CD interfacial friction coefficient
D diameter (m)
~G mass flux vector (kg m�2 s�1)
g gravitational acceleration (ms�2)
h heat transfer coefficient (W m�2 K�1)
hfg latent heat of evaporation (J kg�1)
_mk mass source/evaporation rate (kg m�3 s�1)
_m mass flow rate (kg s�1)
P tube pitch (m)
p pressure (Pa)
_Q heat power (W)
_qA heat flux (W m�2)
_qV volumetric heat rate (W m�3)
S source term (N m�3) surface (m2)
~U velocity vector (m s�1)
V velocity component in y direction (m s�1) vol-

ume (m3)
W velocity component in z direction (m s�1)
y, z coordinates (m)

Greek symbols

a volume fraction in the control volume
De width of the computational cell in y or z direc-

tion (m)
f pressure loss coefficient surface tension (N m�1)
q density (kg m�3)
u vapour volume fraction (void) in two-phase flow
w porosity

Subscripts
f liquid
g gas
i interface parameter
k phase
in inlet
y pertain to y direction
z pertain to z direction
w wall
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generation rate within tube bundle, inherent two-phase
flow dynamics (such as liquid and vapour slip) and two-
phase frictional pressure drop within tube bundles. All
these conditions lead to the complex structure of freely
self-organized two-phase mixture flow paths and natural
circulation loops on the shell side of the kettle reboiler.
Internal circulation rates and velocities of the phases are
determined with multidimensional void fraction distribu-
tion and two-phase frictional pressure drop within three-
dimensional geometry.

Previous investigations of the kettle reboiler shell side
thermal-hydraulics have been performed with experimental
and analytical models of various levels of complexity
regarding the multidimensionality and thermal-hydraulic
complexity of boiling two-phase flow conditions. The open
literature about the kettle reboiler design and operation is
relatively numerous, but here are cited only some of the
papers that deal with the important problem of modeling
of gas–liquid interface friction in boiling two-phase flow
across tube bundles, and CFD (computational fluid
mechanics) approach to kettle reboiler thermal-hydraulics.
Results of one-dimensional two-phase flows across tube
bundles with applications to the kettle reboiler design were
reported for instance in [3–6]. The presented measured void
fractions in these papers and comparisons with the homo-
geneous model results showed that the slip between the
liquid and vapour phase flow is one of dominant effects
that governs the thermal-hydraulics of two-phase flow
across tube bundles. An empirical correlation was derived
for the prediction of void fraction in two-phase flow across
the tube bundle based on the dimensionless gas velocity [3–
5]. The empirical constants in this correlation were adjusted
to the applied tubes arrangement in the bundle (in-line or
staggered), and to the fluid of the two-phase mixture flow
(air–water and refrigerant R-113). In [6] a correlation was
derived for the prediction of vapour and liquid phase slip
based on the dimensionless Richardson and capillary num-
bers [6].

Measurements of two-dimensional void fraction distri-
butions in two-phase flow across a circular tube bundle
under different heat loads in the kettle reboiler test section
were reported in [7]. The experimental bundle had 75 elec-
trically heated tubes that provided uniform heat flux within
the bundle. The tubes were arranged as one-half of a slice
of a large bundle by using a vertical line of symmetry. Void
fraction measurements were made by using the hot-wire
anemometry. It was found that a rapid increase of the void
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fraction along the bundle height occurs for heat fluxes
greater than 10 kW/m2, and the void variation in horizon-
tal direction at certain level of the bundle was negligible.
An analytical investigation of a two-dimensional upward
two-phase flow across a rectangular bundle of horizontal
pipes is presented in [8]. The solution of the flow was
restricted to the bundle area, while the influence of the
downward flow in the area between the tube bundle and
the reboiler shell is taken into account through the pre-
scribed hydrostatic pressure change at one bundle vertical
side. The other vertical side is assigned to the bundle axis
of symmetry and corresponding zero flow conditions in
horizontal direction. The slip between the liquid and gas
phase velocities was not considered and the model was
applied to the conditions when the phases disengagement
is not severe. Under the applied simplifications, it was
shown that the flow over the bundle tubes is relatively
unaffected by conditions in the shell outside area. The full
CFD approach towards the kettle reboiler two-dimensional
shell side thermal-hydraulics was presented in [9,10]. In
both papers the two-fluid model of two-phase flow was
applied, while the two-phase flow across the tube bundle
was treated with the porous media approach. The impor-
tance of the gas–liquid interface friction force modeling
for the proper prediction of the void fraction and velocity
fields in the two-phase flow across tube bundle is empha-
sized in [9]. A parametric analysis of the influence of the
interfacial friction on the calculated flow field was per-
formed by applying different values of the interfacial fric-
tion coefficient, with the assumption that the prescribed
constant value of this coefficient can be uniformly applied
within the whole flow field regardless of the two-phase flow
pattern. This crude assumption was eliminated in [10] by
developing a correlation for the interfacial friction factor
between the gas and liquid phases in vertical two-phase
flows across in-line and staggered horizontal tube bundles.
The correlation is based on the Reynolds number (calcu-
lated with the mixture density and the relative velocity
between the phases), and the porosity of the tube bundle.
In both papers [9,10] the upper boundary of the calculation
domain was the swell level of the two-phase mixture. Its
position was prescribed according to the assumed weir
position and it was modeled with the constant pressure at
this boundary. Also, only qualitative comparisons of the
numerical results with the available measured data were
done, without direct quantitative comparison and devel-
oped numerical models verification.

This paper presents a CFD approach to the simulation
and analyses of the kettle reboiler shell side thermal-
hydraulics. A two-dimensional two-fluid model of the ket-
tle reboiler shell side two-phase flow across and around the
tube bundle is developed. The flow across the tube bundle
is based on the porous media approach. A new approach to
the calculation of the gas and liquid phase interfacial fric-
tion in two-phase flow across kettle reboiler tube bundle
is applied, based on modified pipe flow correlations. The
tube bundle flow resistance is calculated for each phase.
Two boundary conditions are applied for the modeling of
the two-phase mixture swell level. The swell level is mod-
eled with the constant pressure boundary condition, as pre-
viously done in [9,10], and with here proposed appropriate
relations for the liquid and vapour phase velocities. The
model is numerically solved with the commercial code
and the numerical method described in [11]. Developed
model is used for the simulation of one-dimensional adia-
batic two-phase flow across tube bundles [3,4] and boiling
two-phase flows in the kettle reboiler two-dimensional test
facilities [7,12]. The obtained results are compared with the
available measured data reported in [7]. The achieved
agreement is satisfactory.

2. Modelling approach

Two-phase flow is simulated with a two-fluid model as
two inter-penetrating continua, each having at each point
in the space domain under consideration its own velocity
components, enthalpy, volume fraction, density. The math-
ematical model consists of a system of mass and momen-
tum conservation equations for the liquid and vapour
phase. It is assumed that in boiling two-phase flow both
liquid and vapour phase are saturated; hence the energy
conservation equations for both phases are omitted. In
order to close the system of conservative equations, laws
of the interface mass and momentum transfer are defined.
The following assumptions are introduced:

• Two-dimensional and steady-state conditions are
simulated.

• The porous medium concept is used in the simulation of
two-phase flow within tube bundles. The space of the
numerical control volume can be occupied by one or both
phases—vapour and liquid, as well as by tubes. The flow
volume reduction due to the presence of tubes in a space
occupied by a bundle is taken into account. Therefore, the
conservation of vapour and liquid flow parameters is
performed only for the fractions of the numerical control
volume occupied by a corresponding phase.

• Tube bundle flow resistance is assumed to be continu-
ously distributed in the space occupied by the bundle.

• Flow governing equations are written in the non-viscous
form, while the turbulent viscosity effects are taken into
account indirectly through friction coefficients for the
tube bundles flow resistance and two-phase interfacial
friction force.

• The surface tension is neglected, as it is not important
for bulk two-phase flow phenomena. Hence, pressure
is the same for both phases within the numerical control
volume.

2.1. Governing equations

Conservation equations are written in the following
form:
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Mass conservation

o

oy
ðakqkV kÞ þ

o

oz
ðakqkW kÞ ¼ _mk ð2Þ

Momentum conservation
y-direction

o

oy
ðakqkV kV kÞ þ

o

oz
ðakqkV kW kÞ

¼ �ak
op
oy

� akqkg � Swk;y þ nSfg;y þ _mkV i ð3Þ

z-direction

o

oy
ðakqkW kV kÞ þ

o

oz
ðakqkW kW kÞ

¼ �ak
op
oz i

� Swk;z þ nSfg;z þ _mkW i ð4Þ

Index k is f for liquid phase and g for vapour. Swk repre-
sents the force of tube bundle flow resistance per unit vol-
ume exerted on phase k, and Sfg is the vapour and liquid
phase interfacial friction force per unit volume (n = �1 in
case of vapour phase flow and n = 1 in case of liquid phase
flow). The mass source term due to evaporation is denoted
with _mk. The last term on the r.h.s. of Eqs. (3) and (4) rep-
resents momentum transfer due to evaporation, where the
interface velocity is approximated with the liquid phase
velocity.

It is sufficient to write only one mass balance equation
(2), for instance for the liquid phase, while the other is
replaced with simpler volume fraction balance equation (5).

af þ ag þ aw ¼ 1 ð5Þ
The tubes volume fraction aw in the bundle is calculated
according to Fig. 2 as

aw ¼ p
4

D2

PyP z
ð6Þ

Porosity of the tube bundle is defined as

w ¼ 1� aw ð7Þ
The vapour volume fraction in the two-phase mixture
(void) is determined as

u ¼ ag=ðaf þ agÞ ð8Þ
Px

P
y

Px

P y

CONTROL VOLUMETUBE

D

IN-LINE
ARRANGEMENT

STAGGERED
ARRANGEMENT

Fig. 2. Geometric parameters for a tube bundle description.
2.2. Closure laws

A variety of two-phase flow patterns can occur in a flow
across a tube bundle (bubbly, churn, annular, mist [13,14])
and in a pool around the bundle (bubbly, churn, frothy
[7]). Although the experimental relations between the flow
parameters and two-phase flow patterns exist, they are not
accompanied with corresponding models for interface
transport processes that are necessary for the two-fluid
model closure (such as a model for the interfacial friction).
Hence, in here presented model a simple assumption about
the two-phase flow patterns is applied: the bubbly flow
exists for u 6 0.3, and the transitional (churn–turbulent)
flow exists for u > 0.3.

The mass source terms _mk result from mass transfer
between phases by boiling.

_mg ¼ � _mf ¼
_qV
hfg

ð9Þ

where _qV denotes the volumetric heat rate from heated
walls to the liquid phase calculated with

_qV ¼ _qAaiw ð10Þ
where the surface heat flux _qA is specified by test conditions
(in case of electrically heated tubes) or calculated with

_qA ¼ hðT w � T fÞ ð11Þ
and aiw is the interfacial area concentration of tubes outer
surface in the unit control volume

aiw ¼ S
V

ð12Þ

where S is the tubes� outer surface within the control vol-
ume of size V. The heat transfer coefficient from a wall
to a two-phase bubbly or churn–turbulent mixture is calcu-
lated with the Chen correlation as presented in [15], which
is verified for many different fluids for conditions of flow
boiling.

Components of the tube-fluid drag force are calculated
as

Swk;e ¼ ð1� awÞ
Dpk;i
De

ð13Þ

where De is the width of the computational cell in y or z

direction and index k = f,g. The pressure drop due to the
two-phase mixture flow around tubes in a bundle is deter-
mined by taking into account the separate contribution of
each phase to the total pressure drop. Pressure drops of
liquid and vapour flows in e coordinate axis direction
(e = y,z) are

Dpf ;e ¼ ff;e
qf û

2
f ;e

2
ð1� uÞ ð14Þ

Dpg;e ¼ fg;e
qgû

2
g;e

2
u ð15Þ

where fk,e, k = f,g are the pressure loss coefficients in e
direction, (they are calculated with the correlations
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recommended in [16]). With ûk;e denoted is the maximum
velocity of the phase k in e direction, which takes place in
the clearance between tubes

ûk;e ¼ uk;e=ð1� D=PeÞ ð16Þ
The above Eq. (16) is derived under the assumption that
the void fraction in two-phase mixture u is uniform within
the control volume.

A reliable prediction of the interfacial friction force Sfg,e

is important for a calculation of the relative velocity
between vapour and liquid phase, and consequently a pre-
diction of void fraction. Components of the interfacial drag
force per unit volume of computational cell are calculated
as

Sfg;y ¼
3

4
agqf

CD

DP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðV g � V fÞ2 þ ðW g � W fÞ2

q
ðV g � V fÞ

ð17Þ

Sfg;z ¼
3

4
agqf

CD

DP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðV g � V fÞ2 þ ðW g � W fÞ2

q
ðW g � W fÞ

ð18Þ

where CD is the interfacial friction coefficient, and DP is the
diameter of the dispersed particle.

Correlations for the interfacial friction coefficient CD are
tested for flows inside tubes, while limited information is
available in the literature about the prediction of CD for
two-phase flows within vertical or across horizontal tube
bundles. In [17] correlations initially developed for the
two-phase pipe flow are modified and successfully applied
for water–steam two-phase flows across tube bundles.
The same correlations are adopted here, although the flows
of refrigerant R113 are simulated. For the bubbly two-
phase flow across a tube bundle and in a pool around the
bundle, the Ishii–Zuber correlation [18], developed for a
distorted particle two-phase flow inside a tube, is adopted
for the calculation of CD

CD ¼ 0:267DP
gDq
r

� �1=2
1þ 17:67fðuÞ6=7

18:67fðuÞ

( )2

ð19Þ

where

fðuÞ ¼ ð1� uÞ1:5 ð20Þ

For transitional flows, a new correlation is proposed

CD ¼ 1:487DP
gDq
r

� �1=2

ð1� uÞ3ð1� 0:75uÞ2 ð21Þ

where the dependence on the mixture void fraction u has
the same function form as the correlation reported in [19]
for the interface friction in the transitional two-phase flow
patterns.

The functional dependence of the ratio CD/DP on the
void fraction is given in Fig. 3. For transitional flow pat-
terns, there is a rapid decrease of CD/DP ratio. This could
be attributed to the decrease of the two-phase flow interfa-
cial area concentration.
The presented model of the interfacial friction force
(Eqs. (17)–(21)) are verified for the experimental tests
[3,4] of adiabatic air–water two-phase flows across horizon-
tal tube bundles with in-line and staggered arrangements of
tubes. Fig. 4 shows a comparison of calculated and mea-
sured voids within the bundle. The differences between
measured and predicted values are in the range of esti-
mated uncertainties of the measured data, which is
reported to be ±0.05 [3,4]. Both experimental and model-
ling results show void fraction dependence on two-phase
flow mass flux G, as well as ‘‘S’’ type dependence of void
on the flow quality. The increase of void fraction is satu-
rated for the void fractions higher than 0.85. Details about
here presented numerical results and comparison with
experimental data are given in [17]. The same model was
also successfully applied in calculation of other boiling
two-phase flow conditions in nuclear steam generators
and nuclear fuel assemblies [17].

2.3. Boundary conditions

The simulated flow domain on the kettle reboiler shell
side is bounded by the bottom inlet, the line of symmetry
on the left, the shell wall and the free surface of the two-
phase mixture—the swell level that coincides with the posi-
tion of the weir, as presented in Fig. 5. This flow domain
is the same as in previous CFD simulations [9,10] (in [8]
the flow domain was restricted only to the bundle
area). The applied boundary conditions are depicted in
Fig. 5. The uniform inflow of the saturated liquid is pre-
scribed at the bottom center of the reboiler. The inflow rate
is equal to the rate of vapour generation. Thus, the flow
over the weir is zero and the overflow factor in Eq. (1) C0

equals 1. This assumption is the same as in previous inves-
tigations [8–10]. At the swell level vapour separates from
liquid, flows through the steam volume above the swell level
and outflows at the discrete location at the reboiler�s top.
The recirculation of liquid at the swell level is modelled with
the zero value of the liquid vertical velocity component
and no change of the horizontal liquid velocity component
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Fig. 5. Boundary conditions used in the simulation of the kettle reboiler
shell side thermal-hydraulics—type I boundary conditions (type II
conditions are the same except at the swell level, where the constant
pressure is prescribed).
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in the vertical direction, as written in Fig. 5. No change of
the vapour velocity on the liquid side of the swell level is
assumed. This boundary condition for the swell level is
denoted as type I. Type I boundary condition is different
from the condition applied in [9,10], where constant pres-
sure at the swell level is adopted. This second boundary
condition is denoted as type II. The simulations are per-
formed with both type I and II boundary conditions at
the swell level and differences in calculated flow fields are
presented below. At the line of symmetry changes of all
variables in horizontal direction equal zero and the hori-
zontal velocity components of both phases equal zero.
No slip condition is adopted at the shell wall. The adiabatic
change of void fraction at the shell wall is applied.

3. Discretization and numerical solving

The flow field is discretized with two-dimensional con-
trol volumes as presented in Fig. 6. Two meshes shown
in Fig. 6 correspond to kettle reboiler geometries with dif-
ferent number of tubes, which are simulated in this paper.
According to the applied porous media approach, the con-
trol volume within the tube bundle is occupied with tubes
and a free area filled with single phase or two-phase mix-
ture. The shell wall is modeled with rectangular steps of
inactive control volumes. The presented model is solved
with the control volume based numerical method and code
presented in [11]. The convergence is achieved when the
sums of the absolute values of the residuals for all variables
fall below 10�4, which is achieved after approximately ten
thousand iterations of solving of all conservative equa-
tions. Numerical mesh refinement tests have shown that
the void fraction and the overall flow field predictions are
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Table 1
Geometric parameters of simulated kettle reboiler test sections (see also
Fig. 7)

Case 1 [12] Case 2 [7]

Tube diameter 2r 19 mm 15.9 mm
Pitch h 25.4 mm 23.85 mm
Shell radius R 0.368 m 0.254 m
Weir height from the
center of shell b

0.210 m –

Bundle center/
shell center offset a

0.114 m 0.0714 m

Number of tubes 241 75
Tubes arrangement In-line square In-line square
Working fluid Refrigerant R113 Refrigerant R113

R

Top of weir

Fig. 7. Geometric parameters that define the simulated kettle reboiler test
sections (corresponding values are presented in Table 1).
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relatively insensitive to the increase of the control volumes.
The same was concluded in [9] with the remark that the
results were affected by less than 2% with the numerical
mesh refinement. Details about the computational proce-
dure performed with the numerical code [11] are given in
[20].

4. Results and discussion

Numerical simulations were preformed for two different
geometries of experimental test sections as presented in
Table 1 and corresponding Fig. 7. Case 1 presented in
Table 1 corresponds to the experimental test section
reported in [12], and it was later used in the CFD investiga-
tions presented in [9,10]. Measured void fraction distribu-
tions of case 2 were reported in [7]. The electrically
heated tubes provided the uniform heat flux in both test
sections. Experiments were performed under atmospheric
pressure.

Results of the numerical simulations of case 1 are pre-
sented in Figs. 8–10. Fig. 8 shows total two-phase flow
mass flux vectors calculated as

~G ¼ afqf
~U f þ agqg

~U g ð22Þ

The results in Figs. 8 and 9 are obtained with two different
boundary conditions applied to the swell level modeling,
type I and II, as explained in Section 2.3. Type II boundary
condition was also applied in the previous CFD investiga-
tions [9,10]. The results in Figs. 8 and 9 clearly show that
the swell level boundary condition considerably influences
the calculated mass flux and void fraction fields. Type I
boundary condition leads to the formation of one circulation



Fig. 8. Mass flux vectors of two-phase flow obtained with the swell level
boundary condition of type I as presented in Fig. 5 (left) and with the
constant pressure at the swell level—type II boundary condition (right);
case 1 experiment (Table 1) under 20 kW/m2.

Fig. 9. Void fraction contour plots obtained with the swell level boundary
condition of type I as presented in Fig. 5 (left) and with the constant
pressure at the swell level—type II boundary condition (right); case 1
experiment (Table 1) under 20 kW/m2.
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centre at the boundary of the upper half of the tube bundle,
as shown in the left picture in Fig. 8 (the bundle is depicted
with dashed line). Strong downward flow exists in the down-
comer between the bundle and the shell wall. This natural
circulation is governed by the density differences between
the mixture in the bundle-shell downcomer (lower void frac-
tion and higher density) and the boiling two-phase mixture
in the bundle (higher void and lower density). Results ob-
tained with type II boundary condition for the swell level
show a rather chaotic flow with at least two circulation
fronts—at the boundary of the upper half of the bundle
and below the swell level on the right. The flow in the lower
part of the bundle-shell downcomer is less intensive than in
case of type I boundary condition application. The reference
mass flux vectors of 1400 kg/m2s in case of type I (left picture
in Fig. 8) and 500 kg/m2s in case of type II boundary condi-
tion (right picture in Fig. 8) indicate less intensive overall
circulation around and through the bundle in case of appli-
cation of type II boundary condition. The flow field on the
left picture of Fig. 8 (obtained with type I boundary condi-
tion) is similar to the flow field presented in [8] for low void
flow conditions where liquid and vapour disengagement is
not severe. Void fractions in the lower part of the kettle
reboiler are smaller in the left picture in Fig. 9 than in the
right picture. This is due to the more intensive liquid down-
ward flow in the bundle-shell downcomer and liquid pene-
tration from the downcomer to the bundle, as presented in
the corresponding left picture in Fig. 8. The thick full line
in both pictures in Fig. 9 represents the lower boundary of
the region of higher void as observed in the experimental
investigation [12]. The region above the full thick line is char-
acterized as frothy. In [10] a very rapid increase in void is cal-
culated above the dividing line with void values above 0.8 at
the top of the bundle. This is not the case in here presented
results. It is hardly to expect that the high values of void frac-
tion can be achieved under considered heat flux of 20 kW/
m2. This is also supported by the measured experimental
data presented for the second simulated case 2 in this paper.
For heat fluxes of 10 kW/m2 void fraction is not greater than
0.5 and for the 30 kW/m2 not greater than 0.75. Direct void
fraction and velocity fieldmeasurements do not exist for here
simulated conditions of case 1 and direct verification of the
numerical results is not possible; but, due to the more distin-
guished regions of low and high voids it is assumed that the
results obtained with type I boundary condition are closer to
the real process behaviour. The reasons that type II bound-
ary condition for the swell level simulation is not consistent
with the real process, and that type I boundary conditions
are more reliable are clearly demonstrated with the next set
of here presented numerical results of case 2. Fig. 10 shows
the horizontal void fraction distributions at the half of tube
bundle height calculated with the Scharge et al. empirical



Fig. 11. Mass flux vectors of two-phase flow obtained with the swell level
boundary conditions of type I as presented in Fig. 5 (left) and with the
constant pressure at the swell level—type II boundary condition (right);
case 2 experiment (Table 1) under 10 kW/m2 (top), 30 kW/m2 (middle)
and 70 kW/m2 (bottom).
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correlation as reported in [9] and predicted with here pre-
sented two-fluid model. In [9] a satisfactory CFD prediction
of empirically calculated void fraction presented in Fig. 10
was not achieved. In [9] the interfacial friction force in
CFD approach was calculated according to the simple
correlation recommended in [11]

Sfg ¼ CDagð1� agÞqf ð23Þ
and with the constant value of the interfacial friction coef-
ficient CD. But, the numerical procedure could not con-
verged for the values of CD < 10 that were required in
order to obtain the agreement of the CFD prediction of
void fraction with the values obtained with the empirical
correlation of Scharge et al. In here presented work the
same commercial code is used as in [9], but no numerical
problems in predicting adequate range of void fraction val-
ues is encountered. This is attributed to the here applied
new model for the interfacial friction force calculation.

Numerical simulations for case 2 [7] (Table 1) are per-
formed for three values of uniform heat fluxes across tube
bundle—10 kW/m2, 30 kW/m2 and 70 kW/m2. Also, type I
and type II boundary conditions for the swell level are con-
sidered. The results of the total two-phase flow mass flux
vectors are presented in Fig. 11. It can be seen that in both
cases of applied swell level boundary conditions the recir-
culation mass fluxes decreases with the increase of the heat
flux. In case of type I boundary condition (left pictures in
Fig. 11) one recirculation center exists above the tube bun-
dle under heat flux of 10 kW/m2 and the whole liquid
stream that outflows at the bundle top flows to the right
towards the downcomer area between the bundle and the
shell wall. With increase of heat flux to 30 kW/m2 the recir-
culation center is moved downward to the upper right
periphery of the bundle, and some part of the outflowing
liquid stream at the bundle top flows towards the reboiler
vertical axis of symmetry. In case with the highest heat flux
of 70 kW/m2 the recirculation from the area above the bun-
dle to the downcomer is reduced and the more intensive
recirculation is observed only in the area above the tube
bundle. The results obtained with type II boundary condi-
tion (right pictures in Fig. 11) show rather chaotic flow
above the tube bundle with less intensive downward recir-
culation in the downcomer area than the results obtained
Fig. 12. Two-phase flow mass flux vectors in the vicinity of the swell level
as predicted in [10] Fig. 3.
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with type I boundary conditions. Also, an inconsistency in
the mass flux vectors at the swell level can be observed,
especially in cases for 10 kW/m2 and 30 kW/m2. The recir-
culation circles of liquid are not closed at this level and the
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Fig. 13. Comparison with the experimental results (10 kW/m2)—case 2
(Table 1).
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Fig. 14. Comparison with the experimental results (30 kW/m2)—case 2
(Table 1).
results show that at some portion of the swell level liquid
outflows, while at the rest part the swell level is a source
of liquid. This can not be accepted, especially when it is
assumed that the overall recirculation factor in Eq. (1) C0

equals 1 (meaning that the liquid phase is introduced only
at the reboiler bottom inlet and the total liquid flow rate
equals the total evaporation rate). The same inconsistency
of mass flux vector fields in the vicinity of the swell level
was shown in Figs. 5, 9 and 10 in [9] and Fig. 3 in [10],
where also type II swell level boundary condition was used.
A detail of the numerically predicted flow filed at the swell
level presented in Fig. 3 in [10] is shown here in Fig. 12. As
shown with here presented results in Fig. 11, applied swell
level boundary condition strongly influences the overall
velocity field and recirculation rate in the kettle reboiler
shell.

Measured and calculated void fractions are shown in
Figs. 13–15. Numbers of the bundle rows are shown in
the bottom picture of Fig. 6. The hot-wire void measure-
ments were taken along the horizontal directions between
the rows (for instance, row 4.5 means level between 4th
and 5th row). The achieved overall agreement of numerical
to measured data is acceptable. The larger discrepancies
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Fig. 15. Comparison with the experimental results (70 kW/m2)—case 2
(Table 1).
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are observed in the peripheral tube columns, where the
penetration of the recirculating liquid from the downcomer
to the bundle periphery influences the void fraction. These
discrepancies are shown in Fig. 12 for row 8.5, in Fig. 13
for rows 4.5 and 7.5 and in Fig. 14 for rows 1.5, 4.5 and
8.5. The agreement is better in the inner areas of the bundle
close to the axis of symmetry.

5. Conclusions

The consistent and robust two-dimensional numerical
model of the kettle reboiler shell side thermal-hydraulics
is presented. The new closer laws for the interfacial
vapour–liquid momentum transfer due to friction Eqs.
(17)–(21) and for the tube bundle flow resistance Eqs.
(14)–(16) are applied. Also, the new formulation of the
swell level boundary condition is introduced (as depicted
in Fig. 6), which leads to the more reliable two-phase flow
prediction in the vicinity of the swell level, as well as within
the whole reboiler shell side. It is shown that the swell level
boundary condition used in the previous investigations,
based on the prescribed constant pressure at the swell level,
does not lead to the consistent prediction of the flow field.
In contrast to the previous CFD investigations, the
obtained two-dimensional numerical predictions of the
void fraction are for the first time compared with the avail-
able measured data and the overall acceptable agreement is
obtained.
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