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Abstract

Due to extensive research efforts within the past thirty years, the mechanisms by which bubbles
transfer energy during pool boiling are relatively well understood and have various applications
in reactors, rockets, distillation, air separation, refrigeration and power cycles. In this paper, CFD
analysis of heat transfer characteristics in nucleate pool boiling of saturated water in atmospheric
conditions is performed in order to find out the influence of heat flux intensity on pool boiling
dynamics. The investigation is carried out for four cases of different heat flux intensities and
obtained results for velocity fields of liquid and void fractions are discussed. Grid independent
test is also performed to improve the accuracy of calculation. In this way, complete picture of
two-phase mixture behaviour on heated wall is represented.
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1. Introduction

Boiling is a phase-change phenomenon which draws attention for more than half a century. The
main reason for this is that it presents the most efficent mode of heat transfer mechanism with
very high heat transfer coefficients that could be achieved. It has numerous applications in
industry, with one drawback, appearance of boiling crisis which constrains the implementation
of this efficient heat transfer mechanism. Boiling crisis defines maximum values of heat flux for
every industrial system and has direct influence on necessary dimensions, working life and
investments into this equipment. It can cause damage of heated surface leading to its overheating
or melting. Therefore, it is very important to investigate these phenomena, experimentally or
numerically and find out the safety issues of these industrial equipment to work properly and with
high durability.

Despite the tremendous efforts of researchers, the full picture of this phenomenon is far from
complete, due to the inconsistency of the conditions and characteristics of the materials during
experiments and non-linearity of the phenomena present in process. There is a large number of
empirical models, derived from experiments, each of them applicable only to the certain
conditions for whom it is performed. Experimental studies have focused on investigation of
influence of certain parameters on heat transfer during boiling, for instance, surface tension
((Najim 2016; Xu 2016); gravitational force (Zhang 2014); surface orientation (Dadjoo 2017),
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external fields (Abdollahi 2017), and boiling pressure (Choon 2006). According to the
experimental study of Pioro (2004), the most influental parameters on boiling heat transfer are
surface imperfections. He concluded that surface modification presents one of the most
significant methods for heat transfer inhancement. On the other hand, there are numerous efforts
to investigate this phenomenon numerically; He (2001); Luttich (2004), etc. These models rely
on assumptions which accuracy cannot be always determined. Despite these models, our
numerical model includes convective heat transfer from the boiling surface and takes into account
micro-scale parameters of the surface such as nucleation site density, liquid wetting contact angle
and the bubble growth time.

In this paper, computational fluid dynamics analysis of heat transfer characteristics in nucleate
pool boiling of saturated water is performed in order to predict the influence of heat flux intensity
on pool boiling dynamics. The investigation is carried out for four cases of different heat flux
intensities and obtained results for velocity fields of liquid and void fractions are discussed. The
computations are based on volume of fluid method coupled with two-phase flow phase change
model. Grid independent test is also performed to improve the accuracy of calculation. In this
way, complete picture of two-phase mixture behaviour on heated wall is represented. Developed
numerical method represents significant contribution to the development of nucleate boiling
research methods, regarding previous investigation methods were mostly experimental, while
developed empirical methods could be reliably applied only within narrow range of flow and
thermal parameters of importance for process. This model enables clear understanding of bubble
dynamics and heat transfer characteristics of water boiling in atmospheric conditions, direct
numerical simulation of boiling process, as well as quantification of the impact of certain
parameters of two-phase flow and heating wall conditions on the creation and running of nucleate
pool boiling.

2. Modelling approach and governing equations

In-house self-developed code written in programming language FORTRAN was used for
implementation of newly developed numerical model. Computational domain incorporates the
pool and the heated wall. The pool is filled with two-phase mixture and vapor fills the rest of pool
above the mixture swell level. The experimental conditions are the same as in (Stojanovic et al.
2016) so they wouldn’t be discussed, Fig. 1. Heat transfer from the heated wall to the boiling
liquid is modelled as follows: (1) conjugate heat transfer between wall and liquid and (2) heat
flux at the bubble footprint. Here presented numerical model was previously used for boiling
curve prediction (Stojanovic, et al., 2016). On the places of the heated wall where there is no
bubbles, it is assumed convective heat transfer unlike the zones on which bubbles appear, where
is assumed conjugate conduction. Boundary conditions between heated wall and two-phase
mixture are implemented into the model through bubble nucleation site density and bubble
residence time, to predict the influence of these parameters on pool boiling dynamics.

In order to capture the motion of the liquid and vapor interface, the volume of fluid model
coupled with two-phase change model is implemented. Transport equations are written for both
phases. The energy transport equation is written only for liquid phase with the assumption that
vapor is saturated. Continuity equation for the volume fraction is applied in order to track the
interface between the liquid and vapor:
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Fig. 1. Water pool (left) and zones of vapour generation (right), (Stojanovic et al., 2016).

Momentum equation is solved throughout the domain and can be written as:
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The energy equation can be written as:
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where k=1 for liquid and k=2 for vapor. Source terms which define liquid-vapor interface processes
are written on the r.h.s. of eq. (1)-(3). The rate of phase transition, denoted with 7. and I,
represent the mass of water that evaporates per unit time and volume. Surface tension has an
important role in the interfacial motion when describing bubble behaviour. It is denoted as F,,,

and added as a source term to the momentum equation. Term ¢ in energy equation represents a
volumetric heat rate from the wall to the corresponding fluid phase per unit volume. For each
control cell, the volumes of liquid and vapor sum to unity:

o +a,=1 (4)
The heated wall is modelled with following equation:

T e GG

a (pc), (pc),

where gy is a heat flux due to the external heat source in the wall (applicable, for instance, in case
of wall electrical heating), while g, denotes heat flux in control volumes where the bubbles grow
and it represents heat sink. T and a denote the wall temperature and the thermal conductivity,
respectively. For solving the set of transport equations (1) — (3), the control volume finite
difference method is used. Flow field is discretized in Cartesian coordinates. There are sixteen
zones on the heated wall where the random function determines the location of a bubble. It is
assumed that the bubble nucleation does not occur, i.e., the heat flux ¢, equals zero, that means

in our case, if the value of void fraction in the control volume on the wall surface is higher than

®)
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1-10°. We have calculated the volumetric heat power ¢, as the ratio of heat necessary for the
bubble growth and the bubble growth time until departure as ¢, = nD;p,r / (61).

3. Results and discussion

As mentioned above, surface tension or interfacial drag force is important in describing bubble
dynamics. It is denoted as F,, and added as a source term to the momentum equation. It is

calculated as in Fritz (1935):

F.zﬁap& i(u.—u.)z(u.—u.) (6)
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where Cp is the interfacial drag coefficient, and Dy is the diameter of the dispersed particle. The
correlation for the interfacial drag coefficient Cp is given as follows:

1/2
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Intensities of evaporation and condensation rate are dependent on relaxation time of evaporation
z, and condensation 7, (7, =7, =0.02s ) and are given as follows:
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Results of simulation are shown in Figs. 2 - 5. Figure 2 shows a three-dimensional (3D) view
at void fraction distribution in pool boiling for three different time intervals. The onset and further
development of the process of nucleate boiling is clearly seen in the picture. Vapour bubbles are
formed at discrete sites on the heated surface. The frequency of bubble release and number of
active nucleation sites increase with the heat flux. For the first time interval, at t=0.9 s swell level
is almost plane and its value is about 0.03 m. Only a small number of departed bubbles can be
observed. For the second time interval, at t=1.9 s, the swell level position is higher and typical
bursting of large vapour lumps is observed at the swell level. In addition, the formation of vapour
layers at certain parts of the bottom heating wall is observed. At the third time interval, for t=2.1
s, the picture shows a large number of vapour bubbles through the whole volume of vessel, which
are formed due to intensive vapour generation, as well as due to the merging of several vapour
lumps into the larger one. In the right-hand part of Fig. 3, a horizontal cross section through the
simulated pool vessel is shown. Therefore, the formation of vapour bubbles through the time can
be observed.
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Fig. 2. 3D view of void fraction at the pool boiling for different time intervals (left) and
horizontal cross section through the pool (right).

This is very important result regarding that after reaching maximum values of heat flux on the
wall, the process of heat transfer will stop and only vapor will cover the whole surface of the
wall. In that case, overheating of the wall surface will occur and dangerous conditions could
appear. These unfavourable conditions can be predicted with our model and therefore, improve

the performance of the industrial equipment.
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Figures 3 and 4 show the velocity field for liquid and vapour fraction respectively, through
the vertical cross section of the pool vessel, for four values of heat flux, namely 200 kwW/m?, 500
kw/m?, 700 kW/m? and 1400 kwW/m?. The figures show variations of velocity through the pool
vessel volume and at spots on the heated surface where bubbles are formed. These are the spots
of heat sink at the top surface of the heated wall, because heat is conducted to the locations of the
bubbles’ growth.

Numerical tests with a denser grid (mesh sensitivity study) are performed to improve the
accuracy of calculation using smaller dimensions of the cell's grid. Namely, when the grid is
denser, time step becomes smaller and then time and spatial discretization errors are reduced. A
numerical test with a double denser grid was performed, i.e., with eight times the number of
control volumes that is 80x140x80 compared to a grid of 40x70x40 control volumes. The results
showed that the difference between the mean wall temperatures of the wall overlap between the
grid with dense and coarse mesh is less than 0.5K. Moreover, there were no differences in the
behaviour of the two-phase mixture and temperature field on the wall for these two cases, as can
be seen from Fig. 5, which shows change in the mean temperature of the heated wall for a 200
kW/m? thermal flux for these two grids.
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Fig. 3. Velocity field for liquid fraction; (a) g=200 kw/m?; (b) g=500 kW/m?; (c) q=700
kW/m?; (d) g=1400 kW/m2,
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Fig. 4. Velocity field for void fraction: (a) =200 kW/m?; (b) g=500 kW/m?; (c) q=700 kW/m?;
(d) g=1400 KW/m?.
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Fig. 5. Variation of mean temperature of heated wall with height of heated wall (average values
across the horizontal planes) for heat flux value 200 kW/m?2,

4, Conclusions

Computational fluid dynamics methods are reliable tool for two-phase flow prediction unlike
expensive experiments which are limited to the conditions they are performed for. This paper
presents CFD analysis of nucleate pool boiling for different heat flux values. Self-developed
mathematical and numerical model is implemented into in-house code written in FORTRAN.
This model can accurately predict thermal-hydraulic conditions on the heated wall of two-phase
vapor-liquid mixture. Results of the simulations for the process of nucleate boiling during time
and velocity fields of vapor and liquid fractions are presented. The primary objective of this study
is to assess the suitability of developed model for simulation of complex process of boiling. It
shows that using appropriate input parameters, this model can be further implemented for more
complex systems to reliably predict velocity fields under different heat fluxes. Obtained results
contribute to valuable insights for practical hot water boilers and heat exchanger designers as well
as those interested in numerical methods for nucleate pool boiling heat transfer prediction.
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