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Investigating the pool boiling process in the absorption chiller generator by study-
ing the valid parameters may enhance the chiller’s COP. In the present study, the
transient 2-D numerical modelling of LiBr/H,O solution pool boiling in the gen-
erator of the absorption chiller was carried out using the two-phase Eulerian-Eu-
lerian approach, extended Rensselaer Polytechnic Institute boiling model and
renormalization group k- turbulence model. The numerical model was applied
on three types of the bare, notched fin, and low fin tubes to investigate the effect
of using fin on the boiling heat transfer rate in the generator of the absorption
chiller and comparing it with the bare tube. Moreover, the numerical results were
compared with the data obtained from the previous experimental studies to val-
idate numerical modelling. A good agreement was achieved between numerical
and experimental results. The results showed the evaporation mechanisms in the
microlayer, evaporation in the three-phase (liquid-vapor-solid) contact line, and
transient conduction the superheat layer for constant thermal heat flux and the
three surfaces of the copper tube within a specific period from the boiling point of
LiBr/H,0 solution. The results also showed that the use of a notched fin-tube and
low fin tube increases the non-homogeneous nucleation rate, causes the solution
boil earlier than the bare tube, and reduces the required thermal energy in the
generator of an absorption chiller.
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Introduction

One of the essential heat exchangers in the absorption chiller is the generator in which
the pool boiling of the lithium bromide/water solution occurs [1, 2]. Therefore, improving the
heat transfer in this heat exchanger increases energy efficiency and improves the chiller’s COP
[3, 4]. The boiling phenomena locally have both vapor and liquid phases [5, 6]. From the
mathematical point of view, two-phases can be considered as a field with two single-phase
regions along with moving boundaries separating the phases. Navier-Stokes non-linear PDE
exist for each phase, and boundary conditions must be applied to the whole field. Consid-
ering the interface as the moving boundary is the most crucial issue in solving the boiling
flow [7]. Therefore, it is required to consider two-phase models such as the Eulerian-Eulerian
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model for modelling boiling phenomena, capturing phase’s behaviors, and interactions along
with the interface between them. Several pieces of research used the ANSYS-FLUENT CFD
package, which relies on finite volume computational methods to study the pool boiling of
pure material such as water with a two-phase Eulerian approach with Rensselaer Polytechnic
Institute (RPI) boiling model and standard k-¢ turbulence model [8]. According to the liter-
ature review, it has been found that the accuracy of a numerical study of pool boiling phe-
nomena depends on two important parameters: choosing the appropriate two-phase approach
and considering the suitable boiling model depending on the geometry and boundary condi-
tions of the problem. Comparing these two critical parameters with experimental data may
lead to compatible numerical results. Several studies have been carried out to examine the
pool boiling effects in different engineering areas. These studies have focused on the horizon-
tal falling film absorber [9, 10], the boiling heat transfer coefficient in mechanical refrigera-
tion systems [11], the desorption and nucleate boiling in a droplet of LiB1/H,O solution check
how an increase in the salt concentration of a liquid-layer may lead to a significant decrease
in the rate of desorption [12], and the process of stationary evaporation of aqueous solutions
[13, 14]. Concerning previous literature, the pool boiling process in the absorption chiller gen-
erator might be enhanced by improving the useful parameters, causing an increase in the COP
of the chiller. Therefore, in the present study, the numerical modelling of the pool boiling pro-
cess in the generator of LiBr/H,O absorption chiller for three types of bare, notched fin and low
fin copper tubes have been examined to investigate the effect of using fin on the boiling heat
transfer rate and comparing it with the bare tube. Moreover, the Eulerian-Eulerian multi-phase
approach and extended RPI boiling model have been employed to achieve more accurate results
in predicting the boiling behavior of LiB1/H,O solution in the absorption chiller generator when
using different types of tubes.

Problem statement

The pool boiling phenomenon is one of the most critical heat transfer methods at high heat
fluxes in the absorption chiller generator. Improving this phenomenon may enhance the chiller’s
COP and reduce the generator’s size and cost. Using the extended surfaces is one of the passive
methods of pool boiling improvement, which was investigated numerically in the present study. The
bare, notched fin, and low fin tubes and their dimensions are presented in tab. 1. The low fin tube has
an internal diameter of 14.5 mm, an external diameter of 19 mm with 26 fins per inch, and the details
illustrated in tab. 2. The mentioned dimensions are typical values in the existing absorption chiller.
These values were also determined in previous experimental studies [15, 16].

Table 1. Photos and dimensions of sample tubes in the numerical study

Type Photo Dimensions Ref.
Bare D lome |16
Notched fin O e | )
Low fin D Mo | 0
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Table 2. The detail of fins in the numerical study

Type Photo Dimensions Ref.

~10.55 i
95 26 winch

Al
037

Notched fin

Notched n

.06..

Fins per inch: 26, height of fins: 0.37 mm | [15]

03 _, . .102_
Low fin jk \ll Fins per inch: 26, height of fins: 1.45 mm | [17]
NTUUTE

The dimensions of the model used in the
present research are shown in fig. 1. The com-  40mm I I
putational dimensions are considered as follows 1000 mm
in order to compare the results obtained from the  Figure 1. Dimensions of the
present numerical research with the previous ex-  computational model
perimental studies by Sim et al. [15, 17].

Mathematical modelling

A 2-D model has been constructed in the present study. Two dimensions are consid-
ered, one along the length of the tube and the other along the radius. These two dimensions have
been determined to illustrate the effect of adding fin to a bare tube on bubble production and
growth rate of it in LiB1/H,O solution pool boiling.

Grid generation

The geometry of 2-D tubes was created in the ANSYS DesignModeler, and the
computational grid was generated in the ANSYS Meshing software. Node point distribution,
smoothness, and elongation of cells affect the mesh quality. The mesh quality should be ex-
amined based on the selected mesh. The structured grid has usually been used in numerical
studies to increase the grid’s quality and reduce the number of computational cells [18]. The
accuracy of a numerical solution and its cost regarding required computer hardware and
calculation time are dependent on the grid quality. Therefore, in the numerical study, it is
necessary to care enough about generating a good quality grid without increasing the number
of computational cells. In other words, the resolution parameter is essential in generating the
grid for the numerical study of the computational domain. Because of exceeding grid density
in one area, data accumulation happens in that area of computational solution, resulting in
convergence failure and inaccurate solutions in the computational domain. The computation-
al grid used for this numerical

© Constant heat flux

analysis is shown in fig. 2(a). M@ Pressure outlet
Medium size grid applied for P

tubes, and due to high heat and  , —_T— (C),nsulated LiBr/H,0 solution [ insulated
mass transfer phenomena near \ =7

the wall with constant heat flux, (d)@

the boundary-layer meshing is

applied to capture them well. - 2. @) C cational erid for th cal study of
: _ igure 2. (a) Computational grid for the numerical study o

As shown in fig. 2(b), the struc tubes, (b) details of the computational grid for a bare tu%e, (c)

tured mesh W.as used .to create details of the computational grid for a notched fin,

the computational grid for a () details of the computational grid for a low fin tube, and (e)

bare tube, which includes 29028  boundary conditions
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quadrilateral cells with an average quality of 0.85 and skewness factor 1. As shown in fig.
2(c), the detail of the unstructured grid was used for the notched fin tube with 48235 quadri-
lateral/trigonal cells with an average quality of 0.87 and skewness 0.9. Figure 2(d) shows the
detail of the unstructured grid was used for the low fin tube with 42235 quadrilateral/trigonal
cells with an average quality of 0.85 and skewness 0.9. For notched fin and low fin tube grid
generation, several planes were applied in DesignModeler then, considering the multizone
method in ANSYS Meshing, created a higher resolution grid near a fin region. The boundary
conditions used for this study are shown in fig. 2(e).

The boundary conditions

The ANSYS FLUENT v.19.2, a finite volume-based software [18], was used in the
present study. The boundary conditions are shown in fig. 3. The RNG-based k-¢ turbulence
model was used because of its ability to analyze boiling problems. Due to the phase change
of the vapor-to-liquid in the generator tubes, which transfers the latent heat of the vapor to the
surface of the tube, the constant heat flux was considered as the boundary condition for the hot
wall (¢ = ¢.,). The side walls were determined as insulated [¢ = —k(d7/dx) = 0] walls because
of low heat transfer in them. The upper boundary condition was also determined as a pressure
outlet since the water vaporized from the LiBr/H,O solution was discharged to the condenser.
The heated wall roughness was considered constant and equal to 0.5. For the solid-fluid in-
terface of the two-phases was considered a non-slip boundary. The saturation temperature of
water in atmospheric pressure was considered 373.15 K, and for LiBr/H,O solution, saturation
temperature was calculated according to saturation pressure (7 kPa) and solution concentration
(50 wt.%) equal to 336.9 K.

Assumptions and theoretical formulation of study
Assumptions

In this study, two-phase Eulerian-Eulerian approximation is used to simulate the phe-
nomenon of pool boiling. The LiBr/H,O solution is assumed to be a continuous phase, and
water vapor as a dispersed phase, also the properties of the LiBr/H,O solution are considered
constant. The side walls are assumed to have no significant force on the bubbles motion.

Governing equations of the modelling

In ANSYS FLUENT software, the Eulerian multi-phase model solves the continuity
and momentum equations for each phase. The energy equation is only determined for the liquid
phase, and the vapor phase is assumed to be at the saturation temperature. According to the Eu-
lerian model, the boiling is analyzed based on the wall heat flux partitioning model, which is a
subset of the multi-phase models [18]. This primary mechanism is also called the RPI. The wall
heat flux divided into three parts, including convective, cooling, and evaporative heat fluxes.
These elements are calculated using the flow and temperature along with other correlations for
nucleation density, bubble diameter during the separation from the surface, and the frequency
of the surface separation. This multi-phase flow is explained using the following conservation
equations. The momentum and energy equations are modeled using the relations listed in the
following. When using the RPI model, the vapor temperature is not calculated. However, it is
constant at the saturated temperature. For modelling the boiling after the nuclear boiling re-
gime, or its modelling up to the critical heat flux and drying conditions afterward, it is necessary
to calculate the vapor temperature. As a result, it is necessary to use other boiling models such
as non-equilibrium subcooled boiling (or extended RPI model).



Panahizadeh, F., et al.: Numerical Study on Heat and Mass Transfer Behavior ...
THERMAL SCIENCE: Year 2021, Vol. 25, No. 2B, pp. 1599-1610 1603

The Extended RPI model (non-equilibrium boiling model)

The boiling wall models are compatible with three different wall boundaries: constant
wall temperature, definite wall heat flux, and definite wall heat transfer coefficient. Based on
the extended RPI model, the wall-to-liquid heat flux is divided into five elements: convective,
cooling, and evaporative heat fluxes plus two-components of gy and g that are considered for
adding the effect of vapor and gas temperatures [19]:

dw =(dc +dq +ds ) £ (@) +[1-f (@) ]dv +d6 (1)
de =he (Ty =T)(1-4) )
_ T, -T,)2k
el
k
2 = 1
' chp,z @

where £; is the thermal conductivity of liquid phase, # — the time of bubble departure, p;, o;, and
C,, are the density of liquid phase, liquid volume fraction, and specific heat of liquid phase,
respectively:

g =VaNypohs f (5)
where V,is the volume of the bubble, which is calculated by the bubble departure diameter,

hy, —1s the latent heat of evaporation, N,, — the active nucleate site density, and f— the frequency
of bubble departure [19, 20]:

4y :hV(Tw_TV) (6)

96 = hg (TW_Tg) (7
200

f (az)=o.5(af‘clmj (8)

A i = 0.2 (9)

where /v and /A are convective heat transfer coefficients of vapor and any other possible gas
phase in a system, respectively, 7., T\, Ty, and o — the wall temperature, vapor temperature, gas
temperature, and constant value, respectively. The superheat temperature difference is calculated:

AT, :Tw_Tsat (10)

sup

where T, is the saturation temperature.
In this model, the two most important parameters are the density of the nucleation sites
and the diameter of the bubble departing the surface, which are calculated using the formulas:

Ny =C"(T, —T,)" an

~AT,
d, =min[0.0014,0.0006e 43 J (12)

where n =1.805, C =210, and T, is the saturation temperature.
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The CFD modelling assumptions

The assumptions listed in tab. 3 have been considered for the modelling process.

Table 3. The assumptions used for this study

Transient-2-D-Two-phase-Double Precision-Pressure based

Second

Phase 2: Water vapor

Solver Eulerian Transient formulation SR
order implicit
Boiling model Extended RPI [20] Time stepping method Variable
Saturation temperature according Minimum fime
Boiling temperature to generator pressure and LiBr/ . 0.000001
. . step size [s]
H,O solution concentration
Maximum time
Turbulence model RNG k-¢ . 1
step size [s]
Material Phase 1: LiBr/H0 solution Number of time steps 600000

Two-phase equations

Drag: [21]; lift: [22]; wall
lubrication: [23]; turbulent
dispersion: [24]; turbulence

interaction: [25]; heat:
[26]; mass: boiling
bubble departure diameter: [27];
frequency of bubble departure:
[28]; nucleation site density:
[29]; surface tension: constant
interfacial area: la-symmetric

Time of study

100 seconds

Pressure-velocity coupling

Coupled

Heat flux

100, 400 kW/m?

Fluid-solid

Non-slip boundary condition

Saturation pressure

7 kPa

Thermodynamic properties of the LiBr/H,O solution

The LiBr/H,O solution’s thermodynamic properties have been calculated using the
engineering equations solver, which are presented in tab. 4. A good agreement was achieved
between numerical and experimental results to check the accuracy of the obtained properties.

Table 4. The LiBr/H,O properties

Concentration 50 [wt.%] | Viscosity 0.0038 [kgm's™]
Density 1533 [Kgm™] |Surface tension 0.0691 [Nm™]
Thermal conductivity 0.4440 [Wm'K™!'] | Molecular weight 86 [kgkmol™]
Specific heat 2.151 [kIkg K]

Results and discussion

First, verification has been carried out to validate the numerical modeling, and then,
the modelling results are presented.
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Comparison with measured values — Model validation
First validation

He Vacuum port

Sim et al. [15] researched the boiling of
the LiBr/H,O solution with a concentration of
50 wt.% for bare, notched fin, and low fin tubes.
As shown in fig. 3, they used a device where the LBrHo
LiBr/H,0 solution 40 ml covered a tube with a @
length of 1000 mm. This device included three T ——T
test sections and a water circulation system. The Charging port
test section was made of stainless steel with
200 mm internal diameter, 1000 mm length, and pump ?g;g:ire "
15 mm width. The bare tube was installed in the
center of the test section using the flange and
O-rings. The water circulation system included
a constant temperature hot-water tank, a pump
(Wilo, PM-750SI), a mass-flow meter, and a
manual control valve.

The heat flux of the test tube was controlled with the water temperature of the constant
temperature hot-water tank, and the concentration of the LiBr/H,O solution was measured using
a float-type densitometer. They first experimented with pure water at an atmospheric pressure to
verify their results and obtained the boiling heat transfer coefficient at different heat fluxes. In
the present study, to verify the simulation results, a 2-D axisymmetric numerical grid is consid-
ered, and the obtained boiling heat transfer coefficient at different heat fluxes is compared with
the experimental results. As shown in tab. 5, the maximum result difference is 3.3%. The error
can also be due to various factors, such as neglecting the contact angle for wall adhesion and
considering constant thermophysical properties of the water.

Cooling
water
constant bath

Condenser

Figure 3. The test ring for pool boiling study

Table 5. Validation of the boiling heat transfer coefficient of bare tube (Pure water, 101 kPa)

[15,17] Present study
Heat flux [Wm?] Error [%]
By [Wn K] P [Wm K]
15020 2368 2400 1.33
30132 3572 3454 33
39920 4386 4422 0.82

The experimental results also showed that the extended surface copper tubes have a
higher boiling heat transfer coefficient than the bare tube. The results of the present computer
simulation research and the experimental study are the same. Numerical and measured results
show that the heat transfer coefficient increases by adding the fin to the bare tube.

Second validation

Varma et al. [30] performed an experimental test to calculate the convective heat
transfer coefficient for lithium bromide solution with concentration of 30 wt.% and test ring
with a bare copper tube of 14.05 mm diameter and 240 mm length at heat fluxes between
30 to 100 kW/m?and a pressure of 6.67 kPa. The second validation was carried out for lithium
bromide solution with a concentration of 30 wt.% and other similar specifications of the Varma
et al. [30] experimental test, and the heat transfer coefficient of the solution was calculated and
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_ 6500 o F plotted in fig. 4. As it is evident, the numerical
£ 60007  |—e—p --* and experimental results have a good agreement,
§ 5500- /," and the maximum difference between them is
E 50004 . less than 18%. The most important reason for
% o this value is because of the constant lithium bro-
S mide solution properties.
& 40007
& 35001 Grid-independence study
£ 30001 The grid independence analysis is a cru-
2500- cial factor in the numerical study. The computa-
30 40 50 60 70 8 90 100 tion solution needs to be mesh independent for
Heat flux (kWm] obtaining reliable results. The grid independence
Figure 4. The heat transfer coefficient study has been conducted on analyzing the boil-
characteristics of LiBr/H,O with heat flux ing heat transfer coefficient for a bare tube in the

water at atmospheric pressure. As shown in tab.
6, the effect of changing the number of grids of the computational domain is examined on the
boiling heat transfer coefficient. The grid in which the obtained value has the smallest differ-
ence with experimental value is considered as the study grid. A similar strategy has been carried
out for other tube types.

Table 6. Grid independence study results for the bare tube

Number of cells P [WmM K] Error [%]
Coarse grid 6778 5616 36
Medium grid 29028 3454 3.3
Fine grid 56000 3936 9.2

Pool boiling effect on the generator of absorption chiller

No numerical simulation has been performed despite the experimental research on
the benefits of using extended surface tubes in the absorption chiller generator. The numeri-
cal simulation results of the LiB1/H,O solution boiling for three different surface types along
with nucleation sites, bubble formation time, and bubble separation period are presented. The
ANSYS FLUENT’s output data was first imported to the Tecplot, and then the contours were
made. Figure 5 shows the contour of the liquid phase at a heat flux of 400 kW/m? for LiBr/H,0O

Liquid phase Bare Notched fin Low fin

0.55
0.5

0.45
0.4
035
03
0.25
0.2
0.15
0.1

0.05 (@)

Figure 5. The contour of the liquid phase; (a) bare copper tube, (b) notched fin copper tube, and
(c¢) low fin copper tube




Panahizadeh, F., et al.: Numerical Study on Heat and Mass Transfer Behavior ...
THERMAL SCIENCE: Year 2021, Vol. 25, No. 2B, pp. 1599-1610 1607

solution with a concentration of 50 wt.% and a pressure of 7 kPa at different times for a bare
copper tube, notched fin copper tube, and low fin copper tube, respectively. The red and blue
regions indicate a high density phase (continuum or liquid) and low density (discrete or vapor
phase), respectively. It can be observed that, for the bare tube, the vapor phase is formed at the
30 seconds after model initialization, but for the notched fin tube, it takes 10 seconds. The vapor
bubbles leave the surface of the bare tube after 70 seconds, while for the notched fin tube, the
bubbles leave after 30 seconds.

In other words, when the vapor bubbles created on the notched fin-tube and left the
surface, at the same time, the bubbles are created on the surface of the bare tube. As shown in
fig. 5, after a definite period, the interaction between the bubbles gets more durable, and the
small bubbles create large bubbles. In this case, the shape of the bubbles is no longer regular,
and because of more fluctuation of the flow, the liquid-vapor interface is also irregular. As can
be seen in the results of fig. 5, for low fin tube, phase change happens quickly, and the bubble
departs the tube surface in less time rather than other tubes mentioned previously.

Figure 6 shows the liquid phase for bare copper tube, notched fin copper tube, and low
fin copper tube at a heat flux of 100 kW/m?. By comparing these figures, it can be observed that
the use of a low fin tube will lead to an increase in the non-homogeneous nucleation rate due
to the creation of the porous structure. Since the free energy is reduced, the creation of bubbles
and the capsulated gases in the surface cavities require lower superheat temperature for nucle-
ation. Since in the present study, lithium bromide solution has been considered. As the surface
temperature rises, the solution boils on the surface, causing the bubbles to form in some cavities
and begin to nucleate, the number of which is a function of the thermal flux that is transferred
to the fluid through the surface. The bubbles continue to appear due to inertia and heat dissipa-
tion parameters. The inertia results from existing momentum to move the liquid, and the heat
dissipation results from the heat diffusion of the surrounding superheated liquid to the contact
surface until the buoyancy force overcomes the surface tension. Furthermore, the bubble leaves
the surface. The separation of water bubbles increases the concentration of lithium bromide
solution, which decreases the thermal conductivity and its specific heat and increases its den-
sity and surface tension, which ultimately decreases the solution’s thermal diffusivity. These
factors, in constant heat flux, decrease the bubble aggregation rate, forming larger bubbles over
time. Three different cases were observed for these nucleation sites: the active cavities nucleate,
the static, and inactive cavities do not nucleate. However, they contain the vapor, which may
nucleate, disappeared, or filled cavities that lack vapor and only nucleate when the superheat

Liquid phase Bare Notched fin Low fin

095
09
| 085
0.8
075
07
065
06 30s
055
05
045

04 60 s
035
03
025 70s
02
0.15
0.1

005 | () 100 ®) 100 © 100

-
o
[

Figure 6. The contour of the liquid phase; (a) bare copper tube, (b) notched fin copper tube, and
(c) low fin copper tube
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temperature reaches the corresponding temperature of the homogenous nucleation. Using the
low fin and notched fin in the generator of absorption chiller leads to create a porous structure as
well as a reduction in the wettability of the tube’s surface. The surface wettability of the genera-
tor’s tubes is an essential parameter in the non-homogeneous boiling, causing the boiling of the
LiBr/H,O solution start earlier and increasing the heat transfer coefficient. On the other hand,
using extended surface tubes before the critical heat flux results in accelerating free convection
and nucleate pool boiling steps that cause an increase in the boiling heat transfer coefficient.
Nevertheless, after the critical heat flux, due to the complete coating of the tube with a vapor
layer that acts as an insulator, it reduces the boiling heat transfer coefficient. Typical absorp-
tion chillers with bare tubes in the generator were compared to other types of chillers, which
same as vapor compression chillers, require a longer time to produce nominal cooling capacity.
Therefore, using low fin tubes in the generator reduces the required thermal energy and time for
boiling the LiBr/H,O solution. Consequently, it leads to a significant discount in adequate time
for reaching the chiller’s nominal cooling capacity.

Conclusions

In this study, the transient 2-D numerical modelling of LiBr/H,O solution pool boil-
ing in the generator of the absorption chiller was carried out by using the Eulerian-Eulerian
two-phase approach, extended RPI boiling model, and RNG k-¢ turbulence model. This study
was conducted to investigate the effect of using extended surface tubes in order to improve the
pool boiling phenomena in the generator of absorption chillers. The highlights of the present
numerical study are presented.

The effects of adding fin on bubble dynamics of LiBr/H,O solution are as follows.
® Increasing the bubble growth, bubble merging, and bubble departure rate. These are more

evident in the low fin tube than the notched fin and bare tubes.

® Adding low fin to bare tube increases active nucleation sites which their active function
in producing, growing, and departure bubbles occur at certain times, and sometimes show
periodic function and become inactive.

® As the time of study increases due to more temperature difference between the hot surface
and saturation temperature of the LiBr/H,O solution, the bubble mushroom shape is more
likely formed in the low fin and notched fin tubes than the bare tube.

The effect of adding fins to improve wettability of LiBr/H,O solution is as follows.

e In the case of low fin tube, the static contact angle is higher than in other tubes, resulting in
less wettability and less boiling time than notched fin and bare tubes.

The effect of adding fin to improve pool boiling of LiBr/H,O solution is as follows.

e Using finned tube same as low fin or notched fin for heat flux lower than the critical heat flux
can lead to a faster pool boiling process and an increase in the boiling heat transfer coeffi-
cient, which indicates a qualitative improvement in pool boiling.

The results of the present study could help manufacturers and researchers of absorp-
tion chillers in selecting a suitable tube type for better performance of chiller with lower cost in
comparison using experimental methods.
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Nomenclature
A —area, [m?], Greek symbols
Cp - specific heat, [kJkgK™'] a  —phase volume fraction
D - diameter, [m] p  —density, [kgm ]
f —frequency, [Hz]
h  — convection heat transfer, [Wm2K™] Subscripts
k  — thermal conductivity, [Wm'K™] b — based
N —nucleation site C  — convection
QO —heat transfer, [kW] crit — critical
¢ —heat transfer flux, [kWm2] E - evaporation
T —temperature, [K] e  _external
i —internal
[ —liquid
V  —vapor
v —vapor phase
Q —quenching
w —wall
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