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the pool-boiling chamber. Efforts have been made in this simulation to correct the
quenching heat flux part by modifying the bubble waiting time coefficient through
adopting the trial and error procedure to correlate this coefficient to superheat
temperature. The results of the boiling curve and the heat transfer coefficient of the
present model are validated with experimental data from the literature and shown
good agreement. Moreover, transient analysis of vapor volume fraction contours,
vapor velocity vectors, and streamlines of water velocity at different superheat
temperatures, as well as the time steps are presented and concisely discussed in this
work.
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1. Introduction

Boiling heat transfer is a significant heat transfer mode for industrial heat exchange systems due
to the ability to remove a large quantity of heat in small superheat temperature. Boiling process and
two-phase flow involved in many applications such as boiler tubes, evaporators, nuclear reactors,
tubes bank or tubes bundles in heat exchangers [1-5]. To thoroughly understand the design of the
heat exchange system, there is a necessity for understanding the critical factors of this phenomenon.
Enhancement of boiling heat transfer coefficient and avoiding the critical heat flux CHF during the
boiling process is one of the main tasks that investigators in the field of boiling are looking for to keep
the systems safer and working with energy-saving [6-8]. Among all the regimes of pool boiling, the
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nucleate pool-boiling regime considered as a most important and complex one due to complex
nonlinear interactions of other related sub-phenomena related to bubble dynamics, heat transfer
mechanism, and the topology of the heating surface and its thermal response [9]. Figure 1 illustrates
a sketch of the mean affecting parameters on pool boiling heat transfer with immersion tubes.

Tubes arrangments
inside pool boiling
chamber ( Vertical,
horizontal and
Type and morphology  inclination with angle
ofheating surface
materials (i.e: Copper.
SS and brass etc.)

Formation of bubbles

Thermo-physical (bubble dynamics i.e:
properties of the bubble diameter,
working fluids frequency and
nucleation density)

Fig. 1. Factors influenced the pool boiling on a heated tube

Many reported studies associated with pool boiling from the single tube or tubes bank introduced
in literature utilizing experimental studies, and an empirical correlation was proposed to predict the
heat transfer coefficient [10-15]. The accuracy of the proposed correlations is still challenging due to
the presence of various parameters that are related to this mechanism. Water as a working fluid has
extensive experimental studies for pool boiling heat transfer, and this perhaps due to the higher
thermal properties compared to other liquids. Kang [13, 14] experimentally studied the pool boiling
heat transfer of water from the tube with different position angels. He found that significant heat
transfer mechanisms were considered to be liquid agitation induced by the sliding bubbles and the
creation of large size bubbles column through bubble coalescence. Pool boiling on confined and
unconfined tube columns was studied by Bartle and Walsh [16]. They developed a semi-empirical
model from bubble plume images to evaluate bulk void fraction in an unconfined plume around a
tube column. However, it was reported in the literature, there is still no robust model to predict the
nucleate pool boiling accurately and this due to the strong interaction and significant parameters
involved during this phenomenon. In the present work, we used the classical heat flux partitioning
model under the boiling model rather than the interface tracking simulation method to introduce the
boiling parameters which are involving the bubble dynamics behavior, and avoiding the
computational costs for tracking bubbles from nucleation site distribution. Besides, this model could
predict the heat flux by three mechanisms from the heated surface to bulk fluid in the proper way,
which in turn, predicts the pool boiling heat transfer coefficient more accurately. The transient pool
boiling of deionized water from the horizontal tube was numerically studied.

In this simulation, efforts have been made to predict the nucleate pool boiling heat transfer
mechanism of water using the heat flux partitioning boiling model under a two-fluid Eulerian
approach, which included and implemented closure correlations related to boiling parameters such
as bubble departure diameter, nucleation site density as a build-in sub-models. Moreover, the bubble
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waiting time coefficient in the quenching heat flux part was modified and correlated with
superheating temperature to correct the quenching heat flux partition and enhance the obtained
results. Finally, for the first time, contours of vapor volume fraction, vectors of vapor velocity and
streamlines of water velocity from the single horizontal copper heated tube inside the pool chamber
presented in this study. Results demonstrated that the heat transfer coefficient and boiling curve
were in reasonable agreement with experimental work in literature.

2. Mathematical Formulation
2.1 Governing Equations

Two sets of conservation equations which govern the balance of mass, momentum, and energy
of each phase are presented as follows [1, 17]:

Continuity equation:

a( ) .
pa+ak + V. (prayvy) = my; (1)

Momentum equation:

9(praxvi)

otV (praxvivy) = VP — prayg + Viagus (Vo + (Vo) M] + (thy v+ v;) + Sy,

(2)

Energy equation:

d(praxEx)

ot + V. (pkakvkEk) = V[akkﬁ(VTk)] + (kaEk+m]kE]) + Sk} (3)

where the subscripts of k and j are phase denotations (k, j=[ for liquid phase and k, j= v for vapor
phase. In these equations my; is the interfacial mass transfer of the water phase on the heating
surface. In the bulk liquid, this quantity is equal to zero. This is because pool boiling begins at
saturation temperature. (r‘hkjvk+rhjkvj), In the momentum, the equation represents the
momentum transfer due to liquid evaporation or vapor condensation. Also, (r'nkjEk+rhjkEj) in the
energy equation stands for the energy transfer due to phase change.

2.2 The Heat Flux-Partitioning Model (RPI)
In the present study, the basic RPI model under the boiling model that be used by [18] was
introduced to predict the boiling of water over a horizontal cylindrical tube. The total heat flux from

the heated tube to the water partitioned into three main components, namely the convective,
guenching, and evaporative heat flux as follows:

C,Itotal = qconv + Cllquen + qevap (4)

The heated surface is subdivided into the area of a bubble created Ay, ppies @and a portion, which
is covered by the bulk liquid (1 — Apyppies)- The convective heat flux §.ony is expressed as following:

Gconvy = hsingle(Tw — T (1 — Apubbies) (5)
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where hg;pn g is the single-phase heat transfer coefficient, and (T,, — T}) is the difference between
the surface and liquid temperatures. The second term is the quenching heat flux q,,¢», which models
the cyclic averaged transient energy transfer associated with liquid filling on the heated surface
vicinity after bubble detachment, and it is expressed as follows:

2k;

‘?quen = Cy \/Tlt (TW - Tl) (6)

where k;, t, C,, and A; = k;/p,Cp; are the conductivity of the liquid, periodic time, the bubble
waiting time coefficient, and the diffusivity of the fluid, respectively. The last term is the evaporative
heat flux §,yqp, Which is written as follows:

C,Ievap = Vdevhfvf (7)

where V; is the volume of bubble based on bubble departure diameter, N is the nucleation site
density, p, and hg, are the vapor density and latent heat of vaporization, respectively. Finally, f is
the frequency of bubble departure.

2.3 Nucleate Boiling Parameters
All the equations mentioned above for heat flux partitioning model needs closure for boiling
parameter that used for predicting the nucleate boiling process and those parameters described as

following:

Nucleate site density: The nucleate site density usually correlated based on superheat wall
temperature. The general formula is given:

N = C"(Ts — Tsa)™ (8)

where n = 1.805; C = 210 are the empirical parameters that be used by Lemmert and Chawla [19],
which is introduced in this study.

Bubble departure diameter: One of the essential nucleate boiling parameters is the bubble

departure diameter D,, and several correlations used to introduce this parameter. In this study, the
default bubble departure diameter for the RPI model was applied, and this correlation used by [20].

. (Tw_Tsat)/
D,, = min (0.0014, 0.0006e 45.0) (9)

Frequency of bubble: This parameter was reported to be decreased by increasing the bubble
departure diameter. This fact is physically reasonable because the massive bubble needs a longer
time to grow [21]. Cole correlation was used in this study to predict the frequency of bubble as follow:

_1_ [|49(pi—pv)
f=5= oo (10)
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where p;, p,, are the densities of liquid (water) and vapor, respectively. T, g are the bubble waiting
time and the gravity acceleration force, respectively.

Area of influence: This area introduced based on bubble departure diameter and nucleation site
density by [22] as follows:

NmD3
Apubples = K— (11)

This area has restricted to avoid the numerical instabilities due to unbound empirical correlations
for nucleate site density. The final formula for this area becomes:

. NmDE
Apubbles = min(1, K =) (12)

All formulation of interfacial forces for both phases (water) and (vapor) used in this simulation
are modeled using correlations listed in Table 1.

3. Numerical Method

In this study, the physical geometry is a rectangular pool boiling chamber, and it was drawn in 2-
Dimension according to the experiment pool boiling work of [29], as illustrated in Figure 2. The model
geometry involving the heating surface is a horizontal copper tube with 10 mm, outside diameter,
and the dimension of the pool boiling chamber was (150 X 100 mm). In this work, the nucleate boiling
was carried out via transient state, and the transport equations were discretized by using finite
volume method FVM and solved via commercial CFD code (Fluent 2019R2). To build the
computational mesh, we used the meshing tool available in ANSYS. A grid independence test was
done to check the grid sensitivity of the numerical results. Three grid elements were performed
(10696, 15668, and 48906 elements) to verify the average vapor volume fraction around the tube at
superheat temperature (AT, = 6 K). The relative error for the average vapor volume fraction was
less than 2.5%; hence, the second grid size selected to balance between the time and accuracy of the
present results (see Table 2). The convective terms in all conservations equations approximated by a
second-order upwind scheme and the gradient of the parameters calculated using the least-square
cell-based method. All the closure correlations related to nucleate boiling of water that adopted in
this work incorporated into the fluent solver as a build-in function.
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Table 1
Models used in this simulation for the interfacial exchange of heat and mass transfer (phase
interaction)

Physics Model Formulation
Virtual mass Explicit source term dﬂ_/z dv]_/;
Fyy = C —
forces VM vM %P1 dt + dt
where Cy is the virtual mass coefficient and by default, it is
equal to 0.5
Drag force Schiller-Naumann _ CpRe
[23] 24
24(1 + 0.15Re%687)
Co = Re <1000
D Re
044 _ Re > 1000
V, =V
Re = pl| v l|
‘lil —
V.-V
Re — pT‘U| T U|
Hry
where ., = a, i, + a1, is the mixture viscosity of vapor and
mixture.
Lift force Tomiyama [24] min[0.288tanh(0.121Re,), f (E6moaif )| Ebmoais < 4
C. =19 f(Ebmouair) 4 < Edmoais < 10

f(Ebmoair) = 0.00105E 604ir° — 0.0159E 6 ppqif”
— 0.020E 0ppoqir + 0.474
where Eo is modified Eotvos number and it is expressed as:
9(py — p)d;
g 1
dp = dpq(1+0.163E0%757)3
where dy, d;, 4 are deformable bubbles and bubble diameters,

Eomodzf -

respectivily.
9(py — p)di 4
Eo="—""—">¢%
a
Wall lubrication  Antal et al., [25] Fogy1 = —Feqp = CrppikVa,
force Crpisa user modified constant, by default equal to 1
Turbulent Troshko-Hassan
interaction [26] F,, = Cie Z |Ul
(mixture 1
t
urbulence F., = Cq—Fy,
model) Tp
Cke = 075 and Ctd = 045
Tp = =
3CD|UZ - U‘l}|
Heat Exchange Ranz-Marshall Nug = 2.0 + 0.6Pr?3*Re)>

Coefficient [27, 28]
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ANSYS
"Outlet pressure P
Ir=7Tw
Heated tube
e — Adiabagc walls ="
Fig. 2. Physical geometry for pool boiling chamber and grid structure
Table 2
Grid independence test for average vapor volume fraction at superheat temperature
(ATsyp = 6 K)
Parameter Grid elements Relative Grid elements  Relative
10696 15668 error % 48906 error %
elements elements elements
Average vapor  0.292 0.299 2.3% 0.304 1.64%
volume
fraction [-]

The following assumptions were considered at this work:

The present simulation is transient and turbulence.

The properties of water and vapor phases are assumed to be constant under the specified
operating pressure and temperature, and all the properties were taken from the NIST
chemistry webbook [30], as shown in Table 3.

A time step size of (1 ms) selected for the present work. Moreover, the maximum iterations
number per time step was set to be 100 after try and error procedure to assure that the
solution is converged at each time step.

Table 3
Thermo-physical properties of water and vapor at saturation temperature
(100 °C) [30]

Property [Unit] Water Vapor
Saturation temperature [°C] 100 100

Density [kg/m3] 958.35 0.598

Specific heat [k]—g. K] 4215 2080

Thermal conductivity [g. °C] 0.679 0.025
Viscosity [Pa. s] 2.8x107* 1.2269 x 107°
Latent heat of vaporization [k] /kg] 2257.07 -

Surface tension [N/m] 0.0589 -

Prandtl number [-] 1.74 -
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4. Boundary conditions

In the present simulation, the aforementioned governing equations are subjected to the
following boundary conditions:

A constant temperature assumed to be at the heating surface of the horizontal tube.
T=T,, (13)

Heat flux is zero at the adiabatic walls of the boiling chamber.

" oT
q" = —Ky3-=0, (14)

At the top of the boiling chamber, the pressure is assumed to be atmospheric pressure.
P = Patm: (15)
5. Results and Discussion

The pool boiling heat transfer performance of water at atmospheric pressure from a horizontally
heated copper tube was investigated in this simulation. This simulation aims to mimic with an
accurate model the pool boiling heat transfer performance of water from a horizontal tube to
investigate the contours, vectors, and streamlines of vapor and water phases inside the pool boiling
chamber. Coming sub-sections describe the validation, results, and discussion of our simulation.

5.1 Model Validation

The results of the pool-boiling curve and pool boiling heat transfer coefficient PBHTC of water for
a range of heat fluxes 29 - 87 (kW /m?) are presented in Figure 3 and 4. The present simulation
results were validated with the experimental work of [29] and numerical work of [1], and the results
of pool boiling curve and heat transfer coefficient are in good agreement with this experimental
study, and this is because we used same geometry and boundary condition of [29]. The total heat
flux was found to be close to experimental heat flux after taking in our consideration the
uncertainties of the mentioned experimental work. The relative error found to be less than 3% for
higher superheat temperature (10 K) in this simulation, which means that this simulation with a
correction quenching heat flux part that represented by modifying the bubble waiting time
coefficient model was quite acceptable to predict this phenomenon and enhanced the results of the
numerical simulation. In this regard, efforts have been made to correct the quenching heat flux
partition by modifying the bubble waiting time coefficient C,, in the quenching heat flux part (see,
Eqg. (6). see, Eq. (16) regarding the proposed correlation of bubble waiting time coefficient C,, as
shown in Figure 5, fourth-degree polynomial function obtained with a coefficient of determination
(R2=1).

Cy = 0.0066AT,, — 0.2174AT3,, + 2.5892AT2,, — 13.05ATy,, — 23.664 (16)

where C,, is the bubble waiting time coefficient [-], which introduced to correct the waiting time
between the departures of sequential bubbles. The default value for this coefficient (equal to 1) in
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Ansys fluent solver; however, we can modify this value as needed, but it can only be specified as a
constant value. ATy, is the superheat temperature [K]. The above correlation is valid for a range of

heat flux g- (29 < q- < 87 kW /m?) at atmospheric pressure.
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Fig. 3. Physical geometry for pool boiling chamber and
grid structure
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5.2 Contours of Vapor Volume Fraction

The formation of the vapor bubbles that represented by contours of vapor volume fraction
concerning time steps and the different superheat temperatures were shown in Figure 6 and 7. At
the time (t =200 ms) and superheat (7.5 K), the bubbles begin to take shape on the circular horizontal
heated tube and we can see that those gropes of bubbles start to sliding from bottom to sides of the
tube then at a specific location they detached together and escapes to the top of the heated surface.
As time increased to (t = 500 and 600 ms), bubbles started to travel the heated surface to the bulk
fluid and became more abundant, and this is due to the buoyancy effects (vapor density less than
water phase), which lifted the bubble to the top of the chamber. The height of this pool boiling was
chosen according to experimental of [29] as mentioned in the previous section and due to the short
distance between the heated tube and the surface of fluid the bubbles could not deform or shaped
inside the bulk liquid to other forms then they were deformed in the top surface. Figure 7,
Demonstrated the motion of bubbles at time (t = 600 ms) with various superheat temperature, as
can be seen from the contours the vapor volume fraction increased with increasing the superheat
temperatures and for superheat (10 K), the bubbles formed as a column and this due to the quantity
of bubble that were created from the tube from various nucleation sites (increasing superheat
temperature led to increasing the densities of the nucleation sites). The mechanism of sliding bubbles
from the horizontal tube was reported in the literature [17, 31] through bubbles layer around the
tube, and our simulation was physically matched this bubble layer, which is shown schematically in
Figure 8. It can be concluded that the increase of superheat temperature significantly increases the
nucleation site's density, which, in turn, led to increasing the bubbles number and the agitation of
the fluids; hence, the heat transfer coefficient increase during this nucleate boiling regime. Some
studies were reported this mechanism during the pool boiling heat transfer of liquid water from
horizontal single and bank tubes [13, 14, 31].

I'I'ime =200 ms; Superheat = 7.5C | Time = 500 ms; Superheat = 7.5C

O
L] 0040 (m) ° 0050 (m)
— L —
0025 002>

Time = 400 ms; Superheat = 7,5c| Time = 600 ms; Superheat = 7.5C|

.
° 0050 (m) ° ) 00%0 (m)

Cmm——
0025 0025

Fig. 6. Contours of vapor volume fraction with different time and superheat
temperature (7.5 K ); A (200 ms), B (400 ms), C (500 ms), and D (600 ms)
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Fig. 7. Contours of vapor volume fraction at the time (600 ms) with different
superheat temperatures; A(7.5K ), B (8.5K),and C(10K)

I
Slidding bubbles I
I

Fig. 8. Distribution of bubbles layer
from horizontal tube immersion in
a pool of liquid

5.3 Vapor Velocity Vectors

Figure 9 and 10 Depicts the vapor velocity vectors with different time steps and superheat
temperatures. Figure 9, Shows the velocity of bubbles during the growth and sliding from the tube
and this was introduced in terms of the vapor velocity vectors at different time steps and superheat
(7.5 K). The velocity of bubbles at the bottom tube surface was high enough about (0.3 m/s) to slide
on both sides of the circular tube to take away to the top of the boiling chamber. It can be seen that
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from velocity distribution during bubbles formation at the heated surface start to increase as
superheating temperature increase at the same time step as shown in Figure 10, and this due to the
intensified bubbles columns from the sides tube. Line arrows demonstrated that vapor velocity
increased with escaping time and increasing superheat temperature. It worth to mention that the
velocity of bubbles at a circular heated tube starts to grow at sides tube then forms unify column of
those bubbles which are vertically elapsed to the top bulk fluids surface. This was captured by
visualizing study in literature [31], and hence, we can say that our model results match the
experimental study by means physically during the pool boiling from the horizontal tube. Knowing
the vapor velocity is very important during the condensation stage to understand the suitable cooling
process.

5.4 Streamlines of Water Velocity

Figure 11 and 12 Presents the forward and downward streamlines of water velocity in the 2D
pool boiling chamber with different time steps and superheat temperatures. The results have shown
that the agitation of vapor (induced bubbles) from the tube towards the top side could move the
water in the vertical direction and this stream could return downward and replace the water with
fresh water (liquid circulation) and this mechanism may be increased as bubbles increased by
increasing superheat temperature as shown in Figure 12, and this was reported by other studies in
literature [32, 33]. This process introduces a reasonable explanation for the quenching heat flux part
on the heated surface and water filling near departure bubbles, which called the transient quenching
process, and this fact was mentioned in this model. The quenching model related to averaged
transient energy transfer due to the liquid filling on the surface vicinity after the bubble departs with
a period. On another hand, the streamlines of water velocity at constant superheat temperature
(7.5 K) with different time steps were depicted in Figure 11. As can be seen from the streamlines the
velocity of water at a time (200 ms), the vorticities are quite symmetrical at both sides of the chamber
and this could be attributed to the tube position at the center of pool boiling chamber as well as the
symmetrical dimension. The formation of bubbles from the tube towards the top of the chamber
pushed the water upward, which results in these vorticities and replace the water with fresh water
coming from the sides of the boiling chamber. This distribution could be significant for prediction the
water velocities inside the pool-boiling chamber. Hence, accurate surface temperatures could be
obtained by fixing the thermocouples in the right location during the experimental part; therefore,
to get precise surface temperatures, measurement prediction of water velocities are essential in pool
boiling experiments. Moreover, unlike other surface heating arrangements, the horizontal tube was
the complicated arrangements due to the circulation of fluids, which makes the temperature
measurements very sensitive around the tube direction.
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Fig. 9. Velocity vectors of vapor phase with different time and superheat temperature (7.5 K);
A (200 ms), B (400 ms), C (600 ms), D (800 ms), and E (1000 ms)

50



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 71, Issue 2 (2020) 38-55

Penerbit

Akademia Baru

0.289 o321
0.216 0.234
0.144 I;' A ; 0.156 ‘.l_‘ ':.
0.072 0.078
| Time = 500 ms; Superheat 7.5C| Time = 500 ms; Superheat = 8.5C I
o 0.000 " 0.000
[mrsa} O P —~—
: 0 0050 (m) 1— X " J 0 0.040 (m) I—. X
I L —
0.02% 0025
H’ 054
- 0.266
0477 c
0,089
ITime = 500 ms; Superheat = 10C |
0.000 s
[mys*1} p 1_.’ :

0.59 (m)

0025

Fig. 10. Velocity vectors of vapor phase at the time (500 ms) with different superheat temperatures;

A(7.5K),B(85K),and C(10K)

|Time =200 ms; Superheat =7.5C |

| Time = 400 ms; Superheat = 7.5C]|

51



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences Penerbit

Volume 71, Issue 2 (2020) 38-55 Akademia Baru

|Time = 600 ms; Superheat = 7.5C| |Time = 800 ms; Superheat = 7.5C |

L ”||I|~I'E{ T VYT |\
:' :“ i\ &\kijw lu

el o A i
S i [t &
> % S
E | ] ©
0 0050 (Mo, gna) 17_, %
L —
0.025 0.0256

Fig. 11. Streamlines of water phase velocity at a different time and superheat temperature (7.5 K);
A (200 ms), B (400 ms), C (600 ms), and D (800 ms)
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Fig. 12. Streamlines of water velocity at the time (500
ms) with different superheat temperatures; A (7.5 K),
B(8.5K),andC(10K)

6. Conclusions

In the present simulation, the pool boiling heat transfer process of water using two fluids

multiphase model was numerically investigated. The RPI model used to simulate this phenomenon,
and we can conclude from this study the following points:

Nucleate pool boiling regime in the range of superheat temperatures (5 — 12°C) has been
investigated using Heat flux partitioning model by adopting, and the results of the boiling
curve and heat transfer coefficient validated with experimental work in literature and show
good agreements.

A new correlation for the bubble waiting time coefficient was proposed in this study by
modified this coefficient via try and error procedure to correct the quenching heat flux
partition, which is the component of the heat flux partitioning RPI model.

Vapor volume fraction contours physically matched the visualization study of bubbles sliding
from the horizontal tube in literature.

Vapor velocity increase with increasing superheat temperature as a boundary condition in
this study, and this was because the nucleation site density increase with increasing superheat
temperature during the nucleate regime.

The streamlines of water velocity have been shown the circulation of water during the pool
boiling process, and this could be a significant insight for predicting temperature
measurements from a horizontal heated tube during the pool boiling phenomenon.
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