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ABSTRACT
Numerical study of subcooled and saturated flow boiling in the curved and helically coiled tubes in presence of

phase change is one of the challenging area of CFD studies. In this paper, the CFD modeling of the nucleate and
convective flow boiling in the small helically coiled tube at low vapor quality (up to the 18.93 percent) region is studied.
A proper Eulerian-based mathematical model is used for interphase exchange forces and heat transfer between two
phases in CFD modeling using Bulk boiling model. The results show that, the inner and the bottom wall of the helically
coiled tube have the lowest and the highest heat transfer coefficient, respectively. The effect of change in coil diameter,
helical pitch and tube diameter is investigated on the counters of vapor volume fraction. It is seen that at low vapor
quality flows, the heat transfer coefficient is enhanced by decreasing in coil diameter, tube diameter and increasing in
coil pitch of helically coiled tube.
Keywords: Computational fluid dynamic (CFD); helically coiled tube; boiling heat transfer coefficient; void fraction;
pressure drop

1. Introduction
Flow boiling inside helically coiled tubes is one of the most common and efficient heat transfer mechanisms in

heat exchangers due to geometrical structure of these tubes. Some phenomena such as inhomogeneous phase
distribution, secondary flow and radial pressure gradient affect hydro-thermal design conditions[1]. These tubes have
wide applications in two-phase flow systems such as air-conditioning and refrigeration systems, power generation,
water purification systems, chemical reactors, food industries, heat recoveries and mixers and etc.[1,2]

In recent years, the advances in computational technologies have allowed flow boiling simulations faster
than before. Generally, according to the problem specifications, objectives and characteristics, there are some important
models for numerical simulation of two-phase flow and boiling heat transfer in channels. Most often, numerical study of
two-phase flow is based on Eulerian- Eulerian (EE) mathematical approach. This approach considers the liquid phase as
a continuum phase and the particles phase (vapor bubbles in boiling flow) as another continuum phase. Then, the
conservation equations are solved by considering interphase forces and exchanged heat on a control volume for both of
phases.[3-5]

The literature review shows that in straight tubes, one of the most frequently used methods in modelling the
subcooled flow boiling is based on the so-called RPI wall boiling model introduced first by Kurul & Podowski[6]. It
must be mentioned that, this model has been mostly used to simulate the subcooled nucleate boiling in straight
pipes.The investigation of water flow boiling in a circular pipe was performed by Koncar et.al with CFX-4.3 code[7]. In
their study, the effect of using different models for interphase forces except drag force (non-drag forces), the bubble
diameter, and the bubble-induced turbulence were studied. They assumed different bubble diameter formulas to achieve
the correct prediction of void fraction in accordance with the experimental results of Bartel[8] at low pressure. Numerical
study of flow boiling was conducted by Li et.al[9] who used the RPI wall boiling model to simulate the flow boiling of
nitrogen in 6 mm diameter vertical tube with constant mass velocity and variable wall heat flux. The CFX-4.3 code was
modified using the new correlations for interfacial transfer terms in order to match better with experimental data for
vapor volume fraction and pressure drop. Chen et.al[10]investigated upward subcooled flow boiling of R-113 based on a
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modified two-fluid model with RPI wall boiling model in a vertical concentric annulus using CFX-10 code with an
extended user defined FORTRAN code. They studied effect of temperature dependent properties and saturation
temperature variation on CFD simulation results and compared the results with experimental data conducted by R.P.Roy
and S.Kang[11,12] and previous results predicted by Koncar et al[13]. They concluded that, their modified model
have better approximation with the experimental data in comparison with Koncar et al[13]. S.Abishek et.al[14] preformed
a numerical flow boiling simulation for FC-72 fluid, in double-pipe evaporator under atmospheric pressure conditions
with ANSYS-FLUENT 14.0 code. They employed Eulerian two-fluid model and RPI model with SST k − ω turbulent
model for two-phase flow boiling simulation and compared the numerical results with the experimental results of vapor
volume fraction by Zeitoun and Shoukri[15] and heat transfer coefficients by Kommer[16]. Sun et.al[17,18] proposed a
proper vapor–liquid phase change model for two-phase flow boiling and with VOF method in FLUENTcode. They
verified this model with one-dimensional Stefan problem that used as a benchmark problem for testing the developed
models[19–21] and two-dimensional film boiling problem[20–22]. The results simulated by their model were matched with
the analytical solutions and calculation results by some other researchers[19,20,23] and Mao[24]. Their model is precise and
applicable in FLUENT code.

One of the important steps in two-phase turbulent flow boiling CFD simulation is choosing a suitable turbulent
model. The effect of different turbulent models (k-ε model and k − ω model) on subcooled flow boiling simulation in
vertical tube with FLUENT 14.5 code was studied by Zhang.et.al[25]. They employed a two-fluid model coupled with
RPI wall boiling model and studied performances of different turbulent models, wall functions and
two-phase turbulence treatments based on four sets of grids. Comparison of their results with Bartolemei experimental
data[26,27] demonstrated that k − ε turbulent model is more compatible with experimental results.

Flow boiling in helically and bended pipes is one of the complicated cases for numerical study. The coexistence of
phase change and centrifugal phenomenon in these tubes make the complexity in numerical analysis of flow boiling.
For flow boiling simulation in curved pipes, the literature review shows that flow boiling of R141b fluid in horizontal
serpentine tube was investigated by Yang et.al[28] using VOF model. The experiment is performed under atmospheric
pressure at different heat fluxes. They studied flow patterns along the channel including bubbly, churn, slug and wavy
flows. The results showed that, the VOF model is capable of predicting the different flow patterns in straight parts. In
the curved parts, this prediction is not exact due to the mixing of two phases by centrifugal characteristic of flow in
the bend. Nadim[29] simulated the subcooled flow boiling in 90 degree bend tube using a non-equilibrium model for
flow boiling simulation with FLUIENT code. He compared the obtained numerical results with the experimental ones
of void fraction by Pierre and Bankoff[30]. Wu et.al[31] performed an experimental and numerical simulation to
investigate flow boiling of refrigerant R-141b in a horizontal serpentine tube under at atmospheric pressure. They used
Eulerian two-fluid model and Bulk boiling model with Realizable k − ε turbulent model for numerical simulation.
Comparison of their numerical and experimental results shows a good agreement with each other. Aminfar et. al[32]

modeled the subcooled flow boiling in a curved annuli tube and compared the results with the experimental data of Lee
et. al[33]. They employed Eulerian two-fluid model and wall boiling model (RPI) with k − ω turbulent model for
numerical simulation. Jo et. al[34]conducted subcooled flow boiling study of a helically coiled tube in steam generator
heat exchangers using Eulerian two-fluid model with CFX-5.7 code. In their research, two models including RPI
wall boiling model and Bulk boiling were compared with each other for simulation of boiling in vertical tube. They
concluded that the Bulk boiling model could predict the void fraction in straight tubes better than that of RPI
wall boiling model. Therefore, the Bulk boiling model was applied to simulate flow boiling in the helically coiled tube.
In their paper, they compared the trend of the heat transfer coefficient in different peripheral angles with Owhadi et.al[35]

experimental results.
D. Colorado-Garrido et.al[36,37] developed a one-dimensional computational method based on finite volume by

discretization of continuity, momentum and energy equations and coupling them with implicit step by step method to
investigation of heat transfer and fluid dynamic behavior for water flow boiling in a helically double-pipe vertical
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evaporator. They verified the proposed model with experimental data base provided by L.Santini[38] and
Santoyo-Castelazo and Siqueiros[39] on pressure drop.

The occurrence of boiling in a flow affects its hydrodynamic characteristics significantly. The phase change
phenomenon results in instabilities and intense turbulence due to the drastic increase in mixture velocity of fluid. These
changes strengthen the interphase exchanges in saturated flow boiling condition. Published numerical studies on
saturated flow boiling are significantly fewer than subcooled flows. One of the main reasons is the highly complicated
and instable nature of flows in saturated flow boiling with respect subcooled one. The intense velocity and temperature
gradients in saturated flow boiling make its modeling much more difficult, requiring much slower computational
process (smaller time steps during modeling process) in order to avoid divergence in numerical results. In vertical
helically coiled tube, the complexity in simulation of saturated flow boiling explained above, mixed with the secondary
flow generated by the curvature and torsion of this tube.

The literature review shows there are few numerical studies conducted on subcooled and specially saturation
flow boiling in helically coiled tubes. Also effect of geometrical parameters such as coil diameter, coil pitch and tube
diameter, has not investigated on vapor volume fraction and heat transfer coefficient up to now.

The main objective of this paper is simulation of flow boiling in a small helically coiled tube at low vapor qualities
(including subcooled and saturation flow boiling up to 18.93 percent vapor qualities). Proper mathematical formulation
is presented in order to obtain this goal. The mathematical model is based on Eulerian two-fluid model for subcooled
flows successfully applied to low vapor quality region as well as subcooled one with Bulk boiling model which
recommended by Jo et. al[34]. The results of this model are validated against Cioncoilini et. al[40] with acceptable
compatibility. Finally, the effects of coil diameter, coil pitch and tube diameter are discussed on vapor volume fraction
and heat transfer coefficient.

2. Physical model and mathematical formulation
In the experimental work presented by Cioncolini et.al.[40] the “coil 1” considered which had tube diameter of 4.98

mm, coil diameter of 130 mm, and coil pitch of 40.3 mm . It must be mentioned that, the heated length of the helically
coiled tube in simulation was 820 mm. The schematic figure of experimental work is shown in Figure1.

Figure 1; The schematic figure of Cioncolini et.al experimental test[40].
The simulated geometry for numerical analysis is represented in Figure 2. Cioncoilini et. al.[40] considered four

turns of helically coiled tube in their experiments but, in this study two turns of helically coiled tube is considered for
CFD simulations. The working fluid is water and the test pressures are between two to five times of the atmospheric
pressure. In each test, subcooled water enters a 30 cm long adiabatic straight channel to ensure the fully developed
hydrodynamic condition at helically coil entrance. Then, the flow runs through vertical helically coiled tube with
constant and uniform wall heat flux. The subcooled boiling begins at the position where the value of the wall
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temperature reaches water saturation point. The flow reaches the saturation temperature with further advance in the
heated coil, and saturated flow boiling begins. Finally, the flow exits from 30 cm long adiabatic straight channel.

Figure 2; The schematic figure of boundary conditions implied on coil geometry.

The governing equations include the continuity, momentum, energy and turbulence equations. These equations are
solved for each phase separately, and added by some expressions to include the effects of interphase exchanges. The
governing equations are as follows:
2.1 Continuity equation

The continuity equation for liquid phase (l) and vapor phase (v) is written as;
∂
∂t

αlρl + ∇. αlρlul� �� =
v=1

n

m� vl −m� lv� (1)

Where,αl and ul� �� are the volume fraction and the velocity of the l phase, m� vl and m� lv represent the mass
transfer between l and v phases. The following equation is solved for each computational cell to connect the volume
fractions of two phases together:

q=l

n

αl� = 1 (2)

2.2 Momentum equation
The general form of momentum equation is like that of single phase flows, altered by additional terms to account

for interphase forces. In this study, the additional terms for drag force and wall lubrication one proved to be necessary:
∂
∂t

αlρlul� �� + ∇. αlρlul� �� ul� �� =− αl∇p + ∇.τ�l + αlρlg�� +
v=1

n

R��vl +m� vlu��vl −m� lvu��lv + F��WL,l + F��LIFT,l + FTD,l� (3)

F��WL,q,F��LIFT,l ,F��TD,l are wall lubrication, lift and turbulence dispersion forces, respectively and R��pq is a interphase
drag force. p is the pressure and the τ�q is the phase stress–strain tensor and computed by Eq.(4);

τ�l = αlμl ∇ ul� �� + ∇ u��l
T + αl l −

2
3
μl ∇.ul� �� I (4)

Where, μl andl are shear and bulk viscosity, respectively. The interphase drag force in Eq. (3) is defined as;

R��vl =
p=1

n

Kvl u��v − u��l� (5)

In which Kvl = Klv , is the interphase drag coefficient computed by Eq.(6). In flow boiling, the secondary phase is
assumed as dispersed particle in primary phase.

Kvl =
αlαvρvf
τp

(6)

In Eq. (6), τ� is the “time relaxation factor” defined as:

τp =
ρvdb

2

18μl
(7)

The drag function f, becomes:
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f =
CDReb
24

(8)

The value of �� is computed based on the R.Grace model [41] for interphase drag coefficient and this could be
obtain by Eq.(9) :

CD = max min CDellipse ,CDcap ,CDsphere
(9)

CDsphere =

24
Re

Re � Ͳ.Ͳ1

24 1 + Ͳ.15ReͲ.687

Re
Re ≥ Ͳ.Ͳ1

CDcap =
8
3

CDellipse =
4
3
gdb ρl − ρv

Ut
2ρl

Ut =
μl
ρldb

Mo−Ͳ.149 J − Ͳ.857

Mo = μl
4 g ρl − ρv

ρl
2σ3

J = Ͳ.94HͲ.757 2 � � � 59.3
3.42HͲ.441 H � 59.3

H =
4
3
Eo Mo−Ͳ.149

μl
μref

−Ͳ.14

Eo =
g ρl − ρv db

σ
μref = Ͳ.ͲͲͲ9 kg m−1s−1

The main advantage of this model is that it takes the deviation shape from spherical shape. The ��� is the bubble
Reynolds number based on the relative velocity of phaseswith respect to each other and calculated by Eq.(10) :

Reb =
ρl uv − ul db

μl
(10)

The wall lubrication force impels the produced bubbles to moves from heated wall to the center of pipe. This
mechanism plays a very important role in flow boiling by preventing the wall from being covered by vapor. Antal et
al.[42] presented an analytical model to predict the value of this force for the first time. This model is used in the present
investigation:

F��WL =
1
2
CWLρlαDS

1
X2
−

1
D− X 2 u��v − u��l .y�� 2n��r (11)

Where, X is the distance form wall and ��� coefficient is calculated by Eq. (12)

CWL = max Ͳ ,
Cw1
db

+
Cw2
yw (12)Cw1 =− Ͳ.Ͳ1 ; Cw2 = Ͳ.5

yw �−
Cw2
Cw1

db

Lift[43] and turbulence dispersion[44] forces, are defined as follows:
F��LIFT,l = Clαvρl uv� �� − ul� �� × ∇ × ul� �� (13)

F��TD,l =− CTDρlκ∇αv

(14)

In Eq. (13) , �� is lift coefficient and computed by Eq. (15)[43]:

Cl =

Ͳ.ͲͲ767 ifψ � 6 × 1Ͳ3

Ͳ.12 − Ͳ.2e
−ψ

3.6× 1Ͳ5 e
ψ

3× 1Ͳ7 if 6 × 1Ͳ3 � ψ � 1.9 × 1Ͳ5

− Ͳ.ͲͲ2 if ψ ≥ 1.9 × 1Ͳ5

(15)

Where ψ = �����∇that ��� is bubble Reynolds number which calculated by Eq.(10) and ��∇ is shear Reynolds
number obtained by Eq. (16) :

Re∇ =
ρldb

2

μl
∇.ul� ��

(16)
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In Eq. (14), κ is the turbulence kinetic energy and ��� = 1[44]

At the above equations (Eqs.(7,9,10,12 and 16)), �� is the bubble diameter of vapor phase and obtained by a
function suggested by Kurul and Podowski[45] as follows :

db =
Ͳ.ͲͲ15 ∆Tsub � Ͳ
Ͳ.ͲͲͲ15− Ͳ.ͲͲͲ1∆Tsat Ͳ � ∆Tsub � 13.5
Ͳ.ͲͲͲ15 ∆Tsub � 13.5

(17)

2.3 Turbulence model
For considering the turbulence of two-phase flows, the usual formulations of turbulence quantities for single phase

flow are used modified by adding some terms accounting for the turbulence induced by the presence of the other phase.
According to the literature, and specially the study of Zhang et.al[25], the k − ε realizable turbulence model is used in
this study. In modeling subcooled flows, the turbulent equations only for liquid phase by adding terms
for bubble-induced turbulence, and determine the effect of turbulence on the vapor bubbles by introducing a force in the
momentum equations. The logarithmic wall function is used in here for wall boundary condition with
appropriate�+value above 11.23.
2.4 Energy equation

The energy equation for each phases in the model is described as follows;
∂
∂t

αlρlhl + ∇. αlρlu��lhl = αl
∂pl
∂t

+ τ����l:∇u��l − ∇.q��l +

+
v=1

n

Qvl +m� vlivl −m� lvilv�

(18)

Where,�� , ���� and ��� is phase enthalpy, heat flux within the l phase, and the rate of heat transfer between two
phases, respectively. ��� represents the interphase enthalpy due to phase change, which here becomes enthalpy of
vaporization. The interphase heat transfer is defined as;

Qvl = hvl Tv − Tl (19)

The values of��� and ��� are equal and presented by Eq.(20);
(20)hvl =

6κlαvαlNuv
db
2

κ� is the liquid phase thermal conductivity. The interphase heat transfer coefficient is calculated by Ranz-
Marshal[46] Nusselt number���;

Nuv = 2.Ͳ + Ͳ.6Reb
1/2Pr1/3 (21)

In Eq.(21), ��� is the relative Reynolds number (Eq.(10)) based on bubble diameter and relative velocity between
two phases. The Prandel number is calculated as follows;

Pr =
cplμl
κl

(22)

2.5 Boiling model
For phase change description, the Bulk boiling model based on the Lee[47] was used. In this model, mass transfer is

modeled as follows:

m� lv = rlαlρl
Tl − Tsat
Tsat

Tl ≥ Tsat

Ͳ Tl � Tsat

(23a)

m� vl = rvαvρv
Tsat − Tv
Tsat

Tv � Tsat

Ͳ Tv � Tsat

(23b)

Where �� and �� are mass transfer time parameters. In this study �� and �� are set to be 0.1�−1.

3. Numerical method
The aforementioned set of equations are solved together using finite volume based solver FLUENT code. In order

to create pressure-velocity coupling, the phase coupled SIMPLE algorithm was used. For discretization diffusion and
convection terms, second-order of central and upwind scheme was used, respectively. The time step was typically
1Ͳ−5� for two-phase flow boiling simulation. For validation of the presented model, four different experimental
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pressure drops in flow boiling in small helically coiled tube conducted by Cioncolini et.al[40] were numerically
simulated. The experimental conditions are presented in Table 1 for four simulated tests. The exit vapor quality for each
experimental case is calculated using thermodynamic calculations. Thermo-physical properties of water and vapor are
assumed based on the temperature.

Case P (�푠ᝉ) G �푠ᝉ/���� ����푠ᝉ/��� ∆��푠ᝉ(�� ��푠ᝉ��� ����⢺(%)

1 286 489 163 29.1 0.45 4.83

2 286 332 224 55.6 0.42 10.38

3 467 414 330 40.4 0.26 17.58

4 459 397 369 55 0.30 18.93

Table1. The four different experimental cases for comparing with numerical code based on the Cioncolini et.al[40]

The four experimental tests are selected in a way to cover low vapor quality region of experiments performed by
Cioncolini et. al[40]. In order to grid independence test and verify the numerical method, the obtained results for pressure
drop by simulations were compared to those of the experiments. As it is shown in Figure 3, the results show
satisfactory agreement with the reported pressure drops in literature[40].

Figure 3; Grid independency test and verify the numerical method by by Cioncolini et.al experimental tests[40]

Therefore, the final mesh as shown in Figure 4 is used in the present study in order to investigate the flow boiling
in helically coiled tube.

(a) (b)
Figure 4; (a) The mesh of the helically coiled tube (b) the cross section of mesh.

4. Results and discussion:
4.1 The variation of vapor volume fraction along the coiled tube

The results for first case in Table 1 are discussed here with more details. The exit vapor quality in this test is 4.83
percent and the liquid subcooling is 29.1 K. The contours for vapor volume fraction distribution at different positions
along the helically coiled tube are shown in Figure 5. As it shows, at the beginning of boiling, the effect of gravity and
centrifugal force shows some vapor at φ = 27Ͳ° . The asymmetric shape in generated vapor is due to the radial pressure
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gradient of the helically coiled tube. This effect is more obvious at φ = 45Ͳ° as shown in this figure.

Figure 5; Vapor volume fraction in the helically coiled tube at different helical angles for the first case in Table 1.
4.2 The variation of void fraction along the coiled tube

The variation of the void fraction with vapor quality is shown in Figure 6 for first case in Table 1. The value of the
vapor quality is computed as follows;

x =
i − il
ilv

(24)

In Eq. (24), i is the liquid enthalpy which is calculated based on the heat transferred to the fluid in each cross
section.

i =
Q�
m�
− iin (25)

Where, �� is the heat transfer to the fluid to the assumed cross section, �� is the mass flow rate, and ��� is the
inlet fluid enthalpy. The negative value of the vapor quality at first part of the tube is determined the subcooling of the
fluid. Figure 6 shows that the increasing in the value of wall temperature to the saturated one, the process of boiling
starts with very low vapor volume fraction and liquid subcooling. In downstream, the increase in the temperature of the
fluid bulk causes the bubbles are united with each other and generating bubbles near the wall dramatically increases.
This process leads to increase the value of vapor volume fraction even at zero vapor quality when the saturated boiling
starts as shown in Figure 6.

Figure 6; The variation of the void fraction versus the vapor quality for the first case in Table 1.

heat transfer coefficient in different peripheral angles along the helically coiled tube
The centrifugal and gravity forces make the different wall temperatures and heat transfer coefficient in different

peripheral angles of the coil. These angles in one cross section are shown in Figure 7.
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Figure 7; The peripheral angle of one arbitrary cross section of the helically coiled tube.

Figure 8 shows the variation of the heat transfer coefficient at different peripheral angles of the helically coiled
tube along its length. As shown in this figure, the gravity and centrifugal forces cause the accumulating of the vapor on
the inner wall ( � = 18Ͳ° ) and the top of the the coil (� = 9Ͳ° ) (Figure 5) which leads to decrease heat transfer
coefficient. For the outer wall ( � = Ͳ° ), the heat transfer coefficient is more than other peripheral portions due to
accumulating the liquid at there. (see Figure 5).

Figure 8; The peripheral heat transfer coefficient along the helically coiled tube for the first case in Table 1.
4.3 The effect of coil diameter on vapor volume fraction

In order to study the effect of coil diameter on vapor volume fraction, two coils studied and compared with each
other for the forth case in Table 1. The coil diameters are assumed to be 130 mm and 260 mm. It must be mentioned
that, the tube diameter and helical pitch is 4.98 mm and 40.3 mm, respectively. In order to compare the effect of coil
diameter on the vapor volume fraction, the same length (��) from entrance of coil tube must be defined. In Figure 9, the
vapor volume fraction of two coil diameters are compared at the same length with each other. This figure shows that,
the increase in the coil diameter causes the intensity of the radial pressure gradient decreases. The reduction in the radial
pressure gradient leads to more vapor coverage in the cross section of the tube as shown in Figure 9 (b).
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Figure 9; The effect of coil diameter on the vapor volume fraction distribution (a) Dc = 130 mm (b) Dc = 260 mm for the

forth case in Table 1.
4.4 Effect of coil diameter on heat transfer coefficient on the inner and outer walls

The trend of change in the heat transfer coefficient on the inner wall, for three different coil diameters of 130 mm,
260 mm and 390 mm for forth case in Table 1 is presented in Figure 10. The reduction in the coil diameter cause the
intensity of the radial pressure gradient increases leads to the increase in wall lubrication effect which forces
more bubbles leaving the inner wall. Therefore, on boiling onset as the process of generation of bubbles and leaving
from the inner wall increases, the heat transfer coefficient increases along the coil and is higher for smaller coils at low
vapor quality region. Increase in the value of heat transfer coefficient is not stable due to the accumulating of vapor on
the inner wall. Therefore, the value of heat transfer coefficient approaches to the single phase heat transfer coefficient.
As shown in Figure 10 at downstream where the value of vapor quality along the helical coil pipe increases, the
contribution of vapor increases with respect to liquid on inner wall (because of radial pressure gradient effect) which
leads to the reduction in heat transfer coefficient. Accumulating of vapor on the inner wall is more intense in small coils
tube which makes lower heat transfer coefficients for small helically coiled tube in comparison to larger ones.

Figure 10; The effect of coil diameter on the heat transfer coefficient on the inner wall for the forth case in Table 1.

On the outer wall, as indicated in Figure 11, the liquid film shows a better heat transfer coefficient for small coil
due to the radial pressure gradient which still stands liquid even in the higher vapor quality. As the radial pressure
increases by reduction in the coil diameter, this behavior is more obvious. Therefore small coils have better heat transfer
coefficient on outer wall at both low and high vapor quality regions.
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Figure 11; The effect of coil diameter on the heat transfer coefficient for liquid film (on the outer wall) for the forth case in

Table 1.
4.5 Effect of the helical pitch on vapor volume fraction of coiled tube

The effect of the helical pitch on vapor volume fraction is presented in Figure 12 for two helical pitch of 27 mm,
and 60.6 mm for helically coiled tube for the fourth case in Table 1. The tube and coil diameters are 4.98 mm and 130
mm, respectively. This figure shows at constant same length, as the helically pitch increases, the dried region slightly
reduces. By increasing helical pitch, effect of buoyancy (due to the gravity) on vapor bubbles increase cause better lift
off for bubbles from the heating surface and it makes more wet region.

Figure 12; The effect of the coil pitch on the vapor volume fraction distribution (a) Pi = 27 mm (b) Pi = 6Ͳ.6 mm for the fourth

case in Table 1.
4.6 Effect of the helical pitch on heat transfer coefficient of the coiled tube

The effect of three different helical pitches (27 mm, 40.3 mm and 60.6 mm) on heat transfer coefficient at the inner
and outer walls show in Figure 13 and Figure 14.
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Figure 13; The effect of helical pitch on the heat transfer coefficient on the inner wall for the fourth case in Table 1.

At the earlier region of the coils, the domination of the boiling cause the three coil have the same behavior. By
getting away from the entrance of coiled tube, the fluid in coils with bigger pitches experiences a greater buoyancy (due
to the gravity) which leads to the better moving of the vapor bubbles to the exit of the helically coiled tube. The better
vapor moving through the exit of the tube avoid accumulating of the bubbles near the wall and result in the higher heat
transfer coefficient. In fact, the increase in the helical pitch cause the geometry of the helically coiled tube approaches
to the straight vertical tube. As mentioned by Kandlikar[48], the heat transfer coefficient in the vertical straight tube is
more than the straight horizontal one.
4.7 Effect of the tube diameter on vapor volume fraction of coiled tube

Investigation of effect of tube diameter on vapor volume fraction is presented in Figure 15 for two tube diameters
of 4.98 mm and 10 mm for helically coiled tube for the fourth case in Table 1. The coil pitch and coil diameter are 40.3
mm and 130 mm, respectively. This figure indicates that as the tube diameter increases, the dried region slightly
increases. Increase in tube diameter leads to increase in mass flow rate and heat transfer surface. This phenomenon
cause the generation of more bubbles, especially on the top and inner walls.
4.8 Effect of the tube diameter on total heat transfer coefficient of coiled tube

The effect of two different tube diameters (4.98 mm and 10 mm) of helically coiled tube with same coil pitch of
40.3 mm and coil diameter of 130 mm, on total heat transfer coefficient was shown in Figure 16. The reduction in tube
diameter cause the thickness of boundary layer decreases, leads to decrease in heat resistance between wall and fluid.
Therefore, the value of heat transfer coefficient increases. The boundary layer creation cause the heat transfer
coefficient decreases up to 0.3 meter form inlet of coil. Due to bubble generation, the heat transfer coefficient increases.
Accumulating bubble near wall causes heat transfer coefficient reduces again.
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Figure 14; The effect of helical pitch on the heat transfer coefficient for the liquid film (on the outer wall) for the fourth case in

Table 1.

Figure 15; The effect of the tube diameter on vapor volume fraction distribution (a) D = 4.98 mm (b) D = 1Ͳ mm for the

fourth case in Table 1.

Figure 16; The effect of tube diameter on the total heat transfer coefficient for the fourth case in Table 1.
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5. Conclusion
Flow boiling in the helically coiled tube is simulated at low vapor quality region (up to the 18.93 percent) in this

paper. The proper mathematical model must be used in order to analyze boiling process in presence of the radial
pressure gradient and gravity forces. Comparison of numerical method and experimental results shows a good
agreement. The radial pressure gradient cause accumulating of more vapor bubble on the inner wall with respect to the
outer one of coiled tube. Generally, heat transfer coefficient is better on the outer wall in comparison with inner one.
The increase in helical pitch creates more wet region on heating surface and increase the heat transfer coefficient
on both of inner and outer wall. The increase in the coil diameter leads to emerge more vapor coverage in the cross
section of the tube. The reduction in the coil diameter, make higher heat transfer coefficient at low vapor quality region
and low heat transfer coefficient at high vapor quality region on inner wall. For outer wall, small coils have better heat
transfer coefficients at both of low and high vapor quality regions. Increasing tube diameter leads to more vapor
generating and accumulation whereas small tube diameter leads to better heat transfer coefficient.
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