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ABSTRACT: This research explores the characteristics of boiling in inclined pipes, a domain of great importance in
engineering. Employing an experimental visualization technique, the boiling dynamics of deionized water are examined
at varying inclination angles, paying special attention to the emerging flow patterns. The findings demonstrate that
the inclination angle significantly impacts flow pattern transitions within the 0° to 90° range. As the heat flux rises,
bubbles form in the liquid. The liquid’s inertia extends the bubble-wall contact time, thereby delaying the onset of bulk
bubble flow. Beyond a 90° inclination, however, the patterning behavior is more influenced by the fluid velocity. At low
speeds, incomplete pipe filling results in a large liquid plug hindering flow, while high speeds lead to full pipe filling. In
general, gravity, inertia, buoyancy forces, and capillary forces are the main influential factors in the considered problem.
However, an analysis of the heat transfer coefficient and boiling curve for different inclination angles reveals that the
observed variations are essentially due to corresponding changes in the flow pattern. Finally, an optimal mass flux and
inclination angle, able to minimize total entropy generation and improve heat transfer efficiency, are determined by
means of an entropy generation analysis.
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1 Introduction

Gas-liquid two-phase flow [I] represents a significant phenomenon characterized by the concurrent
movement of two distinct fluid phases—gas and liquid—within a shared pipeline or apparatus. This flow
pattern is of considerable relevance across various disciplines, including chemical engineering, petroleum
engineering, energy production, and environmental engineering, owing to its intricate dynamics and
diverse applications. The primary attributes of gas-liquid two-phase flow encompass the development and
transformation of microscopic structures, such as bubbles, droplets, and interfaces, as well as the interactions
and transfer mechanisms that occur between these phases.

Historically, many studies have focused on flow behavior in vertical and horizontal orientations [2-4].
However, in practical engineering applications, it is common to encounter flows with varying inclination
angles. As a result, the study of gas-liquid two-phase flow at different inclination angles has become an
increasingly important research direction.
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Several significant studies have focused on the heat transfer characteristics of gas-liquid two-phase
flow. For instance, Magbool [5] and Oliveira [6], for instance, studied heat transfer coeflicients in horizontal
and vertical tubes using propane and R-1270 as refrigerants. They emphasized how mass flux, heat flux,
vapor quality, and flow patterns influence heat transfer. Their findings indicate that heat flux and saturation
temperature significantly affect the heat transfer coefficient, while mass flow rate and vapor quality have a
minor impact. Similarly, studies by Harirchian and Garimella [7] and Cheng and Xia [8] have examined the
effects of inlet subcooling and surface wettability on flow boiling pattern transitions in both horizontal and
vertical tubes, noting that these factors play a crucial role in flow dynamics.

Recent investigations into nanofluids have underscored their influence on heat transfer within intricate
systems. Notably, the research conducted by Magbool and Haider [9] examines the time-dependent flow
of Reiner-Rivlin nanofluid over a stretching sheet, incorporating Arrhenius activation energy and binary
chemical reactions. This study offers valuable insights into the thermal and flow characteristics of nanofluids
under unsteady conditions. Employing Buongiorno’s model for nanoscale particles, the authors account for
variables such as Joule heating and activation energy, which significantly affect both heat transfer and flow
dynamics in complex fluid systems. Their findings demonstrate that the presence of nanoparticles in the fluid
can markedly improve heat transfer efficiency, a principle that may also be applicable to gas-liquid two-phase
flow systems, particularly when evaluating the effects of nanoparticle concentration and magnetic fields on
flow properties.

Chengetal. [10] and Li et al. [11] conducted investigations into the behaviors of pressure drop, revealing
that increased heat fluxes, mass flow rates, and vapor qualities result in elevated two-phase frictional pressure
drop gradients. Their research also indicated that the two-phase frictional pressure drop gradient diminishes
at elevated saturation temperatures. Following the occurrence of the dry point, it was observed that at higher
mass flow rates, both the heat transfer coefficient and the two-phase frictional pressure drop gradient exhibit
a tendency to decrease. Established correlations for two-phase pressure drop, as proposed by Rao et al. [12],
Yao et al. [13] and Zhang et al. [14], along with correlations for two-phase heat transfer coeflicients developed
by Thome [15], and Lin et al. [16], have demonstrated a strong predictive capability for experimental data.

In thermodynamics, entropy quantifies the degree of disorder in a system, while entropy generation
refers to the total amount of entropy produced during a process. Entropy generation analysis [17] is used
to optimize thermodynamic systems by minimizing irreversibility. Feizabadi et al. [18], Hojati et al. [19],
and Abdous et al. [20] investigated the impact of entropy generation resulting from structural changes
in tubes. Their findings suggest that during flow boiling, the contribution of pressure drop to entropy
generation increases with rising vapor quality and mass flux, while the heat transfer contribution diminishes.
By minimizing entropy generation, systems can achieve higher heat transfer efficiency.

This research employs deionized water to explore the transitions of diverse flow patterns at varying
inclination angles. The study assesses the impact of these flow pattern variations on heat transfer and
pressure drop by manipulating parameters such as heat flux, mass flux, and vapor quality. Additionally,
the study provides a comprehensive summary of the heat transfer and pressure drop characteristics across
different flow patterns. Ultimately, through an analysis of entropy generation, this investigation seeks to
determine the optimal mass flux and inclination angles that minimize entropy generation while improving
heat transfer efficiency.
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2 Experimental Equipment and Methods
2.1 Experimental Facility

The experiment was conducted in a narrow channel featuring both a downward and upward slanted
heating wall. As illustrated in Fig. 1, the experimental apparatus comprises a test section, a condenser, and a
heating unit. The test section is specifically designed to facilitate the regulation of the inclination angle and
mass flow rate. Deionized water is circulated through the experimental loop, where it transforms into a vapor-
water mixture within the test section. Upon exiting the test section, the mixture proceeds to the condenser,
where it undergoes condensation into liquid form and accumulates in a water tank. This liquid subsequently
combines with a subcooled fluid in the tank, is reheated to a constant temperature by a heater, and is then
directed into a constant temperature water tank. The fluid, now stabilized at a consistent temperature, is
drawn by a pump and reintroduced into the test section.

Pressure transducer

Thermometer

Gate Valve

Pressure transducer

Thermometer
Condensers Test Section
Pre-heating
h 4 Turbine
Flowmeter
Gate Valve
Heaters Inverter Pump

Water Tank Constant Temperature

Water Bath

Figure 1: Experimental flow chart

A flow meter located at the outlet of the pump provides precise measurements of the flow rate of
deionized water, with an accuracy of £0.03%. A preheater, situated at the inlet of the test section, facilitates
the regulation of the mass of the two-phase flow by adjusting the input power, thereby compensating
for any losses encountered during the process and ensuring a consistent inlet temperature. Temperature
and pressure differential sensors are strategically placed at both the inlet and outlet of the test section
to monitor the temperature and pressure drop, while also guaranteeing the maintenance of a constant
inlet temperature. Once the inlet temperature is stabilized at the predetermined level, the valve is opened,
permitting the deionized water to flow into the test section for heating, which is essential for achieving stable
subcooling conditions.

2.2 Test Section

Fig. 2 illustrates the double-sided heating test section employed for visualization studies. This test
section comprises a tiltable aluminum frame that supports the circuit, a transparent glass tube, and heating
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elements. To facilitate the direct observation of flow patterns within the evaporator, LED lights and a high-
speed camera are utilized. The overall length of the test section measures 500 mm, with both the height
and width of the channel cross-section being 10 mm. The effective heating length is 200 mm, accompanied
by an inlet length of 200 mm and an outlet length of 100 mm; the primary focus for observation and
measurement is the effective heating distance. The transparent portion of the narrow channel is constructed
from 4 mm quartz glass, while 2 mm thick copper plates are employed for heating, secured in position
by support brackets and screws. Sealing is achieved through the application of sealing tape to ensure the
integrity of the heating surface. Additionally, five K-type thermocouples, each with a diameter of 0.3 mm,
are uniformly distributed along the heating wall to monitor temperature, and they are affixed using high-
temperature adhesive to ensure optimal contact. The heater operates on direct current, with the total power
being quantified using a multimeter.
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Figure 2: Structure of the test section

Utilizing LED background illumination in conjunction with a high-speed camera, as illustrated in Fig. 3,
we effectively visualized bubble dynamics within the channel. To document the boiling flow phenomena
occurring in the channel, we employed a high-speed camera capable of recording at a rate of 2000 frames per
second. The LED lights were strategically positioned behind the transparent viewport, providing illumination
perpendicular to the lens of the high-speed camera. As the inclination angle of the test section was modified,
the angles of both the LED light source and the high-speed camera were concurrently adjusted to ensure
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optimal direct illumination of the camera. The computer system is responsible for managing high-speed
camera image acquisition and collecting pressure data.

Figure 3: Layout of the experimental setup

2.3 Experimental Conditions and Data Reduction

Prior to the commencement of the experiment, all instruments underwent calibration. The initial phase
of the experiment was executed as a unidirectional convective heat transfer assessment. To guarantee the
reliability and precision of the data collected, ten independent tests were performed, with the saturation
temperature for each trial documented as presented in Table 1:

Table 1: Saturation temperature meter

Test number Saturation temperature (°C)

92.8
93.0
93.1
92.9
93.2
93.0
92.7
93.1
93.2
93.0

O 00 NI N U & W N =

—_
o

According to the data presented, the computed average saturation temperature is 93°C, accompanied
by a standard deviation of 0.15°C. This finding corroborates the repeatability of the experimental procedure
and the precision of the measurement instruments, both of which fall within an acceptable range. To further
assess the stability of the experimental conditions, we defined “acceptable ranges” for the variations in
parameters. These ranges, derived from preliminary test outcomes, are designed to maintain the stability
of the flow boiling state. In each experimental group, the variations of these parameters were meticulously
regulated within the established acceptable ranges, as illustrated in Table 2.
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Table 2: Experimental condition

Parameters
Mass flux G (kg/m?-s) ~ 88-288
Heat flux ¢ (kW/m?)  30-180
Inclination angle 6 (°) 0-180
Vapor quality x 0.01-0.16

In addition, all inclination angles ranging from 0° to 180° were established as a set of experimental
conditions, while maintaining a constant inlet temperature. The heat flux and mass flux were varied for each
group to assess the pressure drop associated with each experiment. Each experimental group was designed
to ensure that the fluid traversed the test section for over 5 min, with stable data collected for 2 min.

Utilizing measurements of outlet temperature, the external wall temperature of the test section, pressure,
heat flux density, and a stable inlet temperature, adjustments were made to the flow rate and heat flux.
This facilitated the calculation of vapor quality, internal wall temperature, saturation temperature, and heat
transfer coefficient for each group across the different inclination angles.

The experimental heating process comprises two components: preheating and the heating of the test
section. The preheating segment is primarily designed to elevate the fluid to a predetermined temperature
prior to its entry into the test section. The heating of the test section is accomplished using resistance heaters
that are affixed at both extremities of the straight pipe, utilizing direct current. Consequently, the heat flux
within the test section is defined as follows:

Ul
=5 — 1
a=1 0
where U, I are the measured voltage and current, respectively, A; denotes the contact area of the test section,
and 7 is the thermal efficiency.

The contact area of the test section:
A, =C-L ©)

where C is the total heated perimeter of the channel cross-section, equal to the sum of the widths of the two
heated sides, and L is the test section’s effective heated length.

Qmeasured  igu — iin

Qinput UI G)

where iy, represents the enthalpy of the fluid when leaving the system, while i;, represents the enthalpy of
the fluid when entering the system.

The fluid data at the inlet and outlet of the heating section were measured using thermocouples and
pressure sensors. Using this data, the enthalpy values at specific pressures and temperatures were obtained
from the Refprop database.

For the two-phase flow of deionized water, the mixture enthalpy was determined by using the following
equation:

imix = iliq +Xx* (ivap - iliq) (4)
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i1i4 is the enthalpy of the liquid phase (from Refprop at the measured temperature and pressure).

iyap is the enthalpy of the vapor phase (also from Refprop).

x is the vapor quality.

Comprehensive experimental assessments have established that the thermal efficiency of the system is

approximately 95%. This finding suggests that a significant proportion of the input energy is successfully
transformed into heat energy within the test section.

In order to more precisely represent the distribution and transmission of heat within the copper plate
resulting from the Joule effect, this research utilizes a multidimensional heat conduction model. Since heat
is transmitted not only in the thickness direction but also across the width and length of the copper plate, a
multidimensional approach offers a more thorough understanding of the temperature field.

The multidimensional heat conduction equation is based on Fourier’s law of heat conduction, expressed
as follows:

" aT
V- (kVTi,) +q ZPCPE (5)

where k is the thermal conductivity of copper, q"’ is the volumetric heat source term (generated by Joule
heating), p is the density of copper, and ¢, is the specific heat capacity of copper.

Boundary and Initial Conditions

Boundary Conditions: Depending on the experimental setup or real-world application scenario,
this might include constant temperature boundaries, convective heat transfer boundaries, or adiabatic
boundaries.

Initial Conditions: Assuming that at the beginning of the experiment, the entire copper plate is at
ambient temperature or a predefined temperature.

Assuming that axial heat transfer can be neglected and the heat flux density is uniformly distributed on
the heated surface, according to Eq. (5), the heat transfer coefficient h(z) at the axial position z of the test
section can be calculated as [21]:

_ q
: (Z) B Tiw (Z) - Tliq (Z) (6)

where T);, is the temperature of the fluid, recorded by a thermocouple at the center of the channel at Z = 0.2 m.

When the fluid temperature reaches the saturation temperature, Tj;; = Ty4;. Due to the experiment’s inherent
randomness, the heat transfer coefficient is measured multiple times, and the average of these measurements
is calculated to determine the final local heat transfer coefficient.

The theoretical enthalpy of the test point is calculated by Eq. (7):

q-C-Z

G-A 7

im,z = djn +

where i, ,, G, and A represent the enthalpy of the mixture of water vapor and water, the mass flux, and the
cross-sectional area of the flow channel.

Therefore, the steam quality x of the test section can be obtained from Eq. (8):

- 1m,z — Lsat (8)
fg
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where iy, and ry, respectively represent the saturated enthalpy and the latent heat of vaporization of
deionized water.

2.4 Entropy Generation

According to the second law of thermodynamics, combined with Bejan [22], the entropy generation of
the control volume can be expressed as:

d, . . . :
E=E§+Zm15i—zm050+5gen )
t iw

where Sgen,tot represents the entropy generation per unit length.

According to Revellin and Bonjour [23], Eq. (10) is expressed in terms of length dL.
. o | %
Sgen,totdL =d (mvapsvap + mliqsliq) - T_ (10)
mw

Substituting the steam quality, Eq. (11) is expressed as:

SgendL = md (xsmp +(1-x) sl,-q) - Tg 1)
where 1, is the total mass flow rate.

From the Gibbs relation [24], available:
diliq = Tliqd (Sliq) + Vliqdpliq (12)
divap = Tvapd (Svap) + Vvapdpvap (13)

Considering that in flow boiling dpiiq = dpvap> Tiig = Tvap = Tsar, then Eq. (14) can be expressed as:

A ¥ . . : .t va 1- i -
SgendL = %d (xzmp +(1-x) zliq) - T% _ P;sit ) q)dp = SgendL =

N . _Q_ mtvtp #
Tsutdltp Tiw Tsat dp

(14)

According to the first law of thermodynamics, assuming that the kinetic energy term and the gravita-
tional term can be neglected compared to the thermal energy term, then calculate the heat transfer rate Q:

Q = ﬁltditp (15)

Substitute into Eq. (14) as:

o 3 Tiw - Tsat mtvtp

St = (T T) ’
£ Q Tiw Tsat Tsat P ( )
’ Q (Tz - Tsat) mtVtP (dp)

Seen = — - — 17
& dL Tiw Tsat Tsut dL ( )

For the heat flux g, Eq. (1) is expressed as:
q="nh (T — Tsar) = q (18)

PdL
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Combining Eqs. (17) and (18), the total entropy generation of two-phase flow is obtained as:

. q2P1 Yhtvtp dp
Sgen = + —
hTinsat Tsat dL

(19)

where P represent the perimeter of the pipe (constant).
In Eq. (19), —j—i represents the pressure drop over a length segment dL of two-phase flow. For a straight

pipe, —Z—IZ = AP;,;, thus the total pressure drop in two-phase flow is given by:

APror = APgray + APfrict + AProm (20)
The formula for its pressure drop under gravity is as follows:

APgray = [(xpmp +(1-a) pl,-q] gLa,sin0 (21)

where a, Pvap> Pligs & Laps and 0 represent the void fraction, vapor density, liquid density, gravitational
acceleration, the distance between two pressure heads, and the inclination angle, respectively.

The momentum term pressure drop is estimated:

R Y 2 2 2
APmom:Gz{( (l-x)” |« ) —( (l-x)” |« ) } (22)
Pliq (1—06) Pvape out Pliq (1_0‘) Pvape in

Finally combining Eq. (22), the total entropy produced per unit length is:

2
. q Pl . th
Seen = + Apio 23
¢ hTwTsat mthat ( Pt t) ( )

Then the contribution of heat transfer to entropy production is:

2
9P
S = 24
genAT hTinsat ( )

The contribution of pressure drop to entropy production is:

th
Tsat

(Aptot) (25)

SgenAP = my

From Egs. (24) and (25), it can be obtained:

S en S en
Be = gendT _ 2genal (26)
SgenAT + SgenAP Sgen

The Irreversibility Distribution Ratio (IDR) represents:

SgenAP

IDR = (27)

SgenAT

2.5 Uncertainty Analysis

During the experiment, there will be systematic errors and random errors. These errors will always lead
to varying degrees of fluctuations in the experimental parameters. To ensure the accuracy of the experiment,
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all experimental apparatus should be calibrated before the start of the experiment, and human interference
should be minimized during the experimental process. The primary experimental data are calculated using
the relative uncertainty method proposed by Xin et al. [25]. The relative uncertainty of the heat flux is:

lereren

The relative uncertainty of the heat transfer coeflicient is:

%h: !(%)ZJr (TW(S?TI)ZJr (Twélez)zrs (29)

The error analysis of the experimental parameters is shown in Table 3.

Table 3: Error analysis of experimental parameters

Parameters Uncertainties

Channel height and width (mm) +0.08
Differential Pressure (Pa) +0.5%
Mass flux (kg/m?-s) +0.5%

Heat flux (kW/m?) +3.5%
Inclination angle (°) +0.03%
Supercooling (°C) +0.06%
Vapor quality +0.07%

Heat transfer coefficient (kW/m?) +6%

3 Results
3.1 Flow Pattern

High-speed cameras are utilized to record videos of the subcooled flow boiling process, which are
subsequently analyzed using MATLAB to discern flow patterns. The identification of these patterns relies
primarily on the observation and analysis of flow characteristics. Although direct observation offers an
intuitive approach to recognizing flow patterns, it is susceptible to subjective biases. To mitigate this potential
influence, the present study employs an image processing technique to analyze the captured images, as
illustrated in Fig. 4. The processed images are then compared with flow pattern maps derived from the
research of Baker [26] and Mandhane et al. [27], which categorize various flow patterns based on distinctive
flow features. This methodology facilitates a more objective and consistent classification of the flow patterns.

Deionized water within the tube demonstrates a range of flow patterns, which encompass bubble flow,
slug flow, throat-annular flow, stirring flow, annular flow, and annular wavy flow. Among these, the four
primary flow patterns identified are bubble flow, slug flow, throat-annular flow, and annular flow.

Bubbly flow: This is a flow state formed when bubbles are generated in a liquid under heating and boiling
conditions, as shown in Fig. 5a.

Slug flow: Slug flow is a specific state of fluid flow within a pipe characterized by the discontinuous
movement of the liquid. In this flow pattern, the fluid traverses the pipe in distinct, spaced units known as
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“slugs” or “plugs,” which are separated by well-defined boundaries. The dynamics of slug flow are further
complicated by the variations in velocity and pressure that occur with the movement of each slug or plug,
resulting in a more intricate behavior of the fluid, as illustrated in Fig. 5b.
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Matlal:ll processing e et Matlal:ll processing
diagram diagram

Matlab processing

diagram Master drawing

Master drawing

Figure 4: Processing chart

z 1

(c) Throat-énnular flow (d) Alar flow

Figure 5: The visualization results of flow pattern (a-d)
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Throat-annular flow: Throat-annular flow, also referred to as slug-annular flow, denotes a distinct flow
pattern that arises when a liquid or gas traverses a constricted passage, commonly referred to as the throat,
during fluid movement. This phenomenon is characterized by the interaction between two slugs. As the fluid
navigates through the throat, it experiences an increase in velocity accompanied by a decrease in pressure,
leading to a notable alteration in the flow characteristics of the liquid or gas [28].

Annular flow: Annular flow represents a prevalent flow configuration observed in two-phase flow
systems. This pattern is distinguished by a central gas core encircled by a slender liquid film that adheres to
the pipe walls. The defining feature of this flow pattern is the continuous gas phase occupying the center of
the conduit, while the liquid phase forms an annular ring surrounding it.

In the conducted experiment, illustrated in Fig. 6, it was observed that under a constant mass flux, an
increase in heat flux initiated a transition from an initial one-way flow to the gradual formation of bubbles.
These bubbles migrated towards the heated wall, detaching after a certain distance, cooling, and ultimately
dissipating into the liquid within the pipe, which remained below the saturation temperature. Upon reaching
the saturation temperature, the bubbles within the pipe coalesced due to inertial and buoyant forces, resulting
in the formation of Taylor bubbles [29]. This transition altered the flow pattern from bubbly flow to slug flow.
As the accumulation of bubbles continued, additional slugs were generated, leading to a phenomenon where
one slug penetrates another, termed Throat-annular flow, as depicted in Fig. 5¢c. This observation aligns with
findings by Saisorna et al. [30] and is also known as other names such as Rayleigh-Taylor instability [31] or
Kelvin-Helmbholt [32] which are associated with specific instability phenomena in fluid dynamics.

- =  Single phase flow
*  bubble flow
4 Slug flow
400 v Slug-annular flow
Annular flow
=
IR L -——
&
)
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U 200 _I-I--I--I
loo B - - .
1 L

0
-0.04 -0.02 000 0.02 0.04 006 0.08 010 012 0.14
x[-]

Figure 6: Impact of steam quality and mass flux on flow pattern transitions

Within the pipe, two slugs progressively approached and merged. As their boundaries came into contact,
the resultant intense vortices and velocity gradients induced disturbances in the flow region. The interaction
between the fluid layers during the merging of the slugs instigated either Kelvin-Helmholtz or Rayleigh-
Taylor instabilities. These instabilities facilitated the development of eddies and vortices, leading to the
mixing and interweaving of fluid layers. As these instabilities intensified, the disturbances between the
fluid layers escalated, and the interaction among the eddies and vortices culminated in the establishment
of annular flow. This annular flow, characterized by periodic fluctuations in fluid velocity and pressure
distribution, formed a stable annular structure around the central axis of the pipe. An increase in mass flux
corresponds to an increase in flow velocity, which enhances turbulent forces within the fluid. This turbulence



Fluid Dyn Mater Process. 2025;21(7) 1583

disrupts the slug or bubble flow pattern and promotes the formation of a central gas core enveloped by a
liquid film, thereby facilitating the emergence of ring flow. Consequently, elevated flow rates may expedite
the onset of annular flow.

When the mass flux remains constant, the flow angle is gradually changed, with a change every 30
degrees. 0° represents vertical upward flow, 90° represents horizontal flow, and 180° represents vertical
downward flow. As shown in Fig. 7.

OO

lSO"l

Within this range, variations in the flow angle will result in alterations to the forces exerted on the
bubbles, consequently influencing the fluid’s flow patterns. Distinct inclination angles will yield diverse
modifications in flow patterns, and these alterations exhibit asymmetry. As the inclination angle varies, the
direction of the force acting on the bubble also shifts, which in turn impacts the stability of the gas-liquid
interface and the dynamics of bubble coalescence.

Figure 7: Inclined channel

Fig. 8 illustrates the bubble force analysis at different tilt angles. Fig. 9 illustrates how the flow pattern
changes with steam quality at various inclination angles under mass fluxes of 88, 188, and 288 kg/m?s.
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In forced convection boiling systems, the forces acting on the bubbles significantly influence bubble
formation, movement, and departure from the heated surface. These forces, as identified by Klausner et al.
[33], include surface tension force, drag forces (both steady and unsteady), buoyancy force, lift force, and
contact pressure forces. These forces interact differently depending on the inclination angle, thereby affecting
the transition between flow patterns and heat transfer performance.

(b) 0° <6 <90°

F,
qu o > F;?s v _b .ﬂ-
du
F .
: F’ + lFﬂS
[}
Fy Fy
(c) 50 (d) 90° < 8 < 180°

-F:

(e) 180°

Figure 8: Force analysis of bubbles at different angles (a-e)
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Figure 9: Changes in flow pattern with tilt angle for varying mass fluxes (a-c)

3.1.1 For 0° < 6 < 90° (Upward Flow)

In the range of 0° to 90°, the direction of fluid flow partially or fully aligns with the direction of buoyancy
acting on the bubble. In this range, the combined effect of buoyancy and the lift significantly enhances the
driving force for bubble detachment from the heated surface. After the bubble forms, the main fluid flow
quickly carries it away, facilitating its rapid departure from the surface. In addition to buoyancy and lift, the
following forces play a key role in the detachment process:

Surface Tension Force (Fs): Surface tension anchors the bubble through the contact angle, resisting its
detachment. However, in the 0° to 90° range, the combined effect of buoyancy and lift significantly weakens
the anchoring effect of surface tension, making it easier for the bubble to overcome the resistance and detach
from the surface [34].

Quasi-Steady Drag Force (F;;): The quasi-steady drag force generated by the fluid’s shear stress drives
the bubble to move in the direction of the flow. In this range, the direction of the drag force partially or fully
aligns with buoyancy, working together to accelerate bubble detachment rather than hindering its movement.
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Unsteady Drag Force Due to Asymmetrical Growth (Fj,,): At high heat flux, asymmetric bubble growth
induces unsteady drag forces, temporarily delaying the detachment process. Nevertheless, the dominant
effects of buoyancy and lift still allow the bubble to detach from the surface rapidly.

Buoyancy Force (F,): Buoyancy is the core driving force for bubble detachment. In the range of 0° to 90°,
the smaller the angle between buoyancy and the flow direction, the stronger the synergistic effect, resulting
in a shorter bubble detachment time.

Lift Force (F;): The velocity gradient near the wall generates lift, which directly drives the bubble’s lateral
detachment from the surface. The combined effects of lift and buoyancy significantly reduce the bubble’s
residence time.

Effect on Flow Pattern: In the range of 0° to 90°, the synergistic effects of buoyancy, lift, and drag
forces result in extremely fast bubble detachment. The bubbles have a very short residence time on the
surface, and the flow pattern quickly transitions from bubbly flow to slug flow, significantly enhancing heat
transfer efficiency.

3.1.2 For 90° < 0 < 180° (Downward Flow)

In the downward flow pattern (90° < 6 < 180°), In the flow angle range from 90° to 180°, the fluid
flow direction gradually transitions from horizontal to vertically downward, partially or fully opposing
the direction of buoyancy acting on the bubble. In this range, the driving force for bubble detachment is
significantly weakened, while resistance increases, leading to a longer detachment time. Below is a detailed
analysis of the specific forces at play:

Surface Tension Force (Fs): When the flow direction opposes buoyancy, the downstream contact angle
of the bubble decreases due to the shear stress of the fluid, resulting in an asymmetric surface tension
distribution and an enhanced anchoring effect. In vertically downward flow, the high-pressure zone near the
wall further increases the contact angle, making surface tension the primary resistance to bubble detachment.

Quasi-Steady Drag Force (Fy): The drag force pulls the bubble in the direction of the main flow,
but in downward flow, it must overcome both buoyancy and surface tension, leading to a reduced
detachment efficiency.

Unsteady Drag Force Due to Asymmetrical Growth (Fy,): Transient inertial forces exacerbate the
instability of bubble detachment, especially under flow oscillations or high heat flux conditions, further
prolonging the detachment time.

Buoyancy Force (Fp): In downward flow, buoyancy is the only direct driving force that promotes bubble
detachment, but it must overcome the combined forces of drag and surface tension.
Lift Force (F;): The symmetry of the velocity gradient increases, causing the lift force to nearly disappear.

Effect on Flow Pattern: The opposition between buoyancy and drag forces dominates, while the
anchoring effect of surface tension increases. As a result, the bubble tends to stay attached to the surface,
significantly prolonging the detachment time.

3.1.3 For 6 = 90° (Horizontal Flow)

At 90° inclination angle (horizontal flow), the buoyancy force acting on the bubble is directed vertically
upward, and the orthogonality between buoyancy and flow direction means that the detachment driving
force relies on the synergistic effect of shear force and lift. Below is a detailed analysis of the mechanisms of
each force:

Surface Tension Force (Fs):
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Horizontal component: Anchors the bubble, resisting the lateral shear induced by the drag force.
Vertical component: Presses the bubble downward, requiring buoyancy to overcome this force.

Quasi-Steady Drag Force (Fj): The bubble is pulled laterally by the fluid shear force to push it away
from the wall.

Unsteady Drag Force Due to Asymmetrical Growth (F,,): It delays the bubble’s instantaneous motion,
but its overall effect is weaker than that of the quasi-steady drag force.

Buoyancy Force (Fp): The buoyancy force drives the bubble to detach vertically from the surface, but
since the flow direction is horizontal, buoyancy does not directly collaborate with the main flow direction.
Instead, it only assists the bubble in rising to the main flow region.

Lift Force (F;): Directly pushes the bubble away from the surface, reducing the contact area and
weakening the anchoring effect of surface tension.

In cooperation with buoyancy;, it accelerates vertical detachment, making it one of the core driving forces
for bubble detachment in horizontal flow.

Effect on Flow Pattern: In horizontal flow (90°), bubble detachment depends on the synergistic effect
of lift and drag forces, with its efficiency lying between that of upward and downward flow.

Under different flow velocity conditions, the flow pattern of flow boiling will undergo different changes.
At low flow velocities, the liquid stays longer on the heated wall, leading to partial evaporation of the liquid,
which makes it easier to form bubbles. On the contrary, higher flow velocities can significantly change the
behavior of flow boiling. First, the high flow velocity reduces the residence time of the liquid on the heated
wall, thus reducing the chance of liquid evaporation. This helps prevent the formation of dry spots (areas
or points on the heated wall where the liquid cannot fully cover the wall, usually occupied by bubbles),
making flow boiling more stable. Moreover, high flow velocity also increases the mixing effect inside the
liquid, helping to distribute the liquid and bubbles more evenly in the pipe. This uniform distribution helps
reduce the accumulation of bubbles and improves heat transfer efficiency.

3.2 Prediction of Void Fraction

Since the void fraction is required for calculating various pressure drops, such as in Eq. (21), there are
about as many void ratio prediction methods documented in the literature as there are which are as follows:

2vp — 1, (2) Miscellaneous Correlation model, (3)

(1) Homogeneous flow model, where the slip ratio S = =
iq

Numerical model, (4) Slip ratio model, (5) Drift flux model.

Each method has different applications. In this article, the homogeneous flow model proposed by Peng
and Shimizu [35] and the slip ratio model proposed by Cioncolini and Thome [36] are used. The calculation
methods are as follows:

o= s (30)

ag+(1- ocH)O'5

where ay is the void fraction for homogeneous flow, given by ay = ——7 -
e
X Plig

hx"

a:1+(h—1)x" e

where the parameters & and 7 are functions of the density ratio p, 4, Pl_ilq'

The model based on the drift flux model proposed by Bhagwat and Ghajar [37] can predict the void
fraction at different inclination angles. It involves the calculation of the distribution parameter (Co) and the
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drift velocity (Ugp).

2 2
1 va Ret
Co== 4+ [P +(ﬂ) (32)
2 Pliq 1000
where Ret, is the two—phase Reynolds number based on the two-phase mixture velocity, liquid phase density,
liquid phase dynamic viscosity, and hydraulic diameter.

A 0.25
Ugm =1.53 gr2 1
qliq

(33)

where g, r, Aq are the gravitational acceleration, the surface tension and the density difference between the
gas and liquid phases.

Finally:

Usg

a=—°>"—— (34)
Co-Up + Ugn

where Us, represents the superficial velocity of the gas phase, which can be computed from the total flow
rate and the volume fraction of the gas phase.

The void fraction measurements are subject to significant uncertainties, primarily stemming from the
relative uncertainties in vapor quality and tube diameter. Despite these considerable uncertainties, Fig. 10
shows a limited variation in void fraction with inclination, which aligns well with the predictions from the
Bhagwat and Ghajar [37] model.
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Figure 10: Comparison of the experimental results with three predictive models [35-37]

3.3 Flow Boiling Heat Transfer
3.3.1 Boiling Curves

Fig. 11 indicates the relationship between wall superheat and heat flow density for different mass fluxes
with the same wall in the state of 0°.
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Figure 11: Correlation between superheat and heat flux density for various mass fluxes at a 0° inclination angle

Forced Convection: When the wall temperature is slightly above the saturation temperature (the left side
of Tyya11- Tsqr approaching 0°C), the main mode of heat transfer is forced convection. As the wall superheat
increases within this region, the heat flux density gradually increases. This means that even a slight increase in
wall temperature, the efficiency of heat exchange between the fluid and the wall increases, resulting in more
heat being transferred. This phenomenon is typically observed in the initial stages of the flow boiling process.

Nucleate boiling is a fundamental phenomenon in the context of flow boiling. It occurs when the
temperature of a surface exceeds the saturation temperature, leading to the absorption of sufficient energy
by the fluid in proximity to the heated surface. This energy enables the fluid to overcome both surface
tension and vapor pressure, resulting in the formation of vapor bubbles. These bubbles originate at designated
locations on the heated surface, referred to as nucleation sites, which may consist of impurities, surface
irregularities, or cavities. During the process of nucleate boiling, heat transfer is notably efficient. The
generation and subsequent detachment of bubbles from the heated surface facilitate fluid mixing, thereby
enhancing the overall heat transfer rate. The correlation between heat flux density and wall superheat
becomes increasingly evident during this phase. As the wall superheat escalates, the frequency of bubble
formation also rises, leading to an increase in heat flux density.

Fig. 11 also highlights the region of film boiling, which describes a boiling regime in which the wall
temperature reaches significantly higher values, leading to the formation of a continuous vapor film on the
wall surface. This vapor film serves as an insulating layer, considerably diminishing the efficiency of heat
transfer from the wall to the liquid. Consequently, the heat flux density increases dramatically due to the
greater temperature difference necessary to transfer heat through the vapor film.

Fig. 12 also illustrates this phenomenon, showing that for different mass flow rates, the shapes of the
curves are similar. Nevertheless, it is noticeable that as the mass flow rate increases, the wall superheat needed
to achieve the same heat flux density decreases.

In other words, higher mass flow rates can more effectively conduct heat exchange. This is due to the
fact that as the mass flow rate of the fluid increases, it can carry more heat. Therefore, the wall does not need
to be heated to a higher temperature to achieve a higher heat flux density. This observation is consistent with
the statement made by Keepaiboon et al. [38].
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Figure 12: Relationship between boiling curves and mass fluxes at different tilt angles

Fig. 12 illustrates the impact of inclination on the boiling heat transfer curve.

At low wall superheats, where boiling is not yet significant, heat transfer is predominantly influenced
by liquid forced convection. The impact of inclination on single-phase flow is minimal; however, moderate
tilting, generally within the range of 30° to 60°, facilitates a more uniform distribution of the fluid along
the surface, thereby enhancing heat transfer marginally by improving the liquid’s capacity to replenish the
heated surface. In vertical (0°) and near-horizontal (90°) orientations, buoyancy-driven flow and turbulence
play a crucial role in establishing a stable convective heat transfer coefficient.

As the superheat of the wall rises and surpasses the saturation temperature, the predominant mechanism
of heat transfer shifts to bubble formation and detachment. The angle of inclination plays a critical role during
this phase. In orientations ranging from nearly vertical to horizontal (0°-90°), bubbles detach from the
surface with high efficiency, allowing the liquid to rapidly replace the heated fluid, which results in an elevated
heat transfer rate. Conversely, when the inclination angle exceeds 90°, particularly as it approaches 180° (in
an inverted position), bubbles tend to aggregate near the surface, leading to a decrease in the efficiency of
liquid replenishment and, consequently, a decline in heat transfer performance.

At elevated wall superheats, a persistent vapor film develops on the heating surface, with the angle
of inclination significantly affecting the dynamics and stability of this film. In orientations that are nearly
vertical or slightly inclined, the vapor film may intermittently rupture due to gravitational forces and
flow perturbations, resulting in a minor reduction of thermal resistance. Conversely, at inclination angles
approaching 180°, the vapor film attains a stable state that is challenging to displace, thereby inhibiting the
rewetting of the surface by liquid and leading to a substantial decline in heat transfer efficiency.

3.3.2 Heat Transfer Coefficient

The findings from our experiments demonstrate a pronounced influence of inclination angle on the
heat transfer coefficient during flow boiling, as illustrated in Fig. 13. As the flow direction shifts from
vertical upward (0°) to horizontal (90°), the buoyancy component gradually decreases; however, it continues
to facilitate a relatively high heat transfer efficiency by promoting bubble detachment and enhancing
turbulent mixing. Conversely, when the inclination angle is further increased to vertical downward (180°),
the buoyancy force acts against the flow direction, resulting in bubble retention and the formation of localized
vapor films. This condition leads to a marked deterioration in heat transfer, as depicted in Fig. 14. The overall
heat transfer coefficient exhibits an asymmetric decay pattern, with the following hierarchy: vertical upward
> horizontal flow > vertical downward. It is noteworthy that moderate inclination angles (30°-60°) may
result in localized enhancements in heat transfer due to secondary flow effects, a phenomenon that aligns
with the findings of Maughan’s research [39]. Additionally, elevated flow rates have been shown to alleviate
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the negative impacts of inclination angles by increasing inertial forces, corroborating the experimental results
reported by Sulaiman and Wang [40].
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Figure 13: The distribution of heat transfer coefficients corresponding to various vapor masses (a—c)

3.3.3 The Predicted Results Were Compared with the Experimental Data

This study presents a comparative analysis of four models that describe flow boiling heat transfer
relationships, evaluated against experimental data. The models under consideration include established

frameworks such as the Qiu model, the Ma model, and Cao model, in addition to the recently developed
GA-BP model.

The GA-BP model was developed to predict the heat transfer coefficient under varying inclination
angles, mass flux, and heat flux conditions. This model integrates a genetic algorithm (GA) to optimize the
weights and biases of a backpropagation neural network (BP). The genetic algorithm effectively explores the
parameter space, while the backpropagation network captures the complex, nonlinear relationships within
the data, thereby enhancing the accuracy of predictions related to heat transfer in flow boiling systems.
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Figure 14: Bubble visualization (a,b)

The correlation is shown in Table 4.
These three correlations are macroscopic channels.

The correlations shown in Table 4 were evaluated based on two main criteria: (1) the value of the mean
absolute error (MAE), and (2) the percentage of data points predicted within the £30% error range
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Table 4: Different model

Reference study Heat transfer coefficient, hrp Remarks
htp = Fhfc + Shpb
hfe=0. 023R 08Pt

79 0045 504 .
Qiu et al. [41] hpb =0.00122 03 0B ho f4lpo 57! ATSOat24 pgazs Macros?oplc channel
correlation

F= (1 * ()cn)o‘5 )1 "
0.9 0.1
e () )
S= 142.53x10"¢Rel-17
h[p - Fth + Shpb

hye = 0.023Re™*P,"* It

The Qiu correlation is
modified by incorporating

055" _
Ma et al. [42] hpp = 55P7* ( log,, (P )) M olsqlo 7 the dependence on the
S=(1+115x10"°F*Re"") boiling number (Bo) in the
0.86
_ 1.16 1 enhancement factor, f.
F-1+2400050 +137(x7) f
P = 2B, = G-
hip 0.7 .
—+ = 10583 F
Cao et al. [43] By 0 The sub.cooled boiling
heo = 0.023Re%-8p, 04 kL correlation of water
Dy
MAE is calculated as follows:
h re h X
MAE = — Z' tppred  TIPERL 1009 (35)
M htp,exp

The analysis illustrated in Fig. 15 indicates that the methodology proposed by Qiu et al. [41] is insufficient
in distinguishing between various boiling flow patterns, including bubble flow, slug flow, and annular flow.
These distinct patterns have markedly different effects on heat transfer coefficients under diverse operational
conditions, resulting in suboptimal predictions of heat transfer coefficients during subcooled boiling flow. It
is important to highlight that Ma et al. [42] concentrated on circular or toroidal channels in their research,
whereas the current study utilizes rectangular channels, which may introduce a degree of bias into the
predictive outcomes. Additionally, the model developed by Cao et al. [43] may not adequately account for
certain dynamic changes that occur during the flow boiling process in regions of high heat flux, such as
variations in flow patterns and bubble dynamics. This limitation can lead to diminished accuracy in the
prediction of these phenomena. In contrast, the GA-BP model demonstrates a significant enhancement in the
accuracy of predicting the heat transfer coefficient across different inclination angles. Notably, it effectively
incorporates the non-linear dynamics of flow boiling, which traditional models, including those of Qiu et al.
[41], Ma et al. [42] and Cao et al. [43], do not accurately capture at various inclination angles.
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Figure 15: A comparative analysis of empirical data and forecasted data (a-d)

3.4 Entropy Generation Analysis

Heat transfer efficiency improves with increasing mass velocity as mass flow rises. However, the impact
of flow on the pipe becomes more significant, resulting in a gradual increase in pressure drop. This increase
can raise safety concerns in engineering applications. Therefore, it is essential to consider the combined
effects of heat transfer and pressure drop. An entropy generation analysis offers a thorough approach to
evaluating both heat transfer and pressure drop.

In Fig. 16, the variations in the Be number and IDR with mass flow rate during boiling flow at different
inclination angles are presented for a steam quality of 0.1. The Be number is a dimensionless quantity that
quantifies the distribution of entropy generation due to heat transfer within the total entropy generation. A
value close to 1 indicates that the irreversibility of heat transfer is predominant, followed by the irreversibility
associated with friction. The IDR serves as an index to assess the relative distribution of irreversibility caused
by pressure drop (or friction loss) and heat transfer. A higher IDR value indicates that friction loss plays a
more significant role in total entropy generation.

Fig. 16a depicts the irreversible heat transfer losses experienced by the system during the flow boiling
process. The data presented in the figure indicates a clear trend: as the mass flux increases, the entropy
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generated due to heat transfer diminishes progressively. This reduction in entropy is attributed to the
improved convective effects associated with elevated mass flow rates, which effectively decrease thermal
resistance at the interface and enhance heat transfer efficiency. Additionally, specific angles, such as 0°,
demonstrate lower entropy generation across a range of mass fluxes, suggesting superior thermal perfor-
mance at these orientations. In the context of flow boiling, higher mass flow rates can facilitate improved
fluid dynamics, thereby optimizing heat transfer and minimizing local entropy generation resulting from
temperature gradients.

Fig. 16b provides a quantitative assessment of the irreversibility induced by the fluid as a result of
pressure drop during the flow process. An increase in mass flux leads to a corresponding rise in fluid velocity,
which in turn heightens flow resistance and results in an escalation of entropy generation attributed to
pressure drop. In both figures, it is observed that while entropy generation from heat transfer diminishes
with increasing mass flux, the entropy generation associated with pressure drop increases concurrently. This
interplay underscores the necessity of determining the optimal operating point to effectively balance these
two forms of entropy generation, thereby maximizing overall system efficiency. Furthermore, with respect
to entropy generation at various angles, such as 0°, if this angle demonstrates the lowest entropy generation
across all mass fluxes, it may suggest that the interaction between fluid flow and the boiling surface at this
specific angle is most conducive, thereby minimizing irreversibility to the greatest extent.
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Figure 16: The influence of mass flux on both Be and IDR at different angles under the same steam quality

Fig. 17 illustrates the functional relationship between IDR and Be as steam quality varies under a
constant mass flux. Within the steam quality range of 0.08 to 0.1, the contribution of heat transfer to entropy
decreases, while the contribution of pressure drop to entropy increases. The formation of annular flow may
elevate the entropy associated with heat transfer, leading to a reduction in heat transfer efficiency when steam
quality exceeds 0.1. At lower steam quality levels, heat transfer has a more significant impact than pressure
drop. Consequently, as steam quality increases, IDR rises, peaking at a steam quality of 0.12 before declining,
whereas Be exhibits an inverse trend.
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Figure 17: The influence of steam quality on Be and IDR at different angles under the same mass flux

4 Conclusion

This research explores the dynamics of flow boiling within inclined pipe systems, with a particular

emphasis on the effects of inclination angles on flow pattern transitions, heat transfer characteristics, and

entropy generation. A series of experiments were conducted utilizing varying heat fluxes, mass fluxes, and

inclination angles to comprehensively analyze the flow boiling behavior of deionized water.

1.

Flow Pattern Transitions: The experiments revealed that at various inclination angles, the flow patterns
included bubbly flow, slug flow, throat-annular flow, and annular flow. Both the inclination angle and
mass flux significantly influenced bubble formation, movement, and detachment. In upward flows
(ranging from 0° to 90°), bubbles detached more rapidly, thereby enhancing heat transfer efficiency.
Conversely, in downward flows (beyond 90°), bubbles tended to remain near the surface, resulting in a
decrease in heat transfer performance.

Heat Transfer Efficiency: Heat transfer efficiency is closely related to the angle of inclination. Moderate
inclination angles, ranging from 30° to 60°, can enhance local heat transfer. However, in nearly vertical
downward flows (approaching 180°), a stable vapor film forms, which hinders liquid contact with the
heating surface and reduces heat transfer performance. While higher mass flux improves heat transfer
efficiency;, it also leads to increased pressure losses.

Entropy Generation: The analysis of entropy generation revealed a trade-off between heat transfer and
pressure drop. Although increasing mass flux decreased entropy generation associated with heat transfer,
it concurrently increased entropy generation due to pressure drop. The study identified an optimal
mass flux and inclination angle that minimized total entropy generation, thereby enhancing overall
system efficiency.

Theoretical and Experimental Validation: This research introduced a Genetic Algorithm-
Backpropagation (GA-BP) model for predicting heat transfer coeflicients. The GA-BP model more
effectively captured the nonlinear dynamics of flow boiling, particularly at varying inclination angles.

The innovation of this study lies in its comprehensive exploration of the impact of inclination angles

on flow pattern transitions, as well as its analysis of their effects on heat transfer efficiency and entropy
generation. Unlike previous studies that primarily focused on horizontal or vertical flows, this research offers
new insights for optimizing the heat transfer performance of inclined systems. Specifically, it employs entropy
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generation analysis to balance heat transfer efficiency and pressure losses. Additionally, the introduction
of the GA-BP model provides a more accurate predictive method for flow boiling systems, demonstrating
significant potential for broad applications.
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Nomenclature

Heat flux (kW/m?)

Mass flux (kg/m?-s)

Temperature (°C)

Length of the heating section (m)

Total heating perimeter (m)

Enthalpy (J/kg)

Vapor quality

Latent heat of vaporization (J/kg)
Entropy

Heat transfer rate

Void fraction

Unit length (m)

Heat transfer coefficient (kg/m?-s)
Specific volume

Pressures (pa)

Density (kg/m"3)

Inclination angle (°)

Voltage(V)

Current(A)

Thermal efficiency

Contact area of the test section(m?)
Thermal conductivity of copper (kg/m?*-s)
Cp Specific heat capacity of copper (J/kg-°C)
imz Enthalpy of the mixture of water vapor and water
S gen, tot Entropy generation per unit length

qcc*ow<w&szom§x-qh~]g&

b~
s
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m; Total mass flow rate

P Perimeter of the pipe

ay Void fraction for homogeneous flow

Ret,, Reynolds number based on the two—phase mixture velocity

g Gravitational acceleration

Usg Superficial velocity of the gas phase

Co Distribution parameter

Ugm Drift velocity

Subscripts

in Access to systems

out Out of system

ew External wall

iw Inner wall

sat Saturation

vap Vapor phase

liq Liquid phase

tp Two-phase

frict Frictional

gray Gravitational

mom Momentum
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