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ABSTRACT: With the increasing miniaturization of systems and surging demand for power density, accurate
prediction and control of two-phase flow pressure drop have become a core challenge restricting the performance of
microchannel heat exchangers. Pressure drop, a critical hydraulic characteristic, serves as both a natural constraint
for cooling systems and determines the power required to pump the working fluid through microchannels. This
paper reviews the characteristics, prediction models, and optimization measures of two-phase flow pressure drop for
low-boiling-point working fluids in microchannels. It systematically analyzes key influencing factors such as fluid
physical properties, operating conditions, channel geometry, and flow patterns, and discusses the complex mechanisms
of pressure drop under the coupling effect of multi-physical fields. Mainstream prediction models are reviewed:
the homogeneous flow model simplifies calculations but shows large deviations at low quality; the separated flow
model considers interphase interactions and can be applied to micro-scales after modification; the flow-pattern-
based model performs zoned modeling but relies on subjective classification; machine learning improves prediction
accuracy but faces the “black-box” problem. In terms of optimization, channel designs are improved through porous
structures and micro-rib arrays, and flow rate distribution is optimized using splitters to balance pressure drop
and heat transfer performance. This study provides theoretical support for microchannel thermal management in
high-power-density devices.

KEYWORDS: Pressure drop; two-phase flow; microchannels; bubble shape; prediction model

1 Introduction
In recent years, the heat flux density of high-power devices represented by space-based laser payloads

and phased-array radars has reached or exceeded 100 W/cm2, making it extremely challenging to solve their
heat dissipation problems using traditional single-phase fluid heat transfer methods [1]. Due to advantages
such as high surface-area-to-volume ratio [2], low material cost, minimal coolant requirement, and fast
response time, fluid flow in microchannel heat sinks (MCHS) has attracted worldwide attention. The fluid
flow characteristics in microchannels exhibit distinct differences from those in conventional channels. This is
primarily because shear forces and surface tension become increasingly dominant in microchannels, whereas
the role of gravity is significantly diminished in comparison. With simple structures, MCHS find extensive
applications in fields such as electronics cooling, reactor protection layers, rocket engines, refrigeration
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cooling, and hydrogen storage [3]. Despite these advantages, MCHS have limitations in terms of increased
pressure drop, complexity of multiphysics coupling, and non-uniform working fluid distribution.

Since Tuckerman and Pease [4] first introduced microchannels in the field of electronic cooling, exten-
sive research has been conducted on fluid flow dynamics and heat transfer in microchannels, with efforts
focused on enhancing the overall system performance. Flow boiling in microchannels holds significant
importance in the fields of energy and chemical engineering due to its high heat transfer efficiency and
compactness. It has broad application prospects and is widely utilized in critical scenarios such as microscale
heat transfer and air refrigerant systems, high-power electronic chip cooling, laser semiconductor thermal
management, nuclear reactor cooling, and fuel cell evaporators. Due to their small size and high heat flux
density, microchannels can significantly enhance the phase-change heat transfer process, with the core
mechanism lying in flow boiling achieving efficient energy transfer through the latent heat of vaporization
of the working fluid—markedly improving heat transfer capability compared to single-phase flow. However,
with the increasing miniaturization of systems and surging demand for power density, accurate prediction
and control of two-phase flow pressure drop have become a core challenge restricting the performance of
microchannel heat exchangers. Pressure drop, a critical hydraulic characteristic, serves as both a natural
constraint for cooling systems and determines the power required to pump the working fluid through
microchannels. Under certain operating conditions, excessively high pressure drop may lead to significant
flash boiling phenomena and even trigger two-phase flow blockage [5]. The two-phase flow pressure drop
not only directly affects the energy consumption and stability of the system but also indirectly influences heat
transfer efficiency by altering flow pattern distribution and the dynamic characteristics of the heat transfer
interface. Therefore, the analysis and optimization of its characteristics are crucial for the design and selection
of microchannel equipment, flow resistance balance calculations, and long-term operational reliability.

Compared with traditional channels, fluid flow in microchannels exhibits distinctly different character-
istics, such as more pronounced shear forces and surface tension, while the influence of gravity is relatively
weak [6]. In recent years, focusing on the influencing mechanisms of two-phase flow pressure drop, scholars
have systematically explored the coupling effects of multi-physical factors: at the fluid physical property level,
the viscosity, density, and surface tension of the working fluid affect pressure drop through interfacial shear
forces and bubble dynamics; under operational conditions, variations in two-phase mass flux, quality, and
heat flux density significantly alter the pressure drop distribution; channel geometric characteristics (such
as cross-sectional shape, aspect ratio, surface roughness) and flow pattern evolution (bubbly flow, slug flow,
annular flow, etc.) further intensify the complexity of pressure drop through boundary layer disturbances
and interphase slip effects. Although many scholars have conducted in-depth studies on the influencing
mechanisms of two-phase flow pressure drop, it involves strong coupling of multiple physical fields such
as fluid mechanics, thermodynamics, and heat transfer, with complex interactions between factors that are
difficult to describe using a single theoretical framework. Additionally, due to limitations in experimental
conditions and facilities, results from different experiments are hard to directly compare or generalize.

To address the above challenges, researchers [7–9] have developed various pressure drop calculation
models: the homogeneous flow model simplifies calculations based on the assumption of a uniform mixture,
suitable for low interphase slip conditions; the separated flow model captures the velocity difference between
vapor and liquid phases through phase-separated momentum equations, improving prediction accuracy;
and the flow-pattern-based pressure drop prediction model achieves zoned modeling through flow pattern
recognition algorithms. Additionally, machine learning techniques, by mining implicit correlations between
pressure drop and multi-dimensional parameters in a data-driven manner, provide new approaches for
modeling complex nonlinear relationships.
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Through the above research, scholars have gradually gained a certain understanding of the character-
istics of two-phase flow pressure drop. Aiming at the optimization needs of pressure drop and heat transfer
performance, current research focuses on multi-dimensional coordinated regulation: at the microscale,
optimizing microchannel structures (such as porous coatings, micro-rib arrays) to suppress flow separation
and bubble accumulation; at the mesoscopic scale, adopting active flow pattern control to optimize phase
distribution uniformity; and at the system level, balancing pressure drop and heat transfer performance by
optimizing operational parameters (such as flow rate distribution, quality adjustment).

The main objectives of this study are:

(a) To conduct a comprehensive analysis of the related factors influencing two-phase flow pressure
drop changes.

(b) To provide a comprehensive review of research on pressure drop prediction using homogeneous flow
models, separated flow models, flow-pattern-based pressure drop prediction models, and machine
learning techniques for two-phase frictional pressure drop in microchannels, and to perform a
comparative analysis of the applicable scope and limitations of mainstream models.

(c) To discuss the latest advancements in technical approaches for microchannel pressure drop optimiza-
tion based on the balance between heat transfer efficiency and pressure drop characteristics.

2 Factors Influencing Pressure Drop of Two-Phase Flow
Before discussing the prediction models for two-phase flow pressure drop, we first need a systematic

understanding of the factors influencing two-phase flow pressure drop. The total pressure drop of a fluid
results from changes in kinetic and potential energy as well as friction, so it is the sum of gravitational
pressure drop, acceleration pressure drop, and frictional pressure drop. In horizontal flow, gravitational
pressure drop can be neglected; in adiabatic flow, acceleration pressure drop can be neglected. Therefore, the
main component of the total pressure drop is frictional pressure drop, which is the focus of most research.
As shown in Fig. 1, the primary factors influencing pressure drop can be categorized into fluid physical
properties (density, viscosity, surface tension), channel geometry, operating conditions, and flow patterns,
on which many scholars have conducted research.

Figure 1: Factors influencing pressure drop of two-phase flow
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2.1 Effect of Fluid Physical Properties on Pressure Drop
The physical properties of fluids are core influencing factors for two-phase flow pressure drop charac-

teristics, with complex mechanisms closely coupled to flow patterns and operating conditions. Fluid physical
properties include density, viscosity, and surface tension.

The influence mechanism of density is primarily reflected in the interphase slip effect (density
differences between two phases lead to velocity differences, directly affecting momentum exchange and
frictional pressure drop—the larger the density difference, the more significant the slip effect) and the
roles of inertial and gravitational forces (the higher-density liquid phase has greater inertia, potentially
intensifying flow separation; in vertical channels, density differences also affect the gravitational pres-
sure drop component). Pamitran et al. [10] conducted experiments with five different working fluids
(R-22, R-134a, R-410A, R-290, and R-744) in microchannels, showing that a larger liquid-to-vapor density
ratio (ρf/ρg) results in higher two-phase flow pressure drop. AL-Dogail and Gajbhiye [11] found that
increased density significantly elevates pressure drop because high-density liquids require greater driving
force to overcome gravity and inertia, with more pronounced effects at high flow velocities. Additionally,
high viscosity enhances liquid shear resistance—especially in the annular flow region, increased viscosity
at fluid-to-high flow velocities significantly raises pressure drop. Moreover, increased viscosity promotes
flow patterns toward slug and annular flows while suppressing pseudo-slug flow. The influence mechanism
of viscosity is mainly reflected in frictional resistance (high-viscosity fluids significantly increase liquid-
phase frictional pressure drop), effects on interphase shear forces (viscosity differences affect vapor-liquid
or liquid-liquid interfacial shear forces), and flow pattern suppression (high-viscosity liquid phases inhibit
turbulent development, potentially stabilizing flow patterns in stratified or slug flow and reducing pressure
drop fluctuations caused by dynamic flow pattern transitions). Dewangan et al. [12] comprehensively studied
the effects of viscosity and density on water flow characteristics, finding that water viscosity influences shear
stress—the force required to move water through pipes. Higher-viscosity water requires greater force to pass
through pipes, leading to higher pressure drop. Meanwhile, they also found that increased density reduces
the Reynolds number, making the flow more laminar. However, the friction coefficient may increase in
laminar flow, further increasing pressure drop. The combined effect of high density and high viscosity further
amplifies pressure drop. The influence mechanism of surface tension is mainly reflected in flow pattern
regulation and interfacial stability. Wang et al. [13] found that refrigerants with low surface tension exhibit
poorer vapor-liquid interfacial stability, leading to easier bubble formation and earlier transition from slug
flow to annular flow. Annular flow is characterized by a larger vapor phase volume, higher vapor phase mass,
and greater pressure drop.

In actual operating conditions, density, viscosity, and surface tension often act together, so the coupling
of multiple physical properties of the working fluid must be considered when analyzing pressure drop
characteristics. Pamitran et al. [10] found in their experimental research that density, viscosity, and surface
tension collectively determine the two-phase flow pressure drop characteristics by influencing fluid flow
regimes, interphase friction, and flow pattern transitions.

Although many scholars have studied the effects of fluid physical properties on pressure drop character-
istics, current research has rarely addressed pressure drop behavior under extreme property conditions, such
as ultra-low surface tension (e.g., supercritical CO2), ultra-high viscosity (e.g., molten glass), and dynamic
property changes (thermophysical parameters changing dynamically due to temperature or pressure vari-
ations). Ehsan et al. [14] investigated the pressure drop characteristics of supercritical CO2 and found that
when it approaches the critical temperature, its thermophysical properties change drastically, leading to a
sharp increase in pressure drop.
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2.2 Effect of Operating Conditions on Pressure Drop
Operating conditions are dynamic control factors for two-phase flow pressure drop characteristics,

whose changes significantly alter flow regimes, interphase interactions, and flow pattern distributions,
thereby influencing the magnitude and fluctuation characteristics of pressure drop. Key operating conditions
include mass flow rate, quality, heat flux density, and inlet subcooling.

Mass flow rate dominates changes in frictional pressure drop: an increase in mass flow rate typically
raises flow velocity, with frictional pressure drop increasing with the square of velocity (especially in the
turbulent region). Additionally, mass flow rate induces flow pattern transitions: high flow rates may drive
flow patterns from stratified flow to annular or dispersed flow, altering pressure drop characteristics. Finally,
in vapor-liquid two-phase flow, acceleration differences (slip velocity) between vapor and liquid phases
at high flow velocities lead to additional acceleration pressure drop. Xu et al. [15] found that in the high
Martinelli parameter region, enhanced interfacial interactions at low mass flow rates increase pressure drop.
Furthermore, at low mass flow rates, two-phase flow tends to form liquid film flow and bubbly flow, which
exhibit small interfacial fluctuations and low pressure drop; high mass flow rates promote transitions to slug
or annular flow, enhancing interphase shear forces and void fraction, thereby increasing pressure drop.

As shown in Fig. 2, from Fazelnia et al. [16] boiling and condensation experiments of R1234yf in
horizontal smooth circular tubes, it can be found that the increase of mass velocity and average vapor quality
will significantly increase the pressure drop. However, pressure drop does not exhibit a linear relationship
with quality: at low quality, the vapor phase is dispersed in the liquid phase, and frictional pressure drop
increases with quality; at high quality, the vapor phase becomes the continuous phase, and frictional pressure
drop may decrease. Mattiuzzo et al. [17] studied the effect of quality on pressure drop characteristics using
mixtures of R513A and R516A refrigerants, finding that pressure drop first increases and then decreases with
increasing quality, with a peak at x = 0.85–0.9. Song et al. [18] attributed the frictional pressure drop increase
with quality to the rise in void fraction, which forms thinner liquid films on the channel wall. At constant
mass flow rate, increasing void fraction reduces the average density of both liquid and vapor phases, leading
to higher average velocity and increased pressure drop. In contrast, Del Col et al. [19] observed that increasing
quality reduces pressure drop, as beyond a certain quality, flow transitions from annular flow to dry-out
flow, decreasing the contact area between the liquid phase and the channel wall and thus reducing pressure
drop. Additionally, quality changes directly affect other operating conditions. Yang et al. [20] found that for a
working fluid at a specific quality, pressure drop decreases with increasing saturation pressure and increases
with increasing mass flow rate. The effect of saturation pressure on pressure drop becomes more significant
as quality increases, while the effect of mass flow rate weakens at higher saturation pressures. This is because
at high saturation pressure, the vapor phase has higher viscosity and density, reducing vapor velocity under
the same mass flow rate and quality—vapor-phase pressure drop decreases with lower vapor velocity, and the
vapor phase’s viscosity and density also weaken the influence of mass flow rate on vapor velocity, with vapor-
phase pressure drop often being the dominant component of two-phase flow pressure drop. Wang et al. [21]
investigated the effects of mass flow rate and quality on pressure drop using air and water as working fluids.
As shown in Fig. 3, pressure drop increases with both mass flow rate and quality, but increasing mass flow
rate suppresses the growth rate of pressure drop. Conversely, higher quality promotes a faster growth rate of
pressure drop. When quality increases from 0.40 to 0.48, 0.30 to 0.40, and 0.19 to 0.27, the frictional pressure
drop gradients increase from 40.78 Pa⋅m−1 to 69.75 Pa⋅m−1, 25.62 Pa⋅m−1 to 57.23 Pa⋅m−1, and 21.18 Pa⋅m−1

to 84.58 Pa⋅m−1, respectively.
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Figure 2: The effect of mass velocity and average vapor quality on the frictional pressure drop of (a) the condensing
flow, and (b) the boiling flow [16]
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Figure 3: Pressure drop vs. dryness at different mass flow rates [21]. (a) G = 500 kg ⋅ h−1, (b) G = 600 kg ⋅ h−1, and
(c) G = 1000 kg ⋅ h−1

High heat flux density promotes bubble nucleation and growth, potentially triggering flow pattern
transitions and intensifying pressure drop fluctuations. It also induces dynamic changes in local quality
due to localized evaporation caused by heating, leading to non-uniform quality distribution along the flow
direction and spatial non-uniformity in pressure drop. Rapid heating may also create temperature differences
between vapor and liquid phases, affecting physical properties and indirectly altering the pressure drop.
Tibirica and Ribatski [22] found that increasing heat flux density enhances vaporization rate and quality,
thereby increasing pressure drop. Xu and Yu et al. [23,24], however, observed that at a constant quality, heat
flux density has little effect on pressure drop—while the liquid film vaporization rate is proportional to heat
flux, its increase is much smaller than the corresponding quality change. Li and Fang [25] demonstrated
that higher heat flux intensifies nucleate boiling, increasing bubble generation and departure frequency
in the tube. The increased number of bubbles amplifies fluid density gradients, accelerating a significant
rise in pressure drop; moreover, bubble disturbances enhance wall friction, further increasing frictional
pressure drop. Consequently, the total pressure drop exhibits a pronounced upward trend with increasing
heat flux density.

When the inlet subcooling is large, the working fluid needs to absorb more heat before entering the
heating zone to reach saturation, thereby delaying the onset of boiling—a phenomenon known as boiling
hysteresis. During the boiling hysteresis stage, the working fluid mainly flows as a single phase, resulting in
relatively small pressure drop. As the heat flux density increases, the fluid gradually transitions into a two-
phase flow regime, and the pressure drop begins to increase significantly. Li and Fang [25] showed that low
inlet subcooling shortens the single-phase flow region, causing the working fluid to enter the two-phase flow
stage earlier, thus generating a larger total pressure drop under the same heat flux density. Increasing inlet
subcooling also affects two-phase flow pattern transitions. At lower inlet subcooling, the working fluid more
easily enters the two-phase flow state, with flow patterns potentially transitioning from bubbly flow to slug
flow, annular flow, etc. Different flow patterns exhibit distinct pressure drop characteristics: bubbly flow has
relatively small pressure drop, while slug and annular flows have larger pressure drops. In microchannel flow
boiling experiments, Xie et al. [26] found significant differences in two-phase pressure drop during bubbly,
slug, and annular flow stages under different inlet subcooling conditions. In the bubbly flow stage, bubble
generation is relatively low, with bubbles isolated from each other, leading to small frictional resistance. In
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the slug and annular flow stages, the velocity difference between vapor and liquid phases increases, causing
a higher along-the-channel pressure drop.

Operating conditions exert multi-dimensional influences on two-phase flow pressure drop by directly
altering flow regimes and phase-change processes. Future research should focus on breaking through the
quantitative analysis of multi-condition coupling mechanisms and dynamic responses, providing precise
design guidelines for complex engineering applications in two-phase flow thermal management.

2.3 Effect of Flow Channel Geometry on Pressure Drop
The geometric structure of the flow channel is a key design parameter for two-phase flow pressure

drop characteristics, directly influencing flow resistance, flow pattern evolution, and the intensity of
interphase interactions.

The inner diameter affects the flow velocity and shear force in the channel: a smaller inner diameter
increases flow velocity (at the same mass flow rate), enhances wall shear stress, and significantly raises
frictional pressure drop. In microchannels, the effect of surface tension is also amplified, making flow patterns
more prone to bubbly or annular flow, with pressure drop characteristics deviating from conventional
correlations. Additionally, the proportion of the flow development section is larger in microchannels, leading
to a steeper local pressure drop gradient. Pamitran and Revellin et al. [10,27] studied the pressure drop
characteristics of refrigerants R134a and R245fa in micro-sized channels and found that smaller channel
diameters result in higher pressure drops. This is because a reduced inner diameter increases wall shear force,
leading to a higher friction coefficient and correspondingly higher pressure drop. Pamitran et al. [10] tested
the boiling flow of R22 in a horizontal circular channel. At a mass flow rate of 500 kg/m2⋅s, the pressure drop
increased from 31 to 37.2 kPa/m when the inner diameter decreased from 3.0 to 1.5 mm.

The cross-sectional shape affects the pressure drop distribution. In non-circular cross-sections (such
as rectangular, triangular, and flat tubes), secondary flows or stagnant areas are likely to form in the
corner regions, increasing the effective frictional resistance. Kim and Mudawar [28] established a detailed
analysis model for microchannel heat sinks with rectangular, inverted trapezoidal, triangular, trapezoidal,
and rhombic cross-sections. Rectangular microchannels generally have lower flow resistance due to their
symmetry and relatively large flow cross-sectional area. Inverted trapezoidal, triangular, trapezoidal, and
rhombic microchannels may lead to higher flow resistance because of sharp corners, variable cross-sections,
or smaller flow areas. The cross-sectional shape also affects the morphology of the vapor-liquid interface. In
flat tubes, the liquid phase wets the upper and lower walls more easily, forming a thin liquid film, and the
pressure drop is dominated by the shear force of the liquid film. In addition, changes in the aspect ratio of the
rectangular cross-section will also affect the flow structure. Tutwiler et al. [29] found that twisted elliptical
tubes with different aspect ratios can induce stronger swirling flows and small-scale turbulent structures
(Fig. 4), resulting in enhanced flow mixing and thus increasing the flow resistance. An increase in the aspect
ratio also leads to a nonlinear increase in the friction coefficient, thereby increasing the pressure drop.
Existing correlations do not consider the influence of the aspect ratio, so there are deficiencies in predicting
the pressure drop in the case of different aspect ratios. In addition, fluids with a low Prandtl number (such
as liquid metals) have a smaller change in pressure drop when the aspect ratio changes, while fluids with a
high Prandtl number (such as water or oil) show a more obvious change.

Zhang et al. [30] studied the characteristics of subcooled flow pressure drop in manifold microchannel
heat sinks and found that as the aspect ratio (height-to-width ratio) of the microchannels increased (for
example, from 6.67 to 16.67), the pressure drop decreased significantly. This is because an increase in the
aspect ratio leads to an increase in the cross-sectional area and a decrease in the flow velocity, thereby
reducing the frictional pressure drop.
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Figure 4: Twisted elliptical tubes with different aspect ratios [29]

In complex two-phase loop systems, local structures such as elbows and T-joints may also induce
secondary flows and phase separation, resulting in additional local pressure drops [31]. Wang et al. [32]
used numerical simulations to explore the influence of the pipe diameter of right-angle elbows on local
pressure drops. The research results show that right-angle elbows are the main parts contributing to the
local pressure drop losses of coupling pipe fittings, and their pressure drop losses account for two-thirds
of the entire coupling pipe fittings. On the other hand, Wang focused on exploring the influence of 90○
bends on the pressure distribution of different vapor-liquid two-phase flows for specific vapor-liquid two-
phase flow patterns in vertical upward pipes. It was found that different vapor-liquid two-phase flow patterns
would generate secondary flow phenomena to varying degrees after passing through a 90○ bend. The
tangential velocity at the outlet of the bend presents a bimodal distribution, which eventually dissipates into
a unimodal distribution as the flow develops. Muzaffar et al. [33] also found that in microchannels with a
small bend ratio, the centrifugal force is enhanced, the flow separation is intensified, and the pressure drop
increases significantly.

In summary, the geometric shape of the channel mainly regulates the flow resistance and flow pattern
distribution directly through geometric constraints, thereby determining the characteristics of two-phase
flow pressure drop. The main challenges faced by current research lie in the lack of a universal model for the
pressure drop characteristics of asymmetric and irregular cross-sections (such as honeycomb structures and
porous media), which requires a combination of topological optimization and experimental calibration. In
addition, flexible channels (such as biological blood vessels and flow channels of soft robots) deform during
flow, resulting in a nonlinear coupling of pressure drop, and existing rigid models are not applicable.

2.4 Effect of Flow Pattern on Pressure Drop
Flow pattern refers to the spatial distribution of vapor and liquid phases in two-phase flow, which

directly determines the interphase force and pressure drop characteristics. The dominant mechanisms of
pressure drop vary significantly under different flow patterns, and dynamic transitions between flow patterns
can lead to drastic fluctuations in pressure drop. As shown in the figure, two-phase flow patterns are mainly
classified into bubbly flow, slug flow, stratified flow, annular flow, and mist flow. The main factor influencing
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the flow pattern is the quality x of the two-phase flow. Gao et al. [34] conducted experimental research on
the flow boiling of liquid nitrogen in microchannels: Bubbly flow mainly occurs when x < 0.2, slug flow
appears when 0.1 < x < 0.4, stratified flow occurs when x > 0.4, annular flow is present when x > 0.6, and mist
flow occurs when x > 0.8. The flow patterns are schematically shown in Fig. 5. The main characteristic of
slug flow is high-frequency pulsating fluctuations, and its average pressure drop increases with the increase
of quality. This is mainly because the periodic formation and release of large bubbles lead to local flow
blockage, causing alternating changes between acceleration pressure drop and frictional pressure drop. In
stratified flow, the liquid phase and the vapor phase flow in layers, and the interfacial friction is relatively
small, but when the velocity of the vapor phase is high, the total pressure drop increases. Therefore, the
pressure drop is relatively stable, with frictional pressure drop being the main component, and an increase
in vapor velocity will intensify the friction and acceleration pressure drop. In annular flow, the high-speed
flow of the central vapor phase and the friction with the outer liquid phase act together. Due to the low
density of the vapor phase, its velocity is higher than that of the liquid phase, resulting in an increase in both
acceleration pressure drop and frictional pressure drop. The pressure drop of mist flow increases significantly
with a further increase in vapor quality, and a sudden rise in the wall temperature after dryout may lead to
local flow instability. In addition, the frictional pressure drop of bubbly flow is similar to that of single-phase
flow, but due to the enhanced turbulence caused by bubble disturbances, the pressure drop is slightly higher,
and the coalescence or fragmentation of bubbles will also slightly change the pressure drop gradient.

Figure 5: Flow pattern [34]

Flow patterns become the core regulating factors for two-phase flow pressure drop by changing the
influencing proportions of frictional, acceleration, and gravitational pressure drops. Due to the significant
differences in the flow characteristics and pressure drop characteristics among various flow patterns, many
scholars currently establish pressure drop models for two-phase flow based on these flow patterns.

2.5 Summary
Studying the characteristics of pressure drop holds significant engineering implications in aspects such

as engineering design and optimization, energy utilization and energy conservation, as well as flow state
and control. The prediction and control of two-phase flow pressure drop are key issues for improving
the performance of microchannel heat exchangers. Its influencing factors mainly include fluid physical
properties, channel properties, operating conditions, and flow patterns. The interactions among these factors
are complex, involving strong coupling of multiple physical fields such as fluid mechanics, thermodynamics,
and heat transfer, which makes it difficult to describe them within a single theoretical framework. By
clarifying the action boundaries and interaction mechanisms of each factor, scholars have taken the factors
influencing two-phase flow pressure drop as variables and limiting conditions, and developed prediction
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models for two-phase flow pressure drop. They have gradually achieved the transition from local empirical
modification to global mechanism modeling, thus laying a theoretical foundation for the efficient regulation
of two-phase flow pressure drop in thermal control systems.

3 Study on Pressure Drop Model of Two-Phase Flow
Two-phase pressure drop models can be categorized into mathematical models and experimental

models. Mathematical models are mainly based on fundamental theories such as fluid mechanics and
thermodynamics. They describe the flow characteristics and pressure drop patterns of two-phase flow by
establishing mathematical equations. Experimental models are established and validated through a large
amount of experimental data, directly reflecting the pressure drop patterns under actual flow conditions.
Once a mathematical model is established and verified, it can be popularized and applied within a certain
range to predict the two-phase flow pressure drop under different operating conditions, but its prediction
accuracy cannot be guaranteed. Experimental models can be studied for specific fluids, pipeline conditions,
and operating parameters, and can more accurately reflect the flow characteristics under specific circum-
stances. However, the establishment of experimental models is often based on very limited experimental
data. Various models do not have relatively accurate calculation accuracy within all parameter ranges and
are usually applicable within a limited range of conditions. As shown in Fig. 6, numerous methods for
predicting two-phase flow pressure drop have been proposed by researchers. Among these, the homogeneous
flow model, separated flow model, and certain flow-pattern-based methods are widely recognized. Lately,
machine learning approaches have also drawn growing attention. This is mainly because they can conduct
multiple nonlinear regressions, which is beneficial for predicting pressure drop.

pressure drop 
model

Homogeneous
flow model

Separated flow 
model

flow - pattern -
based model

machine learning

Figure 6: Pressure drop model of two-phase flow

3.1 Homogeneous Flow Model
The homogeneous flow model is the simplest two-phase flow analysis model. Its core assumptions are

that the vapor and liquid phases are uniformly mixed, there is no relative velocity between them, and the
two phases are in a state of thermodynamic equilibrium. The homogeneous flow model treats two-phase
flow as having the characteristics of a mixed fluid by utilizing the density and viscosity of the two-phase
mixture, and simplifies calculations by defining the average physical property parameters (such as density
and viscosity) of the mixture. In 1949, McAdams et al. [35] first proposed a simple two-phase viscosity
expression by making an analogy with the two-phase density. Subsequently, Akers et al. [36] and Cicchitti
et al. [37] developed their own two-phase viscosity expressions based on the experimental results of the flow
boiling of water and steam. Dukler and Wicks [38] proposed introducing the average value of kinematic
viscosity and put forward a new two-phase viscosity equation. The two-phase viscosity equation proposed
by Beattie and Whalley [39] combines the characteristics of bubbly flow (based on Einstein’s theory) and
annular flow (based on the assumption of interfacial wave intermittency), and is applicable to complex
flow patterns dominated by gravity. Lin et al. [40] proposed a local two-phase frictional pressure drop
prediction model for R12 in microchannels. The model introduces the 1.4th power of the mass vapor void
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fraction x, weakening the contribution of the liquid phase viscosity in the region with a high vapor void
fraction, so that the prediction results are more consistent with the flow characteristics with a low slip ratio
(Sc < 2) in the capillary tube. For different two-phase flows, Awad and Muzychka [41] proposed two new two-
phase viscosity models by using the Maxwell-Eucken 1 and 2 models to make an analogy with the effective
thermal conductivity. Maxwell-Eucken 1 is suitable for materials in which the thermal conductivity of the
continuous phase is higher than that of the dispersed phase (kcont > kdisp), such as foams or sponges, while
Maxwell-Eucken 2 is suitable for materials in which the thermal conductivity of the continuous phase is
lower than that of the dispersed phase, such as particulate materials. Therefore, the former is suitable for
two-phase flows in which the continuous phase is the liquid phase, such as bubbly flow; and the latter is
suitable for two-phase flows in which the continuous phase is the vapor phase, such as mist flow. Shannak [42]
synthesized the inertial force (in the numerator) and viscous force (in the denominator) of the vapor-liquid
two phases and proposed a new two-phase Reynolds number expression, which more accurately reflects the
momentum transfer characteristics of two-phase flow. Maher et al. [43] proposed a new viscosity expression
based on the analogy of porous media. This formula combines the parallel model of Cicchitti et al. [37]
and the series model of McAdams et al. [35] through exponential weighting (0.94), balancing the viscosity
contributions under different flow conditions. In addition, they also proposed a new friction factor formula,
which combines the Blasius equation (for turbulent flow) and an empirical term, covering the entire range
from laminar flow to turbulent flow and avoiding the discontinuity of traditional models in the transition
region. Table 1 lists the comparison of homogeneous flow models by different scholars.

Table 1: Homogeneous flow model

Authors Models

Homogeneous models (dP
dz

)
f
= 2G2

dh ρt p
ft p

ft p =
16

Ret p
for Ret p < 2000, ft p = 0.079Re−0.25

t p for Ret p > 2000

Ret p =
Gdh

μt p
, ρt p = ( x

ρν
+ 1 − x

ρl
)
−1

McAdams et al. [35] μt p = ( x
μν

+ 1 − x
μl

)
−1

Akers et al. [36] μt p =
μl

[(1 − x) + x (ρl/ρν)0.5]

Cicchitti et al. [37] μt p = (xμν + (1 − x) μl)

Dukler et al. [38] μt p = ρt p (x μν

ρν
+ (1 − x) μl

ρl
)

Beattie and Whalley [39] μt p = βμν + (1 − β) (1 + 2.5β) μl , β = x
[x + (1 − x) ρν/ρl ]

Lin et al. [40] μt p =
μl μν

μν + x 1.4 (μl − μν)

(Continued)
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Table 1 (continued)

Authors Models

Awad and Muzychka [41]

μt p = μl
2μl + μν − 2 (μl − μν) x

2μl + μν + (μl − μν) (1 − x) , kcont > kd is p

μt p = μν
2μν + μl − 2 (μν − μl) x

2μν + μl + (μν − μl) (1 − x) , kcont < kd is p

Shannak [42] Ret p =
Gdh [x2 + (1 − x)2 (ρν/ρl)]

μν x + μl (1 − x) (ρν/ρl)

Maher et al. [43] μt p = [(1 − x) μl + xμg]
0.94 ( 1 − x

μl
+ x

μg
)

1−0.94

ft p = (0.79Re−0.25
t p )1.4 + [0.17 (0.69 ln Ret p − 2.2)−1.5]

1/0.7

The homogeneous flow model treats two-phase flow as a uniform mixture and describes the flow
characteristics using the average density and viscosity. It is applicable to flow patterns such as bubbly flow
and annular flow, and performs particularly well under conditions of high vapor void fraction or turbulent
flow. However, since it does not take into account the velocity difference between the vapor and liquid phases
and the interfacial shear force, it leads to large prediction deviations at low qualities. In microchannels,
the flow is dominated by surface tension, but the homogeneous flow model fails to effectively incorporate
parameters related to surface tension. In addition, for subcooled boiling, the dynamic changes in bubble
generation and condensation are complex, and the homogeneous flow model is unable to accurately capture
these phenomena.

3.2 Separated Flow Model
The separated flow model calculates the effects of the liquid and vapor phases separately through their

respective friction coefficients. Dimensionless parameters (such as the Lockhart-Martinelli parameter X,
the Chisholm parameter C, and the Bond number) are introduced to describe interphase interactions and
surface tension. In 1949, Lockhart [44] first proposed the concepts of the liquid-phase and vapor-phase
friction coefficients Φ2

l and Φ2
v to provide a method for separating the vapor and liquid phases in developing

a two-phase frictional pressure drop model. They also proposed a dimensionless factor X, defined as the
ratio of the frictional pressure drops of the liquid and vapor phases. Based on experimental data of air and
liquids (including benzene, kerosene, water, and various oils) in pipes with diameters ranging from 1.5 to
25.8 mm, they plotted a graph covering four flow patterns: turbulent liquid-turbulent vapor (tt), turbulent
liquid-laminar vapor (tv), laminar liquid-turbulent vapor (vt), and laminar liquid-laminar vapor (vv), as
shown in Fig. 7.
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Figure 7: Lockhart and martinelli four flow patterns [44]

To facilitate scholars’ use and calculations, Chisholm [45] proposed a creative approach to establish
the relationship between the liquid-phase friction coefficient Φ2

l and the Lockhart-Martinelli parameter
(X). They put forward the simplified equation Φ2

l = 1 + C
X + 1

X2 . For the four flow mechanisms defined by
Lockhart-Martinelli, they respectively provided the values of the pressure-drop coefficient C, enabling the
model to be applicable to a wider range of operating conditions. Since then, most researchers have adopted
this method and developed different empirical models. Mishima and Hibiki [46] found that the Chisholm
equation did not take into account the influence of pipe diameter, resulting in prediction deviations for
small-diameter pipes. By fitting the flow patterns, void friction, and frictional pressure drops of air-water
flow in capillaries with inner diameters ranging from 1 to 4 mm, the results showed that as the pipe diameter
decreased, the value of C significantly decreased, which was more consistent with the flow characteristics of
small-diameter pipes. Therefore, they proposed a new modified model based on the original one. Lee and
Lee [47] proposed a new two-phase pressure-drop model for small gaps in horizontal rectangular channels
based on 305 data points. The model targeted the surface-tension-dominated flow (such as laminar-laminar
flow) in small-gap channels and quantified the effects of surface tension and viscous force through λ and
ψ. Lee and Mudawar [48] considered the synergistic effect of surface tension, viscous force, and the gas-
liquid density ratio on heat transfer in microchannels and incorporated the micro-scale effect into the
model through the dimensionless parameters Bo and Welo. Hwang and Kim [49] studied the pressure-
drop characteristics of R134a in microtubes with inner diameters of 0.244, 0.430, and 0.792 mm. The newly
developed model incorporated the confinement number (Nconf), which captured the enhanced interfacial
effect in microtubes through the ratio of surface tension to pipe diameter and was applicable to channels with
diameters smaller than the Laplace constant. Li and Wu [50] found that the Chisholm parameter showed
two opposite relationships for different Bond numbers. Therefore, they proposed two methods based on
Bond ≤ 1.5 and 1.5 ≤ Bond ≤ 11 to obtain the Chisholm parameter, dividing the flow into three regions:
surface-tension-dominated, mixed-force-dominated, and inertia-dominated.
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In addition to modifying the pressure drop coefficient C, many scholars have also optimized the
Lockhart-Martinelli liquid-phase friction coefficient, pressure drop expression, and friction factor f. Muller-
Steinhagen and Heck [51] simplified the original pressure drop expression. Compared with complex
empirical models, this formula features a simple form and eliminates the need for iterative calculations,
making it suitable for rapid engineering estimations.

Tao and Ferreira [52] modified the Lockhart-Martinelli model for NH3 in plate heat exchangers. The new
model adds an x

X2 term to the liquid-phase friction coefficient expression, further weakening the influence of
the vapor phase and improving adaptability to NH3 flows with a large density ratio. Additionally, the model
accounts for the effect of the corrugated structure in plate heat exchangers on interfacial smoothness, revising

the pressure drop coefficient C to 2. This fixes the interfacial effect pressure drop as 2
√

( dp
dz )l

( dp
dz )v

, reducing
overestimation of interfacial friction under surface tension dominance.

Sun et al. [53] found that existing models are insufficient for predicting flow boiling pressure drop in
rectangular channels—the predictions of the homogeneous model using the equivalent viscosity assumption
were significantly lower than experimental values, with large data dispersion. They therefore conducted a
study on pressure drop characteristics during flow boiling under uniform and non-uniform transverse wall
heating in a vertical rectangular channel. Based on experimental data, they evaluated the applicability of
existing correlations and proposed a new model based on Muller-Steinhagen-Heck model, introducing the
Bond number to account for the effect of surface tension.

Hao et al. [54] conducted research on the pressure drop characteristics of CO2 in horizontal heated
tubes, exploring pressure drop models under subcritical and supercritical pressures respectively. They found
that the commonly used Chisholm and Friedel correlations under subcritical conditions, which are based on
data for water and conventional refrigerants, cannot accurately predict the subcritical pressure drop of CO2.
To address this, they modified the Chisholm and Friedel correlations and established new friction factor
correlations, significantly improving the prediction accuracy.

The classical separated flow models (Lockhart-Martinelli and Chisholm) address interphase interac-
tions through liquid-phase and vapor-phase friction coefficients and dimensionless parameters. However,
these models were developed based on macrochannels and do not fully account for the dominant charac-
teristics of surface tension and viscous forces in microchannels. Building on these models, researchers have
incorporated microscale effects such as surface tension, viscous forces, and the gas-liquid density ratio in
microchannels by modifying the pressure drop coefficient C and introducing new dimensionless numbers
like the Bond number (Bo) and Weber number (We). Many researchers have also revised the separated flow
models for specific working fluids and operating conditions, enabling them to better adapt to particular
environments and significantly improving the prediction accuracy. Table 2 lists the comparison of separated
flow models by different scholars.

Table 2: Separated flow model

Authors Models

Lockhart and Martinelli
proposed and Chisholm

developed [44,45]

(dP
dz

)
t p
= (dP

dz
)

l
Φ2

l , Φ2
l = 1 + C

X
+ 1

X2

X2 =
(dP/dz)l
(dP/dz)ν

, (dP
dz

)
l
= 2G2 fl

dh ρl
(1 − x)2 , (dP

dz
)

ν
= 2G2 fν

dh ρν
x2

(Continued)
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Table 2 (continued)

Authors Models

f = 16
Re

for Re < 2000, f = 0.079Re−0.25for Re > 2000

Cνν = 5 for laminar − liquid and laminar − vapor
Ctν = 10 for turbulent − liquid and laminar − vapor
Cνt = 12 for laminar − liquid and turbulent − vapor

Ctt = 20 for turbulent − liquid and turbulent − vapor

Mishima and Hibiki [46] C = 21 (1 − exp (−0.319dh)) , for rectangular channel
C = 21 (1 − exp (−0.333dh)) , for circular tube

Lee and Lee [47]
C = AλqψrRes

l , λ =
μ2

l
ρl σdh

, ψ = μl j
σ

Cνν = 6.833 × 10−8 λ−1.317ψ0.719Re0.557
l o , Ctν = 3.627Re0.174

l o

Cνt = 6.185 × 10−2Re0.726
l , Ctt = 0.048Re0.451

l o

Lee and Mudawar [48] Cνν = 2.16Re0.47
l We0.6

l , Cνt = 1.45Re0.25
l We0.23

l

Wel =
G2dh

ρl σ

Hwang and Kim [49] C = 0.227Re0.452
l X−0.32 (Co)−0.82

Co =
√

σ
g (ρl − ρν)

/dh

Li and Wu [50]
C = 11.9Bond0.45Bond ≤ 1.5

C = 109.4 (Bond ⋅ Re0.5
l )−0.56 1.5 < Bond ≤ 11

Bond = g (ρl − ρν) d2
h/σ

Muller-Steinhagen and Heck [51] (dp
dz

)
tp
= F (1 − x)1/3 + (dp

dz
)

l
x3

where F = (dp
dz

)
l
+ 2 [(dp

dz
)

v
− (dp

dz
)

l
] x

Tao and Ferreira [52] Φ2
l = 1 + 2

X
+ x

X2

(dp
dz

)
tp
= (dp

dz
)

l
+ 2

√
(dp

dz
)

l
(dp

dz
)

v
+ x (dp

dz
)

v

Sun et al. [53]
(d p

dz
)

t p
= A(1 − x)1/3 + Bx3 + (B − A) ⋅ C ⋅ x (1 − x)1/3

A = (d p
dz

)
l

,B = (d p
dz

)
v

(Continued)
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Table 2 (continued)

Authors Models

C = 2 + 1.52x 1.6Bo11 (ρl − ρv

ρt p
)
−2.6

,

Bo = g (ρl − ρv)D2

σ

Hao et al. [54] f = 1.1228Re−0.287
av e x−0.1078

av e

3.3 Pressure Drop Model Based on Flow Pattern
In addition to the homogeneous flow model and the separated flow model, some scholars have

established different pressure drop correlations based on flow patterns (such as bubbly flow, slug flow, and
annular flow). Flow pattern-based models mainly refer to those that consider the influence of different flow
patterns on pressure drop. These models typically analyze the structure of the gas-liquid interface and use
different parameters and empirical values to predict pressure drop according to the specific flow pattern.
Moreno Quibén and Thome [55] proposed a new method for predicting two-phase frictional pressure drop,
which accounts for the interfacial effects between phases and was developed using a phenomenological
approach. The new model processes each flow pattern separately, ensuring smooth transitions at the
transition boundaries and consistency with experimental results. Harirchian and Garimella [56] studied the
fluorinated liquid FC-77 in microchannels where multiple flow patterns coexist and developed a new flow
pattern-based pressure drop model. They divided the microchannel into single-phase, bubbly flow, slug flow,
and annular flow regions, calculating the pressure drop for each section and then summing them up. As
shown in the Fig. 8, Harirchian identified two main flow conditions in microchannels: confined flow and
unconfined flow. The total pressure drop for confined flow is the sum of the pressure drops in the single-
phase region, slug flow region, and annular flow region; for unconfined flow, it is the sum of the pressure
drops in the single-phase region, bubbly flow region, and annular flow region.

Fang et al. [8] believed that Thome’s model required distinguishing multiple flow patterns, leading
to complex calculations and strong subjectivity in classification. They therefore simplified flow patterns
into two forms: annular/intermittent flow and wavy/stratified flow, reducing the complexity of flow pattern
classification, ensuring model continuity, and making it more suitable for engineering applications. Hughes
and Garimella [57] divided two-phase flow into three patterns: annular mist flow, stratified flow, and inter-
mittent flow, establishing independent pressure drop models for each. Additionally, Matthew incorporated
the influence of acoustic excitation into flow pattern criteria and flow mechanisms. Through visualization
experiments, Tian et al. [58] classified flow patterns in helical tubes into four types: bubble flow, intermittent
flow, wavy-stratified flow, and annular flow (as shown in Fig. 9). They proposed differentiated frictional
pressure drop models for different flow patterns and finally developed a unified formula covering all flow
patterns, suitable for simplified engineering calculations. Table 3 lists the comparison of pressure drop model
based on flow pattern by different scholars.
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Figure 8: Flow diagram of confined flow (a) and unconfined flow (b) [56]

Figure 9: Classification of flow patterns in helical tubes [57]. (a) Bubble flow, (b) intermittent flow, (c) wavy-stratified
flow, and (d) annular flow
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Table 3: Pressure drop model based on flow pattern

Authors Models

Moreno Quibén
Thome et al. [55]

(d p
dz

)
t p
= 4 τi

D
;

τi = fi
1
2

ρν (uν − ul)2 ≈ fi
1
2

ρνu2
ν , i f , ul ≤ uν

uν =
m
ρν

X
ε

ul =
mX
ρl ε

(Δp)annul ar = 4 ( fi)annul ar (
L
D
) ρvu2

v
2

(Δp)s l u g+intermittent = Δpl (1 − ε
εIA

)
0.25

+ (Δp)annul ar (
ε

εIA
)

0.25

(Δp)s l u g+SW = Δpl (1 − ε
εIA

)
0.25

+ (Δp)strat i f i ed−w av y (
ε

εIA
)

0.25

(Δp)mist = 2 fm ( L
D
) m2

ρm

(Δp ) dr yout =
(Δp )t p ( xd i ) −

x − xd i

xd e − xd i
[( Δp )t p ( xd i ) − ( Δp )mist ( xd e )]

Harirchian and
Garimella [56]

ΔPch = ΔPs p + ΔPs + ΔPa for Confined flow (Bo0.5 × Re < 160)

ΔPs p =
G2

2ρ f

( fs p ,d ev Ls p ,d ev + fs p , f d Ls p , f d)
Dh

ΔPs + ΔPa = dP
dz

= − 1
Ac

[Pc τi − (Γf gui − Γd uc) +
d

dz
(ρHu2

c Ac) + P dAc

dz
]

ΔPch = ΔPs p + ΔPb + ΔPa for Unconfined flow (Bo0.5 × Re > 160)
For unconfined flow, the pressure drop of bubbly flow region ΔPb is calculated
using the single-phase methodology, using the homogeneous density ρH, and
the homogeneous viscosity, μH = xμg + (1 − x) μ f . And the pressure drop of
annular/wispy-annular region ΔPa is calculated using the methodology of

ΔPs + ΔPa , along with c f i = 3.1 × 10−4 (Bo0.5 × Re)2

(Continued)
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Table 3 (continued)

Authors Models

Fang et al. [8]

dp
dz

= fi

d
ρνu2

ν
2

, uν =
mx
ρν ε

ε = x
ρν

{(1 + 0.12 (1 − x))( x
ρν

+ (1 − x)
ρl

)

+ 1.18 (1 − x) [gσ (ρι − ρν)]0.25

mρ0.5
ι

}
−1

For annular or intermittent flow, the calculation is as follows:
fi = a1 (ρl/ρv)a2 Wea3

l (μv/μl)a4 xas εas + a7 (ρl/ρv)as Weas
l (μv/μl)a10 xa11

Wel =
m2d
σρ,

For Stratified-wavy flow, the calculation is as follows:

ft p ,w av y =
θw av y

2π
fν + (1 −

θw av y

2π
) fi

Hughes and
Garimella [57]

For annular-mist flow, the calculation is as follows:
dP
dz

= − si

Ai
[

c f , i

2
ρvc (Uvb − U f f )2 +

c f ,ac

2
ρvc j2

ac − E′′ (U f f − Uvc)]

For stratified flow, the calculation is as follows:
dP
dz

= − 1
Ai

[
c f , i , f f

2
Si , f f pv (Uv − U f )

2 +
c f , i , p

2
Si , pρp (Uv − U f )

2]

For Intermittent flow, the calculation is as follows:
dP
dz

= −
Lsl u g

LUC
⋅

2c f ,s l u g ρsl u g j2

D
+

L f i l m

LUC
⋅ (

τ f S f

A f
− τi Si

A f
)

Tian et al. [58]

For flow I, the calculation is as follows: (dP
dz

)
f r i c ,I

= (dP
dz

)
l
⋅ ϕI

ϕI = E + 3.2H ⋅ Fr0.04
t p ⋅ We0.043

t p

E = (1 − x)2 + x2 ⋅ (
ρg λg

ρl λl
) , F = x0.78 ⋅ (1 − x)0.224 , H = ( μl

μg
)

0.7

For flow II, the calculation is as follows: (dP
dz

)
f r i c ,Π

= (dP
dz

)
l
⋅ ϕII

ϕΠ = E + 0.027 ⋅ F′ ⋅ H′ ⋅ Fr−1.909
t p ⋅ We2.003

t p

(Continued)



Front Heat Mass Transf. 2025;23(4) 1073

Table 3 (continued)

Authors Models

F′ = x0.78 ⋅ (1 − x)0.224 , H′ = ( ρl

ρg
)

0.91

⋅ (
μg

μl
)

0.19

For flow III, the calculation is as follows: (dP
dz

)
f r i c ,III

= G2

2Dρt p
⋅ ϕIII

ϕIII =
⎧⎪⎪⎨⎪⎪⎩

3.195 ⋅ log10

⎡⎢⎢⎢⎢⎣
0.0032 + 23.176 ⋅ Re0.038

t p ,McAd ams + 0.03 ⋅
√

d
D

⎤⎥⎥⎥⎥⎦

⎫⎪⎪⎬⎪⎪⎭

−2

For flow IV, the calculation is as follows: (dP
dz

)
f r i c ,IV

= (dP
dz

)
l
⋅ ϕIV

ϕIV = 1 + 7.630Xtt + 1.591X2
t t

For flow General Mode, the calculation is as follows:
(dP

dz
)

f r i c ,GM
= (dP

dz
)

l
⋅ ϕG M

ϕG M = 1.352 ⋅ (1 + 5.834Xtt + 1.163X2
t t)

(dP
dz

)
l
= G2 (1 − x)2

2ρt
⋅
⎛
⎝

0.0032 + Re−0.237
l + 0.03

√
d
D
⎞
⎠

Flow pattern-based pressure drop prediction models can establish corresponding pressure drop cal-
culation methods according to the characteristics of different flow patterns, thereby more accurately
characterizing the flow state of gas-liquid two-phase in pipelines and improving the accuracy of pressure drop
prediction. In addition, flow pattern-based prediction methods can predict flow pattern transitions based on
changes in operating parameters and perform corresponding pressure drop predictions using pressure drop
calculation formulas for different flow patterns. This avoids the issue of insufficient prediction accuracy of a
single model across the entire operating range and further enhances the accuracy of pressure drop prediction.
However, this approach has problems such as disagreements among scholars on flow pattern classification,
over-simplification of complex flow mechanisms in models, and high dependence on experimental data.

3.4 Application of Machine Learning in Pressure Drop Prediction Models
The application of machine learning in two-phase flow pressure drop prediction has become a hot

research direction in the fields of fluid mechanics and energy engineering in recent years. Traditional
methods rely on empirical formulas or physical models, but they are limited by complex flow regimes and
nonlinear factors. In contrast, machine learning significantly improves prediction accuracy and generaliza-
tion ability through data-driven approaches. ANN (artificial neural network) has powerful nonlinear fitting
capabilities and can automatically learn the complex relationships between input parameters and pressure
drop. Mudawar et al. [9] found that traditional empirical correlations and theoretical models have large errors
in predicting flow boiling pressure drop under microgravity, especially under complex operating conditions.
Aiming at the shortcomings of traditional models, they developed a data-driven ANN model that uses a
large-scale database from International Space Station (ISS) experiments to improve pressure drop prediction
accuracy. The final test set MAE (mean absolute error) was 5.24%, far superior to traditional models. Qiu
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et al. [59] used dimensionless numbers as the input parameters for the ANN, which cover flow characteristics
(such as mass velocity, gas void fraction), geometric parameters (such as hydraulic diameter), and fluid
properties (such as density, viscosity), spanning a wide range of operating conditions.

SVM (support vector machine) achieves data classification or regression prediction by finding the
optimal hyperplane. In two-phase flow pressure drop prediction, SVM can be used to establish a regression
model between input parameters and pressure drop, optimizing model parameters through training datasets
to improve prediction accuracy. Khosravi et al. [60] applied SVR (support vector regression), a regression
analysis method based on SVM, to predict the pressure drop during the evaporation of R407C in horizontal
smooth copper tubes. In addition to SVR, they also used algorithms such as multilayer feedforward neural
networks (MLFFNN) and group method of data handling (GMDH). The combined use of the three
algorithms avoids complex prior assumptions, automatically screens important features, reduces the risk of
overfitting, and enhances model stability.

Extreme gradient boosting (XGBoost), an ensemble learning model based on gradient boosting,
iteratively optimizes prediction residuals through multiple decision trees and excels in handling high-
dimensional data and nonlinear relationships. Nie et al. [61] applied XGBoost and ANN algorithms to
predict two-phase frictional pressure drop in horizontal pipes. XGBoost efficiently processes large-scale data,
effectively improving training efficiency.

In addition, Yaqub and Chen [62] explored the application of SR (Symbolic Regression) in predicting
the pressure drop of fluids at 90-degree bends. Compared to traditional CFD and empirical methods, SR
is more accurate, computationally efficient, and interpretable. The unified SR model can handle various
flow patterns without needing separate correlations for each, which is crucial for upstream pipeline design.
Zhai et al. [63] examined the use of machine learning in predicting heat/mass transfer and pressure drop in
microchannels, comparing it to traditional empirical correlations. Machine learning significantly improved
prediction accuracy for Nu, Sh, and Fr, with the Random Forest (RF) model performing the best and
enhancing accuracy by 12.37% to 30.47%. Table 4 shows a comparison of the algorithms.

Table 4: Machine learning approaches

Algorithm Data needs Computational
efficiency

Generalization
ability

Applicable scenarios

ANN High Low Medium to high Complex nonlinear
relationships

XGBoost Medium High High Structured data,
classification, regression

SR Medium Medium Medium to high Engineering design,
scientific research

RF Medium High High High-dimensional
parameter optimization

SVM Medium Low High Small sample data set

By using machine learning, not only can it effectively predict pressure drop in complex flow regimes,
but it can also automatically mine local flow characteristics.However, current machine learning still faces
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issues such as large noise in experimental data, black-box models being difficult to provide explanations for
physical mechanisms, and insufficient prediction performance for conditions outside the training set.

3.5 Summary
Two-phase flow pressure drop models are key tools for predicting and controlling the performance of

microchannel heat exchangers. Currently, scholars have proposed various models, including the homoge-
neous flow model, separated flow model, flow pattern-based models, and machine learning methods. The
homogeneous flow model is applicable under certain specific conditions due to its simplicity, but it has
limitations; the separated flow model improves prediction accuracy by considering interphase interactions,
yet increases model complexity; flow pattern-based models can more precisely characterize pressure drop
characteristics under different flow patterns, but the subjectivity and data dependence of flow pattern
classification restrict their wide application; machine learning methods significantly enhance prediction
accuracy and generalization ability through data-driven approaches, but still face challenges in explaining
physical mechanisms and generalizing to new data. Future research needs to further improve the physical
basis of the models, incorporate multi-physical field coupling effects, and enhance model accuracy and
applicability. Meanwhile, it is necessary to explore more efficient methods for experimental data acquisition
and processing to support continuous model optimization and practical engineering applications.

4 Optimization of Equilibrium Pressure Drop and Heat Transfer Characteristics
With the rapid development of electronic devices, miniaturization, lightweight, and high heat flux

density have gradually become the goals pursued by electronic devices. The main challenge restricting the
further development of electronic devices is currently the issue of heat dissipation. Improving the heat
transfer coefficient of microchannels and reducing the pressure drop of the heat dissipation system are key
to solving this problem. From the previous research, we know that pressure drop can be reduced through
operating conditions (mass flow rate, quality, heat flux density, and inlet subcooling). However, adjusting
operating conditions to reduce pressure drop often causes the heat transfer coefficient to change in the
opposite direction. For example, reducing the mass flow rate to lower the pressure drop will also decrease the
heat transfer coefficient in microchannels. In the optimization of two-phase flow heat dissipation systems,
there is often a desire to improve heat transfer characteristics without incurring a larger pressure drop. As
shown in Fig. 10, optimizing the microchannel structure and the flow distribution can effectively balance the
pressure drop and heat transfer characteristics.

Figure 10: Optimization of microchannels
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4.1 Optimization of the Microchannel Structure
Optimizing the microchannel structure is the main approach used in current research, which includes

adding porous structures to the microchannel surface, filling the microchannel interior with porous
materials, and replacing the microchannel framework with porous structures. Balancing the uneven flow
distribution in microchannels can be achieved by improving the manifold that distributes fluid from the main
channel to the branch channels. Porous structures can effectively expand the heat transfer area and enhance
the heat transfer coefficient. They also provide micro-pores and space for bubble nucleation, thereby allevi-
ating flow instability. Applying porous structures to microchannels can significantly enhance heat transfer.
Zhou and Zhang [64] summarized microchannel heat dissipation technologies based on porous structures,
classifying porous structures used in microchannels into three main types: porous structures on the
microchannel surface, porous materials filled within microchannels, and porous microchannel frameworks.

4.1.1 Adding Porous Structures on the Microchannel Surface
Adding porous structures to the internal surface of microchannels, such as preparing porous coatings

and creating artificial microcavities, can significantly increase the heat transfer area and nucleation sites for
bubbles. This effectively suppresses the instability of boiling heat transfer, reduces the surface temperature
of the heat sink, and achieves a more uniform temperature distribution, ultimately enhancing the heat
transfer performance of microchannels. Aravinthan et al. [65] optimized the heat transfer performance of
flow boiling and balanced the pressure drop by coating the inner wall of copper microtubes with hydrophobic
layers. The synergistic effect of the nanostructures in the hydrophobic coating and low surface energy
promoted boiling while reducing wall friction, achieving a balance between heat transfer and pressure drop.
Experimental results showed a 40% increase in the heat transfer coefficient with only a 15% increase in
pressure drop, demonstrating the potential of this method for industrial applications. As shown in the Fig. 11,
Lin et al. [66] optimized flow boiling heat transfer in microchannels by designing microcavities and balanced
the relationship between heat transfer enhancement and pressure drop increase through structural parameter
adjustment and wettability control. The microcavity surface ultimately achieved a moderate enhancement in
heat transfer (17.16%) with a very low increase in pressure drop (4.36%).

Figure 11: Schematic diagram of microchannel with artificial microcavity [66]

4.1.2 Adding Porous Materials Filled within Microchannels
Adding fins to microchannels can improve their thermal performance, but the resulting large pressure

drop requires additional pump power, limiting their application scope. However, combining porous materials
with fins—specifically filling microchannels with porous micro-fins—allows the coolant to flow into the
porous fins. Under such conditions, a non-zero velocity occurs at the fluid-solid interface, known as the slip
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effect. Studies have shown that this porous design significantly reduces irreversible losses during heat transfer.
Additionally, when porous structures such as porous fins are filled within microchannels, the working fluid
flowing into the porous structure leads to interactions between the fluid and solid layers, redevelops the
boundary layer, and enhances flow mixing—all factors conducive to improving heat transfer efficiency. Chen
et al. [67] found that the permeability of porous fins induces fluid slip at the wall, similar to superhydrophobic
surfaces, reducing frictional resistance and decreasing pressure drop by 19%. The porous structure also avoids
flow separation and eddies caused by traditional solid fins, reducing local pressure losses. By arranging
75% porous fins on the outlet side of manifold microchannels, they achieved the best balance between heat
transfer enhancement (19.8% reduction in thermal resistance) and pressure drop control (13% reduction),
with the comprehensive performance factor increasing by 46.2%.

Wang et al. [68] conducted a numerical study on the heat transfer and hydraulic characteristics of
microchannels with different porous fin shapes (circular fins, square fins, regular fins, and hierarchical
honeycomb fins) (as shown in Fig. 12). They found that when using only solid fins, circular solid fins had
the lowest pressure drop but the poorest heat dissipation capacity; when using porous fins, hierarchical
honeycomb porous fins exhibited lower pressure drop and optimal heat dissipation effect, achieving the
best comprehensive performance. Lori and Vafai [69] evaluated the effects of fins with different geometric
shapes (including rectangular, elliptical, isosceles triangular, inverted triangular, and equilateral triangular)
on microchannel walls (as shown in Fig. 13). Rectangular porous fins had the best heat transfer performance
at low Reynolds numbers (Re) due to their largest surface area; elliptical fins showed superior comprehensive
performance at high Re due to more uniform flow disturbance; forward-facing triangular fins had the lowest
pressure drop due to minimal flow separation, but their heat transfer performance was lower due to smaller
heat transfer area. Through permeation effects, shape optimization, and parameter adjustment, porous fins
achieved an excellent balance between heat transfer enhancement (Nusselt number (Nu) increased by 2.5–4
times) and pressure drop reduction (Δp decreased by 81.7%).

Figure 12: (Continued)
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Figure 12: Microchannels with different porous fin shapes [68]

Figure 13: Finned microchannels with different geometric shapes (b–f) and porous finned microchannels (h) [69]

4.1.3 Adding Porous Microchannel Frameworks
Different from filling microchannels with porous fins, in the case where the microchannel framework

itself is a porous structure, the porous fins form the channel walls. The direct presence of a porous structure in
the walls creates a connectivity effect between the walls. Moreover, the porous fins in the microchannels cause
the coolant to “slip” on the channel walls, resulting in a lower pressure drop compared to microchannels with
solid porous matrix walls. In the optimized design of rectangular heat sinks, Chuan et al. [70] demonstrated
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that porous fins, through slip effects and permeation mechanisms, significantly reduce pressure drop
(43.0%–47.9%) while only slightly increasing thermal resistance (approximately 5%).

Lu et al. [71] proposed a wavy porous micro-fin structure. The wavy microchannels can induce Dean
vortices, enhance fluid mixing, disrupt the thermal boundary layer, and improve heat transfer efficiency.
Additionally, the wavy design increases the equivalent channel length, prolonging the contact time between
the fluid and the wall to enhance heat transfer. Through the synergistic effect of the permeation effect, slip
effect, and wavy structure, the wavy porous fins significantly reduce pressure drop (31.4%–47.3%) while
effectively decreasing thermal resistance (10.6%–17.1%).

Li et al. [72] designed a double-layer microchannel heat sink with porous fins in the upper layer and solid
fins in the lower layer (as shown in Fig. 14). The upper-layer porous fins allow fluid permeation, expanding
the heat transfer area and enhancing local convective heat transfer; the lower-layer solid fins (made of
copper with high thermal conductivity) ensure efficient heat transfer from the base to the fluid, avoiding
the deficiency of porous fins in thermal conductivity. The counter-current flow of fluids in the upper and
lower layers significantly reduces the temperature gradient along the flow path and minimizes hotspots,
with the maximum temperature difference (ΔTb) decreasing by 52.44%–58.04%. Through the synergistic
design of lower-layer solid fins and upper-layer porous fins, the improved double-layer microchannel
heat sink significantly reduces pressure drop (31.4%–47.3%) and effectively decreases thermal resistance
(9.08%–10.91%).

(b)(a)

Figure 14: Schematics of double-layer microchannel heat sink with porous fins in the upper layer and solid fins in the
lower layer [72]. (a) The improved design, (b) computational unit of the improved design

Wang et al. [73] optimized the previous design and proposed a double-layer microchannel heat sink
with parallel symmetric wavy porous fins, as shown in Fig. 15. The wavy microchannels improve heat transfer
by enhancing fluid mixing, while the double-layer structure optimizes temperature distribution through
counter-current flow. Combining these two features with the permeation and slip effects of porous fins, the
design significantly reduces pressure drop while maintaining high-efficiency heat transfer, achieving a triple
optimization of reduced thermal resistance, decreased pressure drop, and improved temperature uniformity.

Compared with filling microchannels with porous materials, microchannels with a porous framework
structure exhibit better heat transfer performance. They further enhance bubble nucleation and flow boiling
heat transfer, strengthen the disruption of the wall boundary layer, and the adjacent channels in the
microchannel induce lateral fluid flow, thereby enhancing heat transfer [64]. Therefore, considering all
three types, microchannels with a porous framework structure offer the best heat dissipation performance.
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Moreover, designing the porous framework structure as a double layer with arrayed porous fins achieves the
optimal overall performance.

Figure 15: Schematics of double-layer microchannel heat sink with parallel symmetric wavy porous fins [73]. (a)
Schematic diagrams of two-layered microchannel heat sink with wavy walls and (b) four designs. PWC-SR: the
parallel configuration with solid ribs; PWC-PR: the parallel configuration with porous ribs; SWC-SR: the symmetric
configuration with solid ribs; SWC-PR: the symmetric configuration with porous ribs

Porous materials have the advantages of reducing pressure drop and enhancing heat transfer. However,
since they are often manufactured using sintering or 3D printing technologies, and the geometric accuracy
and surface finish of the machined parts are poor, the pressure drop and pump power may increase.
Therefore, there are still challenges in the manufacturing and application of porous materials. At present,
some researchers [74] have studied high-precision 3D printing technologies such as selective laser melting
(SLM), which may be used for the manufacturing of porous materials in the future. Xu et al. [75] integrated
the 3D printed porous material into a 32-pair thermoelectric coolers (TEC), which was able to produce a
temperature difference of up to 50○C between the hot and cold ends in the air, with performance comparable
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to the most advanced thermoelectric coolers. It is verified that porous materials have good performance and
potential in practical thermoelectric refrigeration applications.

4.2 Optimization of the Flow Distribution in Microchannels
Pressure drop oscillations caused by uneven two-phase flow distribution in parallel microchannels

are also a key issue in optimizing two-phase flow heat dissipation systems. When two-phase flow passes
through flow distribution devices, uneven distribution inevitably occurs. This uneven distribution involves
not only unequal flow rate distribution among branches but also unequal two-phase quality in each branch.
The uneven distribution of two-phase flow deteriorates the thermodynamic and hydraulic performance of
downstream equipment, failing to ensure the outlet superheat and the working fluid’s pressure drop. As
shown in Fig. 16, such uneven distribution of the working fluid leads to reduced heat transfer performance
and fluctuations in pressure drop, not only resulting in inefficient utilization of the working fluid but also
potentially causing “dry-out” in some branches [76,77].

Figure 16: Two-phase flow fluctuations in parallel tube radiators [77]. (a) t0 s, (b) t0 + 0.42 s, (c) t0 + 0.88 s,
(d) t0 + 1.46 s, (e) t0 + 1.72 s, (f) t0 + 1.97 s, (g) t0 + 2.17 s and (h) t0 + 2.32 s

To address the flow distribution issue in parallel microchannels, many scholars have proposed new types
of flow distributors. Zhao et al. [78] started from the perspective of two-phase flow patterns, achieving uni-
form distribution by rectifying the two-phase flow into annular flow. When the outlet pipes are symmetrically
arranged relative to the inlet pipe, the flow-pattern-symmetric refrigerant can be evenly distributed to each
outlet pipe. In vertical installation, this distributor reduced the distribution non-uniformity of R141b by 24%
to 47%. Liang et al. [79] enhanced the rectification effect using swirl vanes: due to the liquid density being
much greater than the gas density, the liquid is dragged to the inner surface of the pipe by centrifugal force,
rectifying the asymmetric flow pattern into annular flow. Additionally, this distributor incorporates nozzles
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at the outlets based on the rectification function, ensuring the same pressure drop at each outlet. Testing with
a two-phase flow of water and air showed good distribution performance. Sun et al. [80] proposed a rectifying
nozzle-type critical distributor and tested it with R22. As shown in Fig. 17, the distributor consists of three
main parts: under the action of swirl vanes, the two-phase flow forms annular flow through centrifugation,
eliminating the effects of upstream unstable flow and gravity; a Venturi tube further rectifies the annular flow,
removing the influence of centrifugal force; finally, the two-phase flow is accelerated through a sonic nozzle
to form critical flow, dampening pressure drop fluctuations caused by downstream uneven heat transfer.

Figure 17: Nozzle-type critical distributor [80]. (a) First-generation rectifier nozzle-type critical distributor, (b) second-
generation rectifier nozzle-type critical distributor

In addition to splitting the inlet two-phase working fluid, some researchers have proposed rectifying the
outlet two-phase working fluid. As shown in Fig. 18, Xiong et al. [81] enhanced heat exchanger performance
by adding a gas-liquid separator and bypass valve, which separate the outlet two-phase refrigerant and enable
secondary evaporation before it returns to the compressor. This effectively cuts the evaporator’s pressure
drop. Simulations show that when the evaporator model’s heat transfer capacity ranges from 5.5 to 13.5 kW,
the optimized vapor-bypassed circuit can reduce the evaporator’s pressure drop by 23.7–98.8 kPa. Moreover,
the evaporator’s performance improvement is more pronounced as the load increases.

By optimizing microchannel structures and addressing uneven flow distribution issues, it is possible to
effectively balance pressure drop and heat transfer performance. Porous structures and specially designed fins
can enhance heat transfer while reducing pressure drop, and improved flow distributors can achieve more
uniform fluid distribution. These optimization measures have demonstrated good pressure drop reduction
and heat transfer effects in various application scenarios, providing effective technical approaches for the
thermal management of high-power-density devices. Future research should further explore the relationship
between microchannel structures and fluid flow characteristics, and develop more efficient optimization
strategies to meet the growing heat dissipation demands.
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Figure 18: Optimization of the heat exchanger [81]. (a) Bypass valve, and (b) structure of gas-liquid separator

4.3 Summary
In the optimization of two-phase flow heat dissipation systems, there is often a need to improve heat

transfer characteristics without causing a significant increase in pressure drop. Researchers have proposed
various strategies from micro to system levels. Microchannel structure optimization mainly includes adding
porous structures to the microchannel surface, filling the microchannel interior with porous materials,
and replacing the microchannel framework with a porous structure. Among these three approaches, the
porous microchannel framework exhibits the best comprehensive performance. Additionally, pressure drop
oscillations caused by uneven two-phase flow distribution in parallel microchannels are a key issue in
optimizing two-phase flow heat dissipation systems. Improving the design of flow distributors effectively
addresses the problem of uneven two-phase flow distribution, which is of great significance for enhancing
microchannel flow, reducing pressure drop fluctuations, and improving overall heat transfer performance.

5 Conclusion
This paper comprehensively reviews the experimental studies on the pressure drop characteristics and

prediction models of two-phase flow in microchannels, discusses the technologies for reducing pressure drop
and suppressing pressure drop instability, and draws the following conclusions.

(a) Scholars have widely studied the pressure drop of conventional fluids in microchannels, using experi-
ments and simulations. Key factors like fluid properties, channel structure, operating conditions, and
flow patterns interact complexly across multiple physical fields. Some progress in multi-field coupling
research exists, but the understanding of strong coupling effect induced pressure drop is still poor.
Also, research on pressure drop under extreme physical properties is scarce.

(b) There are various models for two-phase flow pressure drop prediction. The homogeneous flow
model simplifies calculations by treating two-phase flow as a mixed fluid. Classical separated flow
models account for interphase interactions but are for macrochannels. Researchers have enhanced
them by considering micro-scale effects and modified models for specific fluids and conditions
improve accuracy. Flow-pattern-based models offer better precision but face issues due to flow pattern
classification problems. Machine learning, a recent hot topic, overcomes traditional model limitations,
yet has challenges like data noise and lack of physical explanations. Future research should refine model
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physics, consider multi-physical field coupling, and develop better data handling methods for more
accurate and applicable models.

(c) In two-phase flow heat dissipation system optimization, researchers aim to boost heat transfer
without large pressure drop increases. They’ve put forward strategies from micro to system levels.
Microchannel structure optimization involves adding surface porous structures, filling interior with
porous materials, or using a porous framework, with the latter having the best overall performance.
Also, uneven two-phase flow in parallel microchannels causes pressure drop issues, and better flow
distributor design can solve this, enhancing flow, reducing fluctuations, and improving heat transfer.

(d) In summary, future research can focus on the following directions: (i) Further improve the physical
basis of existing two-phase flow pressure drop prediction models and better consider the coupling
effects of multiple physical fields, such as hydrodynamics, thermodynamics and heat transfer. (ii)
Strengthen research on pressure drops in two-phase flows under extreme physical conditions, such
as ultra-low surface tension, ultra-high viscosity, and dynamic changes in physical parameters with
temperature or pressure. (iii) Conduct in-depth study of the relationship between microchannel
structure and fluid flow characteristics, and develop more innovative microchannel structure opti-
mization strategies. At the same time, it combines advanced manufacturing technologies, such as 3D
printing and micro-nano machining, to achieve efficient manufacturing and precise control of complex
microchannel structures.
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Nomenclature
Bo Bond number
C Two-phasemultiplierparameter
Co Convection number
c f , i Correction factor for interfacial friction factor
D Curvature diameter
d Diameter
E′′ Entrainment rate
f Friction factor
j Superficial velocity
G Mass flux
L Channel length
m Mass flow rate
P Pressure
q Heat flux
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Re Reynolds number

Greek Symbols
Φ2 Two-phase friction multipliers
μ Dynamic viscous
ρ Density
σ Surface tension
ε Void fraction
τ Shear stress
Γd Deposition mass transfer rate per unit length
Γf g Evaporation mass transfer rate per unit length

Subscripts
ac Actuated
ave Average
c Contraction
ch Channel
de Dryout completion
di Dryout inception
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