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Abstract
In recent decades, microchannel flow boiling has been prioritised in thermal management compared to conventional methods 
due to its superior heat transfer capability and high surface area-to-volume ratio. However, the instability and fluctuation of 
flow boiling in microchannels indicate a lack of understanding in boiling characteristics, preventing this application from 
being commercialized. In addition, despite the fact that flow pattern-based models have been developed in recent decades, 
it has not been possible to anticipate all the flow boiling heat transfer data using a generalised model or correlation. This 
paper begins with a contradictory notion regarding the mechanism of microchannels compared to macrochannel flow boil-
ing. Then, flow behaviour and mechanisms of boiling characteristics in microscale channels are reviewed, including design, 
operational, and thermo-physical aspects. So that the effect of the characteristics can be evaluated and incorporated into the 
heat transfer/HTC correlation to improve accuracy, as their behaviour in the microchannel is complex and nonlinear due to 
bubble confinement and flow pattern. Finally, the effects of design, operation, and thermo-physical parameters on microchan-
nel heat transfer are studied in terms of physical phenomena, mechanisms, and flow structures.

Keywords Heat transfer coefficient (HTC) · Instability · Micro-channel · Flow boiling and flow behaviour

List of symbols
Dh  Hydraulic diameter (mm)
h  Heat transfer coefficient (HTC) (W/m2°C)
G  Mass flux (kg/m2)
P  Pressure (N/m2)
q  Heat flux (W/m2)
T  Temperature (K/°C)

Greek symbols
σ  Surface tension (N/m)
θ  Contact angle

Non‑dimensional number
Nu  Nusselt number
Re  Reynolds number

Subscripts
l  Liquid
sat  Saturated (K/°C)

sub  Subcooled (K/°C)
sup  Superheat (K/°C)

Abbreviations
CHF  Critical heat flux (W/m2)
x  Vapour quality
AR  Aspect ratio
ONB  Onset nucleate boiling
VUF  Vertical upward flow

1 Introduction

According to the International Roadmap for Devices and 
Systems 2021, the thermal power dissipation of electronic 
devices remains a major growth constraint. Midway through 
the previous decade, the power dissipation of microproces-
sors reached fundamental limits of 120–130 W. The opera-
tional frequency could no longer be increased despite the 
fact that transistor performance could have easily enabled 
circuits to operate at tens of gigahertz (GHz) or more (www. 
ieee. org and https:// irds. ieee. org). It is anticipated that elec-
tronic devices will exceed the heat flux dissipation rate of 
1 kW/cm2 due to the increased number of transistors per 
unit area in electronic chips and defence application power 
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modules. This need for cooling electronics in industrial 
applications has prompted research into microchannel flow 
boiling, a promising future application (Kandlikar 2005; 
Kandlikar et al. 2005; Karayiannis and Mahmoud 2017).

A cooling system for a microscale device requires cooling 
channels of a few micrometres as opposed to conventional 
channels. When the size of the microchannels is 10–100 μm, 
it is exceedingly difficult to directly measure the flow rate 
or velocity of the flow, which necessitates the size range 
of 1–3 mm for research studies (Kandlikar et al. 2005). 
Chen et al. (2006) identified micro- and macrochannels 
(1.1–4.26 mm) using the flow pattern transition, where the 
flow pattern recorded in the macrochannel (bubble, slug, 
churn, annular, and mist flow) was entirely different from 
the flow pattern observed in the microchannel (confined 
bubbles, thin liquid film surrounding the vapour slug, and 
absence of mist). There is also consensus that lowering the 
diameter greatly affects the flow pattern, which has an effect 
on the heat transfer process and the heat transfer coefficient 
(HTC). Thus, the microchannel term may be applied when 
the channel size approaches the bubble departure diam-
eter, resulting in behaviours that are distinct from those 
observed in macrochannels. Figure 1 shows the flow boil-
ing parameters.

Regarding the microchannel heat transfer mechanism, 
numerous researchers have reported contradictory results 
as nucleate boiling (Bao et al. 2000; Anwar et al. 2014), 
convective boiling (Qu and Mudawar 2003; Boye et al. 2007; 
Mortada et al. 2012), both nucleate and convective boiling 
(Mahmoud et al. 2009; Lin et al. 2001; McNeil et al. 2013), 
and others as thin-film evaporation mechanisms (Huh and 
Kim 2006; In and Jeong 2009; Ali et al. 2012; Balasubra-
manian et al. 2013) as dominant mechanism in microchan-
nel flow boiling. Inferring the nucleate boiling contribution, 
when the HTC rises with increasing heat flux and system 
pressure, regardless of mass flow and vapour quality (Bao 
et al. 2000). Alternately, it is convective boiling if the HTC 
rises with increasing mass flux and vapour quality, but is 
unaffected by heat flux (Qu and Mudawar 2003). Figure 2 
depicts the schematic of the different mechanisms proposed 
in the literature.

In addition to nucleate and convective boiling, under-
standing the formation of a liquid/thin film between the 
annulus (after bubble merger) and the wall is essential 
for understanding the microchannel phase-change mech-
anism (Bigham and Moghaddam 2015). The thin-film 
region is governed by capillary and disjoining pressures 
where solid–liquid molecular interaction results in a drop 

Fig. 1  Parameters affecting 
microchannel flow boiling 
mechanism

Fig. 2  Schematic of different 
mechanisms on microchannel 
flow boiling (Karayiannis and 
Mahmoud 2017)
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in liquid pressure and a relatively low vapour pressure 
(Park et al. 2003). Based on this, liquid pressure fluctua-
tion dominates over vapour pressure in the development of 
thin films. Upon further examination of the liquid–vapour 
interface of bubbles, it was determined that the bubble 
merging process enhances wall heat transfer by arresting 
the liquid film between the bubble and the wall underneath 
the bridges and vapour neck before departure (Ling et al. 
2015; Sun 2019). In addition, 30–70% of total evaporation 
is contributed by microlayer evaporation, which signifi-
cantly influences heat transfer (Luo et al. 2020a; Utaka 
et al. 2018). Yet, Basu et al. (2011) stated that there is no 
general agreement on the dominant heat transfer mecha-
nism in a microchannel due to the lack of studies into the 
operational and thermo-physical variables.

Aside from this contradictory mechanism, using a 
microchannel will result in a higher frictional pressure 
drop due to the confined bubble growth in both single-
phase and multi-phase flow. It causes rapid evaporation, 
flow reversal, and instabilities in multi-parallel microchan-
nel configurations (Kandlikar 2004). In addition to these 
design parameters, these unstable modes (instability) were 
also affected by operating and physical parameters, such as 
contact angle, wettability, surface tension, superheat, and 
mass flux (Wu and Cheng 2004; Bogojevic et al. 2009; 
Bogojevic et  al. 2011; Diaz and Schmidt 2007). Flow 
instability and flow reversal are also caused by the rate 
of bubble growth caused by heat and mass transfer and 
two-phase oscillation (Bogojevic et al. 2013; Huh and 
Kim 2013; Celata et al. 2012). However, all the primary 
heat transfer and instability behaviours, such as bubble 
clogging, reversal, departure before full development, and 
dry-out, are the function of operating parameters, such as 
mass flow rate, wall heat flux, inlet subcooling, pressure, 
and saturation temperature.

Owing to the investigation of microchannel flow boil-
ing over the last 2 decades, the research revealing its fun-
damental mechanism through its operational parameters in 
two-phase flow is still vast. Even though the researchers are 
striving to reveal its mechanism in particular operating con-
ditions, the generalised view has not been found (Tibirica 
and Ribatski 2013; Cheng and Xia 2017). In this study, the 
design, operational, and thermo-physical characteristics 
necessary for understanding microchannel two-phase boil-
ing behaviour are thoroughly examined. Priority is given to 
observing flow behaviour in microchannels over correlations 
made by various researchers, as many of these correlations 
are not universally applicable due to operating range lim-
its. Also, since numerous theories have offered the science 
underlying this process, the results have been compelled to 
examine the most recent hypothesis within their operational 
range. This will provide the investigators with in-depth 
knowledge of the design, operation, and thermo-physical 

properties of a microchannel flow boiling in the state of the 
art.

2  Design parameters of flow boiling

2.1  Aspect ratio [AR] (width and depth)

The aspect ratio (AR) of microchannels affects boiling 
incipience and nucleation characteristics due to the channel 
walls' constraints on bubble growth in the transverse direc-
tion. These constraints lead to a large gradient of velocity 
and temperature profile near the wall, which is rendered by 
the thermo-capillary force (variation of surface tension; Ghi-
aasiaan and Chedester 2002). In further, the appearance of 
this microbubble (early nucleation) influences the boiling 
process by accelerating the onset of nucleate boiling (ONB) 
at lower superheats. The bubbly flow's size decreases in the 
microchannels due to the low inertia, enhanced surface ten-
sion, and viscous effects. In the width range of 100–5850 μm 
in a rectangular channel, the flow regime is said to differ 
(HTC raises) up to 400 μm in a rectangular microchannel 
at a constant depth (Chung and Kawaji 2004). When the 
width was increased even more, the flow regime and the heat 
transfer coefficient (HTC) did not change. The schematic of 
the parallel rectangular channel with aspect ratio is shown 
in Fig. 3.

With the increase in channel size, the liquid film is 
retarded due to the thermal inertial effect. This leads to 
a considerable time delay in the conductive heat transfer 
that occurs in the liquid film region. Whereas, when the 
width of the channel was smaller, the liquid film got thin-
ner, enhancing effective heat conduction across the liquid 
film (Magnini and Thome 2016). Additionally, it is essen-
tial to note that when the liquid film gets thinner with AR, 
it makes the frictional pressure drop higher. Singh et al. 
(2008) explain that the pressure drop varied non-linearly 

Fig. 3  Schematic diagram of a straight parallel rectangular channel, 
aspect ratio defined as width (W)-to-height (H) ratio
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with the aspect ratio (width and depth), imposing a mini-
mum pressure drop. The mass flux (G) diminishes mono-
tonically as AR increases. As the acceleration pressure 
drop is proportional to G2, it decreases the pressure drop 
(due to mass flux reduction). Since the acceleration and 
friction pressure drop work against each other, the overall 
pressure drop is lowest with AR. However, the higher 
HTC obtained is transient due to the variation of thermal 
inertia in the liquid film and the cyclic transit of slug and 
liquid pair.

Further examination of the microchannel's cross-sec-
tional area (0.088  mm2) revealed the absence of bubbly 
flow (Harirchian and Garimella 2009a, b). Since the liq-
uid slug with a high contact surface is more difficult to 
break, it takes more energy to disperse the bubble's gas 
phase in a small volume, necessitating a high Reynolds 
number for the transition from slug flow. Vapour confine-
ment in these microchannels (slug flow) results in larger 
values of HTC as the heat transfer comprises both nucle-
ate boiling and liquid film evaporation mechanisms. Thus, 
in many experimental studies (Sahar et al. 2017; Zhang 
et al. 2011), the HTC increases as the diameter/width of 
the channel decreases.

The corner (amount of liquid in the corner) and the 
adiabatic length effect determined the optimal AR for a 
higher HTC. The amount of liquid in the corner increases 
up to the optimum AR and then decreases (Markal et al. 
2016a). Physically, the bubble size was increased with 
a lower aspect ratio due to the confinement effect and 
heat transfer around the walls. Where slug flow occurs, 
decreasing the pressure drop with an enhanced HTC (Al-
Zaidi et al. 2021). Also, when the hydraulic diameter was 
changed from 0.1 to 1 mm at a fixed AR, the hydrody-
namic entry length (the distance from the entrance of the 
channel to the point where the velocity is 99% of its fully 
developed value) did not change (Sahar et al. 2017).

The average Nusselt number declines with decreasing 
Dh and increasing AR. However, the rise in AR is limited 
because of the velocity profile change from parabolic to 
flattened (Raj et al. 2019). It is evident from the discus-
sion that bubble confinement and the formation of a thin 
liquid film region improve the thermal performance of 
microchannels in low AR. However, because of the mass 
flux at low AR, the total pressure was greater compared 
to high AR. Despite the precision of the AR mechanism, 
the flow loop effect, the number of channels, and the adi-
abatic length were found to influence heat transfer and 
instability (Li et al. 2018a), which must be experimentally 
documented as there is no universal flow regime model 
based on channel dimensions. The selected literature on 
the impact of dimension is provided in Table 1.

2.2  Channel shape and configuration

The straight-channel heat sink improves the heat dissi-
pation from electronic devices, but the huge temperature 
difference between the upstream and downstream sides 
of the channel reduces its longevity and reliability. Many 
authors have achieved higher thermal performances with 
corresponding pressure drop by varying the shape of the 
channel, like circular, rectangular, trapezoidal, V-grooved, 
diverging/converging, expanding shaped, etc. Before dis-
cussing the channel shapes, it is worth mentioning that 
increasing the area ratio or restricting the inlet in the 
desired flow direction can reduce the reverse flow and 
explosive bubble growth (Mukherjee and Kandlikar 2009; 
Li and Hrnjak 2017). When both the entrance and exit 
conduits were placed perpendicular to the microchannel, 
the amplitude and pressure fluctuation in reversed flow 
were increased. However, on restricting the only inlet 
(perpendicular to the inlet and parallel to the outlet), the 
connection shows no oscillation, reverse flow, or pressure 
fluctuation of the vapour bubble. This configuration was 
suggested for higher heat flux applications to avoid signifi-
cant temperature fluctuations and early burn-out (Wang 
et al. 2008).

Yogesh et al. (2015) observed higher HTC and negli-
gible pressure drop on segmented channel heat sinks than 
straight and divergent channels due to the breaking of the 
thermal boundary layer, enhanced mixing, and the avail-
ability of more nucleation sites. Different bubble growth 
patterns were observed in segmental channels, resulting 
in either condensing or flushing out in their early growth 
stages (Prajapati et al. 2017a), leading to lower temperature 
fluctuations at the bottom wall than in other channels. How-
ever, the pumping power is said to rise exponentially with 
the mass flow rate of water in the segmented microchannel, 
resulting in a higher pressure drop (Prajapati et al. 2017b). 
At 30 g/s, the pressure drop of the segmental channel was 
30 Kpa, which was approximately 10 times greater than the 
pressure drop of the straight-channel heat sink. However, 
for electronic cooling, the minimum temperature variation 
is the priority. To achieve a variation in temperature of less 
than 5 °C, a straight channel requires 100 g/s with a pressure 
loss of 23 Kpa. However, the segmental channel requires 
only 15 g/s with only 8.5 Kpa, which is 2.8 times less than 
the straight channel. In short, the pressure drop penalty in 
implementing segmented flow was appropriate, providing a 
higher Nusselt number than a straight channel for the same 
pressure drop (Betz and Attinger 2010). Many researchers 
(Bhandari and Prajapati 2021; Hedau et al. 2020; Naqiuddin 
et al. 2018) optimised fin width, height, number of chan-
nels, and mass flow rate in straight and segmental channels, 
which were the best options for electronic devices with a 
high heat flux.
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Al-Neama et  al. (2017) investigated three distinct 
multi-serpentine configurations with straight rectangu-
lar microchannels (SRM): a single-path multi-serpentine 
microchannel (SPSM), a double-path multi-serpentine 
microchannel (DPSM), and a triple-path multi-serpentine 
microchannel (TPSM). The SPSM exhibits higher Nusselt 
numbers than other channels due to the frequency of chan-
nel bends that disrupt the thermal boundary layer (a small 
region of circulating flow is created near the inner surface 
of the bend). This facilitates the effective heat transfer 
from the walls to the water, reducing the wall tempera-
ture. However, when looking at overall performance, the 
SPSM needs more pumping power to get a high HTC, 
while the TPSM gets a better thermal performance with 
less pumping power. However, in the analysis by Cheng 
et al. (2020), the sinusoidal wave profile (wavy-insert, 
wavy-heater, wavy-serpentine in an annular microchan-
nel with a 300 µm gap) was utilised. The single-walled 
wavy channels outperformed the serpentine and straight 

channels due to the flow area constriction in wavy-walled 
passages, which resulted in a greater velocity gradient and 
enhanced fluid mixing due to the increased friction factor.

Zhang et al. (2016) proposed the interconnected micro-
channel net (IMN), where the combination of a re-entrant 
structure and sharp corners at the intersection is responsi-
ble for its superior performance. The bubble growth insta-
bility is suppressed as a result of the re-entrant cavities in 
the IMN, which provide a high density of nucleation and 
enhance the system's stability by reducing the required 
wall superheat. At the intersection, the sharp corners shear 
the expanding bubble moving downstream and break it 
into smaller bubbles. This occurs whenever the thermo-
hydraulic boundary is broken, which stabilises bubble for-
mation. Thus, the IMN attained higher heat flux and lower 
pressure drop due to inconsequential two-phase instability 
(Ling et al. 2019). The schematics of various shapes of 
the channel suggested by the researchers are provided in 
Fig. 4.

Table 1  Summary of the impact of channel dimension on microchannel flow boiling

Author Working fluid Channel dimensions/cross-
sectional area

Parameter constraints Key observation

Chung and Kawaji (2004) Nitrogen, gas, and water Dh 50–530 μm – 50 and 100 μm Channel 
shows variation in flow 
pattern

Harirchian and Garimella 
(2009a)

FC-77 Widths 100–5850 μm, and 
depth 400 μm

G: 225–1420 kg/m2 s Critical width 400 μm

Harirchian and Garimella 
(2009a)

FC-77 Depth 100–250 μm and 
Width from 100 to 
1000 μm

G: 630 kg/m2 s Critical cross-sec-
tion 0.089  mm2

Zhang et al. (2011) Water, ethanol, three 
sodium carboxy-methyl 
cellulose and SDS

Dh 302, 496 and 916 μm 
and 10 cm length

Tsub: 25 °C Higher flow transition with 
lower channel diameter

Sahar et al. (2017) Water Dh 0.1–1 mm with fixed 
AR 1. AR 0.39–10 
of Dh 0.56 mm

Re = 100–2000 Dh contributes larger than 
AR, in HTC

Magnini and Thome 
(2016)

R245fa Dh 0.3–0.7 mm G = 400–700 kg/m2 s, 
q″ = 5–20 kW/m2 and Tsat 
10–50 °C

Liquid film thickness is the 
reason for enhanced HTC

Singh et al. (2008) De-ionized water AR: 1.23–3.75 Dh  = 142 ± 2 µm, 
L = 20 mm

Min. pressure drop at AR 
1.56

Markal et al. (2016a) De-ionized water AR: 0.37–5.00 Dh  = 100 µm, G: 
151–324 kg/m2 s and q”: 
71–131 KW/m2

ARoptimum: 1.22

Mohiuddin et al. (2020) De-ionized water AR: 0.31, 0.92 and 3.7 Dh  = 0.6 mm, l = 40 mm, 
G: 270–650 kg/m2 s, q″: 
200–620 KW/m2

ARoptimum: 0.31

Cheng et al. (2021) De-ionized water AR: 1, 2.5 and 4 Depth: 15–45 µm, G: 
446–963 kg/m2 s, q″: 
36.2–427.9 W/cm2 and 
Tsat: 100 °C

ARoptimum: 2.5

Al-Zaidi et al. (2021) HFE-7100 AR: 0.5, 1 and 2 Dh  = 0.46 mm G: 
50–250 kg/m2 s, q″: 
9.6–191.6 KW/m2

ARoptimum: 2
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Ma et al. (2019) conducted experiments with offset zigzag 
cavities in a microchannel heat sink. Compared to rectan-
gular microchannels, zigzag cavities generate a higher HTC 
due to the cavity's disturbance, delaying coalescence, flow 
reversal, and partial dry-out by preserving wettability. Using 
de-ionized water as the working fluid, Kong et al. (2020) 
analysed micro-pin–fin shapes, such as circular, diamond, 
and oval. Due to their geometries (larger surface area for dia-
mond and oval microfins), the required heat flux was greater 
for diamond and oval microfins than for circular microfins. 
However, the required wall superheats for the ONB are the 
same for all micro-pin fin heat sinks (Bhandari and Prajapati 
2021).

From the discussion on microchannel configuration, the 
researchers have improved the heat transfer while incurring 
a pressure drop penalty by breaking the thermal boundary 
layer using sharp bends, corners, wavy paths, etc. However, 
the applicability of the microchannel is contingent on the 
need for temperature priority. It is evident from the discus-
sion that microchannels like segmental, TPSM, Wavy, IMN, 
etc. have surpassed rectangular microchannels in thermal 
performance with a pressure drop penalty. Apart from the 
closed microchannel, researchers proposed the micro-gap 
(open) channel, because bubbles can expand in the span-
wise direction and travel downstream without causing flow 
reversal effects. As a result of this, the vapour slug from 
neighbouring microchannels coalescences with each other as 
they expand. In the micro-gap section, the coalesced vapour 
slug expands and evacuates towards the exit. Despite the 
improvement in boiling stability, the reduced heat transfer 
resulted in higher wall temperatures, which triggered par-
tial dry-out and accelerated CHF. The performance of the 
hybrid heat sink (microchannel + micro-gap) is superior to 
that of the micro-gap heat sink but inferior to that of the 
straight heat sink (Balasubramanian et al. 2018; Mathew 

et al. 2020), despite its higher boiling stability and lower 
pressure drop (Mathew et al. 2019). Numerous authors have 
investigated numerically diverse configurations, such as 
manifold arrangement (Z, C, H, and U) (Luo et al. 2020b), 
forward-and backward-facing steps (Yuan et al. 2020), radial 
curved microchannel (Mamidi et al. 2021), and double taper 
microchannel (Mahesh et al. 2021), etc. Table 2 displays the 
effects of various shapes on heat transfer with constraints.

3  Operating parameters of flow boiling

3.1  Mass flux (G)

The thermal boundary layer thickness, which is the most 
important characteristic for heat transfer, is sensitive to 
changes in the imposed mass flux. Increased mass flux/flow 
velocity increases incipient heat flux by delaying nucleation, 
which is governed by both nucleate and convective boiling 
(Collier and Thome 1994). The liquid is superheated at the 
nucleate boiling point to maintain bubble nucleation and 
growth. The bubbles will be suppressed along the wall dur-
ing forced convective boiling, resulting in the thin annular 
liquid film being carried away by evaporation at the liquid 
interface. Figure 5 depicts a schematic of both nucleate and 
convective boiling.

A bubble will grow beyond the mouth of the cavity only 
when its surrounding liquid is sufficiently superheated; 
the boiling incipience is found to be dependent on both 
bubble growth and departure (Qu and Mudawar 2003). 
However, the nucleation rate declines progressively with 
mass flux in the forced convection boiling region (Qu 
and Mudawar 2002). The reason for this delayed bubble 
nucleation was explained by Revellin and Thome (2007). 
On increasing the mass flux in the microchannel, the 

Fig. 4  Top view of (a) straight 
parallel (Prajapati et al. 2015), 
(b) segmental (Prajapati et al. 
2017b), (c) divergent (Prajapati 
et al. 2015; Lin et al. 2011), 
(d) wavy (Cheng et al. 2020), 
(e) serpentine (Al-Neama et al. 
2017), (f) Zig-zag rectangular 
MCHS (Ma et al. 2019), (g) 
Circular micro-pin–fin (Kong 
et al. 2020) and front view of 
(h) open (Balasubramanian 
et al. 2018; Mathew et al. 
2020) and (i) micro-gap MCHS 
(Krishnan et al. 2018; Ajith 
Krishnan et al. 2018)
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flow pattern transition tends to be faster from bubbly to 
elongated bubble due to the quick coalescence. In other 
words, the higher the mass flux, the earlier annular flow is 
reached, leading to a thicker liquid film (min. liquid film 
thickness is more important than average liquid film thick-
ness in triggering dry-out phenomena). Therefore, liquid 
film thickness increases with mass flow, because the liquid 
moves rapidly and the thickness of the liquid film varies 
with time, resulting in a decrease in HTC (Magnini and 
Thome 2016). Figure 5 and Table 3 show how mass flow 

changes when some parameters are fixed in microscale 
applications.

Concerning various inflow velocities with a constant 
heat flux, bubble nucleation frequency increased monotoni-
cally with inflow mass. As mass velocity increased, bubble 
size distribution along the channel tended to become flatter 
(Youn et al. 2015; Farahani and Karami 2019; Ghosh et al. 
2012; Yuan et al. 2019; Wu and Wang 2021; Bhuvankar and 
Dabiri 2020). Thus, it can be concluded from the scientific 
literature that mass flux has a significant effect on the onset 

Table 2  Summary of the shape and configuration of channels in microscale application

Authors Working fluid Shape modification Parameter constraints Key observations

Wang et al. (2008) Water (a) Both entry and exit was 
restricted, (b) no restriction 
and (c) entry alone restricted

L = 30 mm, Dh  = 186 μm, 
q = 184.2–485.5 kW/m2

The Type-C connection was 
recommended for high heat 
flux microchannel

Prajapati et al. (2015) DI-water Uniform, diverging and 
segmented finned micro-
channels

G = 100–350 kg/m2 s and 
q = 10–350 kW/m2

Segmented finned channels have 
high HTC than others

Prajapati et al. (2017a) DI-water Uniform, diverging and 
Segmented finned micro-
channels

G = 100–350 kg/m2 s, 
q = 10–350 kW/m2 
and Dh  = 522 μm

Segmented finned channels have 
reduced flow instability

Naqiuddin et al. (2018) Water WF (1–4), LF (1–4), LTF (2–5), 
N (1–3), WC (0.3–1) and m 
(10–20 g/s)

Subcooling 56.6 °C, pumping 
power of 0.13 W using 
15 g  s−1

Optimised result: WF—1 mm, 
LF—2 mm, LTF—5 mm and 
WC—1 mm

Bhandari and Prajapati (2021) Water Fin height 0.5–2 mm Reynolds number 100–800 
with heat flux 75–150 KW/
m2

Optimum height 1.5 mm

Zhang et al. (2016) DI-water Interconnected microchan-
nel net

Inlet subcooling of 10, 40 and 
70 K

Achieved high heat transfer than 
others

Al-Neama et al. (2017) Water SRMs, SPSMs, DPSMs and 
TPSMs

Pressure 0–2.1 bar SPSM showed enhancement 
(35%) compared with SRM

Ling et al. (2019) DI-water Interlaced (IM), parallel (PM) 
and spiral microchannel 
(SM)

– Heat transfer performance of 
IM was higher

Kong et al. (2020) DI-water Circular, diamond, and oval 
micro-pin fin heat sinks

G = 147.4–355.4 kg  m−2  s−1 
and q = 4.8–55.8 W  cm−2

Heat flux required for ONB is 
higher for diamond and oval

Ma et al. (2019) Acetone Zig-zag cavities G = 285–684 kg/(m2 s) and 
q = 1.31–80.26 W/cm2

Fluctuating amplitude decreases 
with heat flux

Kingston et al. (2018) HFE-7100 Single microchannel with 
uniform heat flux

Dh  = 500 µm, 
ΔTsub = 5–35 °C, G 
200–800 kg/m2 s

Low flow inertia causes severe 
temperature raises

Kwon et al. (2019) R245fa High-power density micro-
channel

Re. no: 7500–20,500, 
G = 330–750 kg/m2 s

High-power density 180 W/cm3 
in 1  cm3

Luo et al. (2020b) HFE-7100 Manifold microchannel 
(Z-type, C-type, H-type and 
U-type)

Tsub = 7 K. qw = 0–200 W/cm2 H and U shows lower pressure 
drop than other types

Hedau et al. (2020) DI-water 6, 10 and 14 parallel micro-
channel

Footprint area: 1 × 1  cm2, 
G = 500 kg/m2 s and 
q = 220 W/cm2

14 parallel microchannel higher 
HTC (240%)

Loganathan et al. (2020) Water Bypass inlet 2.5 × 0.6 × 25  mm3, 
30–850 kg/m2 s and 
q = 87–548 kW/m2

HTC increases with the by-pass 
ratio

Yuan et al. (2020) FC-72 Backward-facing and forward-
facing step

The expansion ratio of 2, 2.5 
and 3. Reynolds number 
3048-6097. Tsub 35 K

Backward facing has low heat 
transfer
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of nucleate boiling, with an increase in mass flux necessitat-
ing an increase in heat flux to initiate nucleation. Further-
more, it plays a significant role in liquid film thickness and 
accelerated flows.

3.2  Heat flux (q)

The contribution of heat flux to the nucleate-dominant boil-
ing mechanism in microchannels (Liu et al. 2005; Bertsch 
et al. 2009; Saisorn et al. 2018) is substantial. This impacts 
the ONB by early nucleation depending on flow rate, liquid 
subcooling, and contact angle (Basu et al. 2002). As the heat 
flux increased, ONB was activated, and the location was 
observed to shift upstream. The HTC increases linearly with 
increasing heat flux and becomes predominately nucleate at 
high heat flux (Bertsch et al. 2009; Deng et al. 2015).

At lower heat fluxes, bubble nucleation was inhibited, 
but at high heat fluxes, bubble coalescence at a higher rate 
led to an annular transition where the liquid film becomes 
thinner, improving heat transfer (Harirchian and Garimella 

Fig. 5  Schematic of flow pattern behaviour for a nucleate boiling 
dominant—HTC depends on heat flux and b convective boiling domi-
nant—HTC depends on mass flux

Table 3  Summary of mass and heat flux effect on microchannel flow boiling

Authors Working fluid Heat flux and mass flux Parameter constraints Key observation

Bertsch et al. (2009) R-134a and R-245fa 0–22 W  cm−2 and 
20–350 kg  m−2  s−1

Dh  = 1.09—0.54 mm, 
x =  − 0.2–0.9, 
TSat = 8–30 °C

HTC has strong dependence 
on heat flux

Harirchian and Garimella 
(2009a)

FC-77 33.7–250 kW/m2 and 
225–1420 kg/m2 s

Dh  = 100–5850 μm, with a 
depth of 400 μm

Dominated nucleate boiling

Deng et al. (2015) De-ionized water 25–430 KW/m2 and 
160–300 kg/m2 s

Dh  = 671 μm, 786 μm and 
871 μm. Inlet tempera-
tures 90 °C

Strong dependence of heat 
flux

Magnini and Thome 
(2016)

De-ionized water 5–20 KW/m2 and 
200–500 kg  m−2  s−1

Only in slug flow HTC decreases with heat 
flux

Zhang et al. (2016) De-ionized water Max. 542 kW  m−2 Width = 0.25, 0.4 and 
0.55 mm and Tsub 40 K

Influence of flow transition

Li et al. (2018b) De-ionized water 4–20 W/cm2 and 
120–360 kg/m2 s

X = 0.03–0.1 HTC decreases with heat 
flux

Liu and Wang (2019) De-ionized water 80–160 kW/m2 and 
400 kg/(m2 s)

Dh  = 0.4 mm, 
Tsat = 304.15 K

Strong dependence of heat 
flux

Jagirdar and Lee (2020) De-ionized water 28.9–94 W/cm2 and 
200–1000 kg/(m2 s)

Height = 0.14, 0.28 and 
0.42 mm,

Raises nucleation frequency 
in surge of HTC

Bertsch et al. (2009) R-134a and R-245fa 0–22 W/  cm2 and 
20–350 kg/m2 s

Dh  = 1.09 and 0.54 mm 
and Tsat = 8–30 °C

Weak function of mass flux

Revellin and Thome 
(2007)

R-134a and R-245fa 3.2–422.1 KW/m2 and 
200–2000 kg/m2 s

Dh  = 0.5–0.8 mm and 
Tsat = 26, 30 and 35 °C

Earlier transition of flow 
pattern

Young et al. (2015) Water, ethanol and FC-40 Water 2.47 m/s, ethanol 
0.263 m/s

Dh  = 1 mm and length of 
500 mm

Mass flux plays a dominant 
role

Saisorn et al. (2018) R-134a 1–60 kW/m2 and 
250–20 kg/m2 s

Dh  = 1 mm and Psat = 8 bar Mass effect was negligible 
at orientation

Farahani and Karami 
(2019)

Water and nano-fluid as 
water–copper

200 W and 20, 165, 350, 
440 and 580 kg/m2 s

Incoming water at 60 °C Wall temp, HTC and x were 
depended on mass flux

Yuan et al. (2019) FC-72 0.5 m/s Dh  = 8.57 mm and 
Tsub = 35 K

Pulsating flow has higher 
bubbles than steady flow 
leads to a decline in CHF
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2009a). The transition interval between bubble nuclea-
tion in wall cavities and bubble departure from the wall is 
referred to as the bubble growth rate, which varies linearly 
with heat flux (Wang et al. 2011). With an increase in heat 
flux, the bubble lift-off radius, frequency, and coalescence 
rate increased, resulting in early flow transitions (Zhuan and 
Wang 2012). During these types of heat transfer, the local 
heat flux increased rapidly when the rear end of the bub-
ble was relocated and rewetted (Bigham and Moghaddam 
2015). Also, at constant bubble frequency, the HTC drops 
marginally with increasing heat flux due to a thicker liquid 
film caused by increased acceleration (Magnini and Thome 
2016). In addition, the transition from bubbly to annular flow 
is accompanied by boiling heat transfer, which increases the 
heat flux, depending on the extent of the confinement effect 
(bubble size reaches the channel diameter). Figure 5 depicts 
the flow pattern behaviour of the dominant mass and heat 
flux effects.

On examining the impact of heat flux in the annular 
region, a higher wall heat flux results in a higher HTC due 
to the trailing bubble it creates. The bubble's expansion in 
the annular zone will result in a notch at the end of the annu-
lus; this produces a tiny droplet with a rapid growth rate that 
improves the HTC in the thin-film region (Liu and Wang 
2019; Jagirdar and Lee 2020). In contrast to mass flow, 
which delays nucleation, heat flux increases ONB by initiat-
ing nucleation. However, if the mass flux is too low, dry-out 
processes will occur, which will increase the wall tempera-
ture. Apart from that, an increase in heat flux resulted in an 
increase in nucleation frequency via wall temperature with 
the higher flow regime transition, which led to an increase 
in HTC. Table 3 shows the effect of both mass and heat flux 
within the operating constraints below.

3.3  Pressure (P)

Flow instability and oscillation are the obstructions to micro-
channel flow boiling's practical application. System pressure 
is one of the essential and responsible factors for instability 
and flow oscillation associated with pumping power, which 
has not been studied at the microscale exclusively. Devel-
oping knowledge about these deleterious phenomena at the 
microscale is an important task. The total pressure drop on 
a microscale includes sudden contraction, expansion, fric-
tional, and acceleration pressure drops. The boiling was ini-
tiated with rapid bubble formation at low pressure, resulting 
in rigorous flow oscillation. This large magnitude of oscilla-
tions results in an early transition to the CHF following the 
ONB. However, after ONB, a stable boiling zone at high 
pressure was identified, which maintained heat flux until 
the onset of boiling instability accompanied by significant 
temperature fluctuations (Kuo and Peles 2009). In addition, 
the liquid-to-vapour ratio will decrease, thereby decreasing 

the void fraction. As the void fraction is closely related to 
density wave oscillation, it delays the instability. Due to this, 
the bubble departure diameter is decreased (decline in bub-
ble growth oscillation), preventing the premature transition 
to an unstable region and a rapid transition to CHF, thereby 
reducing the two-phase flow friction and momentum pres-
sure drop. The variation of pressure with flow fluctuation 
and reverse flow is shown in Fig. 6.

The growth period from the small radial bubble to an 
elongated vapour slug was investigated by analysing the bub-
ble confinement effect (Barber et al. 2010). This growth rate 
and confinement of vapour bubbles lead to an over-pressure 
in the microchannel, effectively creating the vapour blockage 
and leading to a sharp pressure fluctuation at the inlet and 
outlet. Most bubbles merge with the nearby ones to form 
larger ones. The fluctuation decreases when the elongated 
slug growth occurs, proving that the growth rate and bubble 
diameter vary inversely with pressure, because the pressure 
outside the vapour bubble opposes its growth due to evapo-
ration (Katiyar et al. 2016; Wei et al. 2011).

The experimental observation made by Dario et al. (2016) 
demonstrates that the frequency of pressure drop fluctua-
tion is dependent on both heat and mass fluxes. With an 
increase in heat flux, larger amplitude frequencies occur in 
the high-frequency zone, but in a single phase, the increase 
in heat flux decreases pressure due to low viscosity and 
channel blockage; flow cannot occur, necessitating addi-
tional energy at high pressure. In addition to increasing the 
heat flux, increasing the speed of the flow also increases the 

Fig. 6  Schematic representation of the pressure variation along with 
the reverse flow and flow fluctuation inside microchannel (Qu and 
Mudawar 2003)
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acceleration pressure (Wang et al. 2011; Dario et al. 2016; 
Markal et al. 2016b).

Investigation of Keepaiboon et al. (2016) using R134a in 
a single rectangular microchannel proves that the total pres-
sure drop is mostly influenced by frictional pressure drop, 
which was found to be dependent on heat flux and saturation 
temperature. From the discussion, increasing the heat flux 
affects the vapour quality and flow velocity, leading to higher 
interfacial and wall shear stress, causing a rise in frictional 
pressure gradient. The decrease in saturation temperature 
increases the frictional pressure gradient due to an increase 
in specific volume, causing the velocity of the refrigerant 
to increase. This proves that the frictional pressure gradient 
increases with increasing heat flux but varies inversely with 
saturation temperature. In addition, the increase in mass flux 
leads to a sudden expansion pressure drop and acceleration 
pressure drop. Apart from this, some other parameters found 
in the literature affecting the pressure system are the shear 
force by vapour slug expansion, channel number, length, 
type of refrigerant, inlet subcooling, etc. (Li et al. 2018a; 
Keepaiboon et al. 2016; Huang and Thome 2017; Choi and 
Kim 2011; Jiang et al. 2019). Table 4 provides a summary 
of the effects of pressure in selected literature.

3.4  Subcooling (Tsub)

Subcooled and saturated flow boiling are the two most 
common boiling regimes seen in flow boiling (Collier and 
Thome 1994). In subcooled boiling, the temperature of the 
bulk fluid will be lower than its corresponding saturation 
temperature. The heat transfer mechanism comprises high 
liquid convection and bubble formation along the channel 
walls, both of which influence ONB flow instability (Kan-
dlikar et al. 2005). In a microchannel, subcooling (over a 
given length) and saturation boiling (over the remaining 
length) can occur simultaneously. The more often subcool-
ing occurs, the higher the initial heat flux needed for nuclea-
tion. Therefore, by increasing the fluid's inlet temperature, 
the required heat flux for ONB can be decreased (Qu and 
Mudawar 2002; Liu et al. 2005), demonstrating that subcool-
ing is a function of velocity and functional dependency of 
heat flux (Wojtan et al. 2006; Hsieh et al. 2002). So that, at a 
lower subcooling, boiling commences at a lower superheat, 
whereas in a highly subcooled liquid, the bubble is greatly 
inhibited and expands slowly. Thus, the inlet subcooling has 
a significant impact on bubble departure, coalescence, and 
generation frequency. The schematic representation of the 
dominant mechanism in subcooled and saturated boiling is 
shown in Fig. 7.

At different system pressures (5–10 bar), the effect of 
subcooling (Tsub = 6–12 °C) in the parallel channel was 
investigated. At low pressure and subcooling (5 bar and 
6.6 °C), two-phase flow oscillations with a large amplitude 

were observed. The amplitude and nature of the oscillation 
change as the mean mass flow rate decreases with increasing 
subcooling (12 °C). It can also be observed that the amount 
of subcooling required to stabilise the system at low pres-
sure (5 bar) was greater than at high pressure (10 bar). This 
study by Saikia et al. (2019) indicates that, at a fixed pres-
sure and input power, there is a range of inlet subcooling 
above or below which instability begins to occur. In which, 
flow instability is complicated by large amplitude (mixed 
oscillation) at low inlet subcooling. For greater subcooling, 
the flow oscillation assumes a peculiar form with diminished 
amplitude.

Sinha et al. (2019) observed that increasing the mass flow 
rate and degree of subcooling (2.5–8.5 °C) at a constant heat 
flux decreases bubble size. At highly subcooled conditions, 
the heat transfer rates from the heated surface were higher 
(due to the predominance of forced convection), which 
reduced the surface temperature regardless of the mass flow 
rate. After the initial growth of the bubble, the condensation 
phenomena at the bubble interface dominate the evaporative 
rate at the heater surface, resulting in stunted bubble growth. 
It is also noticeable that increased subcooling reduces bub-
ble cycle time (short residue time) in comparison to low 
subcooling. As a result, the bubble separates from the heater 
surface and condenses, resulting in an increase in the heat 
flux required for the formation of confined bubble growth. 
The heat flux dependence disappears with the bubble elon-
gation rate, but increases with early stage mean free bubble 
growth (Yin et al. 2014; Chen et al. 2019). Furthermore 
(with an increase in subcooling), the flow oscillation can be 
reduced due to a delay in slug flow as a result of decreased 
bubble formation and coalescence. Consequently, the aver-
age HTC rises with an increase in fluid inlet temperature and 
falls with subcooling (Ramesh et al. 2019), as the bubble 
departure and lift-off growth rates increase with inlet tem-
perature (Sinha et al. 2019; Abdous et al. 2019).

Also, at lower inlet subcooling, the formation of a vapour 
bubble at the surface of the channel was accompanied by 
explosive bubble growth, resulting in the bubble occupying 
most of the channel's area and causing a pressure spike. At 
higher subcooling, the incoming liquid quickly refills the 
channel and cools the heated wall, resulting in a decreased 
wall temperature and a delayed transition in the flow pattern. 
This reduces the effect of rapid bubble growth instability, 
resulting in a shorter duration of flow reversal (Kingston 
et al. 2018; Lee and Karayiannis 2020; Zhang et al. 2021). It 
is clear from the analysis that only a limited number of stud-
ies exist for critical subcooling parameters. In terms of heat 
transfer, the lower subcooling demonstrates a higher bubble 
development rate with large amplitude oscillations, result-
ing in an increase in HTC. In contrast, more subcooling 
causes slower bubble generation and a drop in HTC. Apart 
from this, the subcooling has a crucial influence on bubble 
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departure, coalescence, and generation frequency, which has 
yet to be explored.

3.5  Degree of superheat (Tsup)

In a saturated boiling regime, the bulk fluid temperature is 
superheated (temperature is above the corresponding satu-
rated temperature), and thin-film evaporation is the predomi-
nant heat transfer mechanism due to the bubble confinement. 
When the wall superheat is increased, the fluid is heated due 
to the increase in wall temperature, resulting in the formation 
of vapour bubbles. In the experimental investigation by Edel 
and Mukherjee (2011), for a local surface temperature of 
100.9 °C, it took approximately 19 ms for a bubble to grow 
from 100 to 700 μm equivalent diameter. When the tempera-
ture was raised to 102.2 °C, it took approximately 13 ms to 
reach its maximum size. When it was further increased to 
103.7 °C, it took only 9 ms for the bubble to reach its size, 
which demonstrates that the growth of the bubble varies 
linearly with wall superheat.

In addition, the thin layer around the vapour core expands 
as the superheat increases. This increased vapour genera-
tion pushes the upstream and downstream interfaces away 
from the bubble centre and towards the elongated thin-film 
regions. This elongated thin film increased the liquid–vapour 
interface's surface area, hence accelerating the bubble's 
growth. Compared to its initial linear growth, the bubble's 
growth rate becomes exponential after it approaches the 
diameter of the channel (Edel and Mukherjee 2011; Wong 
and Chong 2015). However, the expansion of the nucleat-
ing bubble prior to its departure impedes fluid movement in 
the microchannel. This blocking effect grows as the bubble 
expands and disappears when the bubble dissipates.

As the liquid superheated, it inhibits the growth of fluid 
flow in the microchannel, hence increasing flow resistance 

(Bogojevic et al. 2013; Dong et al. 2012). These bubbles are 
mainly affected by buoyancy, surface tension, and additional 
pressure during the quasi-static growth process, where the 
bubble contact line diameter expands first and then shrinks 
(Zhang et al. 2020; Yin et al. 2019). This suggests that HTC 
would be enhanced with mass flux at a higher saturation 
temperature and lower wall superheat (Markal et al. 2016b; 
Yan et al. 2019).

However, at high saturation temperatures, HTC is reduced 
due to a drop in the onset nucleate boiling temperature (Liao 
et al. 2019; Dalkılıç et al. 2020). Despite the fact that the 
bubble growth rate was linear with superheat, this growth 
rate caused pressure fluctuations and flow reversals after 
reaching the channel diameter. Table 5 shows key obser-
vations of both subcooled and superheated with parameter 
constraints in a microchannel.

3.6  Orientation/gravity effect

In the microscale, the surface tension force plays a dominant 
role compared to the gravity force. However, the CHF trig-
gering mechanism depends on orientation factors, such as 
the upward-facing region, where buoyancy forces remove 
the vapour from the wall in a vertical direction. The vapour 
stratifies beneath the heated wall in the downwards facing 
region, resulting in a reduction in CHF values. These effects 
were complicated by the buoyancy force, which dominates at 
low velocities because of weak inertia. Increasing the liquid 
velocity imparts greater significance to the liquid inertia. 
In fact, high velocity can completely negate the effects of 
orientation, producing virtually equal CHF for both down-
ward and upwards flow (Zhang et al. 2002). Krishnan et al. 
(2017) examined various orientations, including horizontal 
upward flow (HU), horizontal downward flow (HD), verti-
cal upward flow (VUF), vertical downward flow (VDF), and 
horizontal with heating area vertically oriented (HV). The 
orientation on flow boiling was found to be negligible except 
for VDF orientation due to the commencement of earlier 
CHF. Individually, the bubbles nucleated at the nucleation 
sites evolved into vapour slugs (bubbles merging). Further-
more, rapid evaporation combined with frequent merging of 
nucleated bubbles and vapour slugs results in frequent churn 
flow. Even though backflow is common in all orientations, 
it is significantly more evident in the VDF orientation due 
to gravity-aided vapour backflow extending up to the inlet 
plenum, resulting in channel misdistribution. Also, Krishnan 
et al. (2017) and Suresh (2019) recommend the VUF for 
the microchannel flow boiling due to the buoyancy-assisted 
bubble movement helping to clear the channel before get-
ting it clogged with vapour bubbles, reducing pressure drop 
and increasing CHF. However, in the consideration of the 
nucleate-dominant mechanism by Saisorn et al. (2018) with 
the HTC as a strong function of heat flux, the change in the 

Fig. 7  Schematic representation of (a) liquid convection mechanism 
in subcooled flow boiling and (b) thin-film evaporation mechanism in 
saturated flow boiling
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flow pattern, the HTC and pressure drop yielded enhanced 
high heat transfer results for VDF with a higher pressure 
drop. The schematic of the microchannel heat exchanger at 
the different orientations is shown in Fig. 8.

According to Lavin et al. (2019), the influence of rota-
tion (0°, 45°, and 60°) has no effect on the transition of 
the flow pattern, since the bubble shape varies from flat to 
spherical depending on the inclination. There is a distinction 
between the stratification effects, which were based on the 
asymmetry phase distribution of 45° and 60° channel rota-
tion, and decreased flow velocity. At high mixing velocities, 
however, this difference disappears, demonstrating that it 
was mostly due to the higher effective height of the rotat-
ing test section. A few researchers also studied inclination 
effects, but the maximum increase in HTC seldom reaches 
10% compared to the horizontal case (Gong et al. 2020; Ver-
maak et al. 2020; Vlachou and Karapantsios 2018). Due to 
the transition regime, the orientation effect had a significant 
impact on the HTC, notably between 45° and 60°. When 

the orientation angle is less than 45°, bubble departure from 
the heating surface is partially impeded by the wall due to 
buoyancy force, causing the main flow to be the dominant 
bubble motion. When the orientation angle was greater than 
60°, the bubble motion was governed by the main flow and 
buoyancy forces, which will be significant for bubble motion 
at low flow rates.

Even though the channel inclination had a larger HTC 
than a horizontal or vertical surface, the influence was less 
than 10%, as discussed above. In addition, it was unfair to 
compare the results of horizontal and vertical configurations 
due to the inherent promotion of the annular flow regime. 
Also, difficulty in measuring due to the effect of gravity 
and the tendency for stratification to flow (O’Donovan and 
Grimes 2020; Liu et al. 2021). In the case of mini-gap or 
open microchannel heat sinks, it has been observed that 
orientation has no influence (Balasubramanian et al. 2018; 
Krishnan et al. 2018). The open manifold space over the 
microchannels allows bubble nucleation to continue within 

Table 5  Summary of subcooling and superheat with parameter constraints in microchannel flow boiling

Authors Working fluid Subcooling/superheat range Parameter constraints Key observation

Liao et al. (2019) FC-72 Tsat = 35–50 °C Dh  = 60 μm, H = 100 μm, 
q = 0.67–4.5 W/cm2 and 
G = 94–138 kg/m2 s

ONB decreases with Sat. temp

Yan et al. (2019) R134a Tsat = 21.6–32.9 °C Dh  = 0.5 mm, 45 mm, 
q = 49.9–580.1 kW/m2 and 
G = 132–1529 kg/m2 s

HTC increases with Sat. temp

Markal et al. (2016b) De-ionized water Inlet temp. 50 ± 1 °C 29 Parallel square microchan-
nels, Dh  = 150 µm, G = 51, 
64.5, 78 and 92.6 kg/m2 s 
and q = 59.3—84.1 kW/m2

HTC decreases with heat flux

Dalkılıç et al. (2020) R134a Tsat = 20–28 °C Dh  = 421 μm, 40 mm 
long microchannel, 
G = 1000 kg  m−2  s−1 
at x = 0.01–0.20 with 
q = 250 kW  m−2

CHF decreases with sat. temp

Qu and Mudawar (2002) De-ionized water Inlet temp. 30–90 °C 21 Rectangular 
231 × 713 μm2, liquid 
velocities 0.13–1.44 m/s, 
Pout = 1.2 bar

Incipient heat flux varies 
inversely with inlet tempera-
ture

Wojtan et al. (2006) R-134a and R-245fa Inlet temp. 2–15 °C Dh  = 0.5 and 0.8 mm, 
Tsat = 35 °C & q = 464—
125 MW/m2

Velocity as a strong depend-
ence of CHF

Liu et al. (2005) HFE-72000 Inlet temp. 50 ± 1 °C 275 × 636 μm2 Functional dependence of HTC 
on subcooling

Saikia et al. (2019) Water Tsub = 0–16.9 °C Pressure 5–17 bar and 
Q = 8.5–13.1 kW

The instability range varies 
with subcooling

Lee and Karayiannis (2020) HFE-7200 Tsub = 5–20 K 20 mm × 20 mm, G = 200 kg/
m2 s, P = 1 bar, q = 25.9 and 
180.7 kW/m2

Flow oscillation is found to be 
delayed with subcooling

Ramesh et al. (2019) Water Tsub = 30–70 °C 1.0 mm wide × 0.49 mm 
deep, G = 528–1188 kg/m2 s 
and q = 260–1100 kW/m2

The incipient heat flux 
increases with inlet subcool-
ing (decrease in inlet temp.) 
and HTC increases with fluid 
inlet temperature
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the channel even when the manifold region is occupied by 
vapour. Additionally, when the inertia and gravity force 
directions were opposite, the interaction between vapour 
bubbles was minimised. The flow behaviour based on ori-
entation in various operational conditions is depicted in 
Table 6.

4  Thermophysical properties of the system

4.1  Vapour quality (x)

Vapour quality describes the boiling process from a liquid 
to a vapour state. If vapour quality (x) is 1, it indicates dry 
vapour, while 0 indicates liquid saturation. At low tempera-
tures, the vapour quality was inadequate, which had no influ-
ence on HTC. However, when it comes to high temperatures, 
very few studies have examined the vapour quality range.

At the intense evaporation of flow boiling at high tem-
peratures, a vapour slug fills the microchannel, where 
the liquid–vapour interface of this slug begins to pertur-
bate and deform. This perturbation of the interface grows 
over time and produces a tiny bubble to be generated in 
the bulk fluid where the vapour quality plays the domi-
nant factor. Many studies agree that the HTC will rise 
with vapour quality, but will eventually follow an inverse 
V-shaped pattern (Cheng and Xia 2017; Bertsch et al. 

2008). The reverse flow and thermo-capillary instability 
occur when molecules exit the vapour phase and exert a 
recoil force on the liquid. As a result, vapour recoil insta-
bilities are thought to be the cause of flow reversal, pres-
sure, and temperature fluctuations (Barber et al. 2009).

The critical point of vapour quality, which separates the 
stable and unstable boiling regimes, was independent of 
other parameters such as fluid inlet temperature, heat flux, 
etc. (Wang and Cheng 2008). Stable boiling occurred in 
bubbly and elongated bubbly/slug flows where the vapour 
bubble was generated and pushed by the incoming sub-
cooled liquid. The unstable boiling resulted from the 
expansion of the vapour slug upstream, which caused a 
fluctuation in temperature and pressure. The experimental 
analysis by Bertsch et al. (2009) likewise demonstrates the 
reduction of HTC as vapour quality increases.

In addition, the high vapour quality of the vapour slug 
formation pushes the liquid back to the source, resulting in 
reverse flow and an increase in surface temperature due to 
non-removal heat in constant heat flux (Brutin et al. 2003). 
Furthermore, the liquid film becomes thinner, leading to 
an annular regime with frequent dry-out, affecting the heat 
transfer and triggering flow fluctuations (Costa-Patry and 
Thome 2013). Although vapour quality is an operating 
parameter in HTC and flow instability, only a few HTC 
correlations take it into account.

Fig. 8  Schematic of the differ-
ent orientations of the micro-
channel heat sink
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4.2  Contact angle (θ) and wettability

The term “wettability” refers to a fluid's ability to sustain 
contact with a solid surface due to intermolecular inter-
actions. Higher wettability indicates hydrophilic surfaces 
(lower contact angle), and vice versa. The wetting state is 
dependent on the developed surface's chemical composi-
tion (intrinsic contact angle) and geometrical morphology 
(roughness ratio) (Yu et al. 2015). All practical surfaces 
exist with a small amount of irregularity that traps gases 
and necessitates a small amount of heat to trigger nuclea-
tion. It was termed Wenzel, Cassie, Hemi-wicking, or mixed 
state based on its wetness. Figure 9 depicts the schematic of 
contact angle and wettability.

Increasing the contact angle (hydrophobic surface) will 
increase vaporisation at the liquid–gas interface, resulting 
in an unstable nucleation due to the upstream superheated 
growth of large-diameter vapour bubbles (Liu et al. 2005; 
Li and Cheng 2004). Also, due to the larger nucleation site 
density, the unstable bubble results in cyclic temperature 
oscillations and a higher pressure drop in hydrophobic 
microchannels than in hydrophilic microchannels (Choi and 
Kim 2011; Kim and Lee 2019). However, in the mechanism 
of thin-film evaporation, the hydrophilic surface improved 
heat transfer in microchannel flow boiling. In contrast to 
nucleate boiling, the bubble had a short duration and a mod-
est departure diameter (which improves heat transfer with 
the decrease in contact angle). The Reynolds number and 
the degree of subcooling can influence the contact angle, 
particularly when the bubble begins to grow (Sinha et al. 
2019; Mukherjee 2009).

Katiyar et al. (2016) highlighted that when the contact 
angle increases, the length occupied by the bubble's base 
grows, resulting in a decrease in heat inflow from the bottom 
wall, leading to a slower bubble development rate. Larger 
bubbles are more successful at disrupting the thermal bound-
ary layer that forms around them, resulting in an increase in 
heat transfer. When the bubbles have departed, it is a static 
condition, because the buoyancy and Dh esion forces are 
balanced. Otherwise, as the a Dh esive force between the 
hydrophobic surface and bubbles is greater, a greater buoy-
ancy force is required to counteract it, resulting in a bigger 
bubble departure diameter than with the hydrophilic surface. 

In addition, hydrophilic surfaces with shorter bubble growth 
and bubble durations have superior heat transfer properties 
(Vontas et al. 2021; Sun et al. 2018), such that the "aged" 
channel has superior thermal performance over the "newly 
machined" channels, due to the repeated studies, the heat-
ing surface has become more thermally oxidised, making it 
easier to a Dh ere to Jayaramu et al. (2019).

Liu et al. (2011) investigated the effect of wettability on 
the super-hydrophilic surface (contact angle of less than 
10°). Due to the super wetting surfaces, numerous small-
diameter bubbles are generated with the decline in bubble 
departure size. The local dry-out occurred on untreated 
hydrophilic surfaces rather than the super-hydrophilic sur-
face. The heat transfer performance was improved with 
super-hydrophilicity surfaces with the achievement of a 
zero-contact angle at high temperatures. However, the nucle-
ation of a bubble on a super-hydrophilic surface is not read-
ily obtained at low heat flux and high mass flux (Köhling and 
Wagner 2021; Zhou et al. 2017).

Betz et al. (2010, 2011, 2013), Dyke et al. (2015), and 
Wang et al. (2017) used a combination of biphilic surface 
patterns (pool boiling). The combined advantage of both 
hydrophobic (large bubble departure diameter and abun-
dance of nucleation sites) and hydrophilic (smaller departure 
diameter, which prevents bubble merging). These combina-
tions increased CHF and HTC due to increased nucleation 
sites and wettability, promoting bubble detachment and local 
dry-out (Hsu et al. 2021; Lin et al. 2021). Table 7 shows 
a summary of thermo-physical properties like the quality 
of the vapour, the contact angle, and the surface tension in 
microchannel flow boiling.

4.3  Surface tension (σ)

During the boiling process, vapour bubbles are generated 
at the bottom of the channel, and their departure to the 
surface is governed by two opposing forces: buoyancy 
(acting upwards) and surface tension (acting downward). 
The surface tension force originates from the contact angle 
fluctuations along the contact line caused by the influ-
ence of the liquid flow, which is dominant at the micro-
scale due to the uniform production of slug flow and the 
avoidance of stratified flow (Kandlikar 2002, 2010). When 
the surface tension is decreased, bubble merging will be 
prevented or delayed, boosting the HTC by preserving 
the flow pattern, preventing coalescence, and producing 
tiny bubbles with a higher departure rate. In addition, the 
nucleation site density and bubble removal frequency rise 
with reduced bubble diameter, resulting in an increase in 
HTC, as depicted in Fig. 10 (Raza et al. 2016). However, 
higher surface tension causes a less severe, longer transi-
tion (Liu and Wang 2019). At high heat flux, the addi-
tion of a surfactant (a chemical that reduces liquid surface 

Fig. 9  Schematic drawing of contact angle and wettability; a wet-
ting surface—hydrophilic, b non-wetting and c highly non-wetting—
hydrophobic (Karayiannis and Mahmoud 2017)



Microfluidics and Nanofluidics (2022) 26: 80 

1 3

Page 17 of 23 80

Table 7  Selected literature on thermo-physical properties with parameter constraints

Authors Working fluid Geometry/surfactant Parameter constraints Optimum values

For critical vapour quality
Barber et al. (2009) De-ionized Water Dh  = 727 μm, q = 4.26 kW/m2, 

G = 1.13 ×  10−5 kg/s
Influencing pressure and 

temperature fluctuation
Costa-Patry and Thome 

(2013)
R-134a, 236fa, 245fa and 

1234ze (E)
Dh  = 148 μm–3 mm G = 569 kg  m−2  s−1, 

Tsat = 29.9 °C
Inverse V shape for HTC

Wang and Cheng (2008) De-ionized water Dh  = 155 µm Qeff = 565–570 kW/m2, 
G = 117.8 kg/m2 s, and 
Tin = 20 °C

xe = 0.013

Bertsch et al. (2009) R-134a and R-245fa Dh  = 1.09 and 0.54 mm Tsat = 8–30 °C, 
G = 20–350 kg  m−2  s−1, 
and q = 0–22 W  cm−2

xe = 0.5

Bertsch et al. (2008) HFC-134a Dh  = 1.09 mm and aspect 
ratio 2.5

G = 20.3—81 kg  m−2  s−1 
wall q = 0–20 W/cm2

xe = 0.2

Dalkılıç et al. (2020) R134a Dh  = 421 μm G = 1000 kg  m−2  s−1, 
q = 250 kW  m−2

HTC declines with x

For optimum surfactant
Hetsroni et al. (2004) Water Non-ionic surfactant (alkyl 

glycosides)
m = 5.7 kg/m2 s, 

q = 90–110 kW/m2
4 Times increase in HTC

Klein et al. (2005) APG D = 4 mm, m = 0.042 kg/s, 
145 kPa

Optimum conc. exists

Hetsroni et al. (2007) Alkyl (8–16) G = 5–18 kg/m2 s and 
q = 40–200 kW/m2

Optimum ppm: 300

Yang et al. (2019) Glycerol Dh  = 200 μm, T = 50 °C 
and Q = 10–30 kW/m2

Optimum Vf. 5%

Wang and Li (2017) Cetyltrimethyl ammonium 
chloride (CTAC) with 
the addition of sodium 
salicylate (NaSal)

G = 192–406 ml/
min, Tin = 80 °C and 
Pout = 101.3 kPa

Optimum ppm: 100

Wang et al. (2019) 6.0 mm × 3.5 mm and 
length 300 mm

Boiling without bubbles 
merging has a higher and 
more stable average Nu 
number

Contact angle and wettability
Li and Cheng (2004) Water – P = 8.72 MPa, G: 0–6 mg/s 

and q: 250–350 W/cm2
Larger contact angle will 

reduce the nucleation 
temperature

Mukherjee (2009) Water – Tsup = 8 K Heat transfer improved with 
decrease in contact angle

Sinha et al. (2019) Water Dh = 6.67 mm Re = 2400–7200 and 
∆Tsub = 2.5—8.5 °C

Contact angle reduced with 
Re and subcooling

Siddique et al. (2020) Water, FC72, R113 and 
R245fa

229 µm × 229 µm × 916 µm Tsup = 2.1 °C, 
G = 90 kg  s−1  m−2

Decrease in latent heat and 
density ratio increase the 
bubble growth and Nu.no

Vontas et al. (2021) DI-water Dh = 200 µm and length 
2.4 mm

q = 20, 50 and 100 kW/
m2 and G = 74, 150 and 
295 kg/m2 s

Bubble departure was faster 
in hydrophilicity

Sun et al. (2018) DI-water – Numerical simulation 
through LBM

Hydrophilic surface have 
better heat transfer than 
hydrophobic

Köhling and Wagner ( 
2021)

DI-water – Re = 0.5, We =  10−4, 
T = 110 °C

At high temp. super-hydro-
philic surface can reach 
zero-contact angle

Liu et al. (2011) DI-water 105 × 1000 × 30,000 μm q = 230–354.9 kW/m2 and 
G = 50–583 kg/m2 s

Steady boiling in hydro-
philic and unsteady 
nucleation in hydrophobic
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tension) causes the formation of a nucleus containing a 
lot of tiny bubbles, which tends to cover the entire heater 
surface with a vapour blanket. Compared to water, more 
active nucleation sites increase HTC as heat flux increases 
(Hetsroni et al. 2004).

The influence of surface tension is neither straightfor-
ward nor direct, as it increases the early ONB by lower-
ing the surface tension and dynamic contact angle of water. 
All surfactants have an optimal range for increasing heat 
removal (Klein et al. 2005; Hetsroni et al. 2007). The ther-
mal performance will deteriorate when more surfactant is 
used. This drop in HTC is a result of widespread coverage 
of the Benard–Marangoni effect (Yang et al. 2019). None-
theless, the concentration gradient stimulates flow, which in 
turn induces the temperature gradient in the same direction.

On optimum surfactant, mass transfer will occur between 
the sublayer and bulk layer and vice versa. Both heat transfer 
and mass transfer will be balanced as a result. With exces-
sive mass concentration, however, the mixture's density 
increases, impeding mass transmission from the sublayer to 
the main layer. This results in resistance, which necessitates 
greater thermal energy to overcome. The HTC decreases 
when the bulk concentration of surfactant exceeds a par-
ticular threshold. Similarly, the CHF was increased by the 
addition of surfactant, but remained unchanged at higher 
concentrations.

As demonstrated in Fig. 10, when compared to water, the 
bubble in the surfactant solution has a small-diameter and a 
long-period without merging. These bubbles increased flow 
velocity and amplified disturbances, facilitating heat trans-
fer and producing greater pressure variations (Wang and Li 
2017; Wang et al. 2019). Cumulatively, we discover that 
bubble merging is the process that reduces the efficiency of 
heat transfer, particularly in the middle flow. Another factor 
of surfactant addition that enhances boiling heat transfer is 
preventing bubble merging and delaying early dry-out.

5  Conclusion

This review paper is primed to present the most recent 
hypothesis on the physical properties of microchannel flow 
boiling. Although numerous studies have been conducted in 
the last 2 decades, there is no agreed upon dominant mecha-
nism. It appears that the nucleate, convective, and thin-film 
evaporative mechanisms are contributing significantly and 
simultaneously to the heat transfer process of microchannel 
flow boiling. It was difficult to segregate the contributions 
of each mechanism. Below is a summary of each parameter's 
contribution to microchannel flow boiling heat transfer.

• In comparison to flow properties, the design param-
eters, namely aspect ratio and channel arrangement, 
play a crucial effect in the boiling process. Complex 
configurations and higher aspect ratio channels result 

Table 7  (continued)

Authors Working fluid Geometry/surfactant Parameter constraints Optimum values

Choi and Kim (2011) Water–liquid and Nitro-
gen–gas

Dh = 141, 143, 304, 322 
and 490 μm

G: 66–1000 kg/m2 s HTC and pressure drop was 
higher for hydrophobic 
than hydrophilic microch

Zhou et al. (2017) De-ionized water – G = 120–360 kg/m2 s, 
q = 4–20 W/cm2 with 
x = 0.03–0.1

Constant heat transfer in 
super-hydrophilic surface

Kim and Lee (2019) De-ionized water – q = 20–500 kg/m2 s Hydrophilic and hydropho-
bic channels enhanced the 
CHF at low and high mass 
fluxes, respectively

Fig. 10  Flow boiling in a water at 290  KW/m2 at 5.5  ms and b 
100 ppm CTAC/NaSal solution at 290 KW/m2 at 60 ms (Wang et al. 
2019)



Microfluidics and Nanofluidics (2022) 26: 80 

1 3

Page 19 of 23 80

in a higher HTC (breaking the thermal boundary layer) 
with a pressure drop penalty and difficult-to-decode 
bubble dynamics.

• Higher mass flux enhanced incipient heat flux by delay-
ing nucleation frequency, resulting in a convective boil-
ing mechanism. Increased heat flux, on the other hand, 
accelerated early nucleation and flow pattern transition, 
resulting in a nucleate-dominated mechanism.

• Subcooling acts as a function of velocity and func-
tional dependence of heat flux. With an increase in 
subcooling, the stability of the flow was increased due 
to a delay in slug flow and bubble generation. Liquid 
convection plays a crucial role in the sub-cooled heat 
transfer mechanism.

• At high saturated flow boiling conditions, the thin film 
at the end of the annular plays an important role in heat 
transfer.

• The vapour quality is said to enhance the HTC up to the 
point where a thin film exists. But beyond thin film, it 
declines the HTC due to dry-out.

• Friction pressure plays the dominant role, which can 
also influence independent variables like vapour den-
sity, surface tension, latent heat, etc. The bubble growth 
and diameter, which influence the HTC, vary inversely 
with pressure. However, increased pressure stabilises 
the system.

• Though gravity/orientation effects are negligible in 
the microchannel due to its dominant surface tension 
effects. The VUF acts as a suitable orientation for elec-
tronics cooling.

• The hydrophilic surface enhanced the heat transfer with 
a smaller contact angle. A hydrophobic surface gener-
ates flow oscillation because of unstable bubbles with 
a greater nucleation density.

• By reducing the surface tension, bubble merging is pre-
vented, enhancing the HTC up to the optimum concen-
tration of surfactant. On further increases, it becomes 
ineffective due to the Benard–Marangoni effect.

• Observed discrepancies in the behaviour of flow boiling 
indicate that the analogy of heat transfer in the macro-
channel cannot be transferred to the microchannel due 
to the differences in the behaviour of flow boiling as 
observed. And it is difficult to determine the general-
ised micro-channel flow boiling mechanism from the 
available literature specific to their experimental data. 
To design and optimise microchannel flow boiling, it 
is necessary to investigate the flow boiling qualities 
and bubble behaviour in the microchannel at various 
operating ranges.
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