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This study aims to highlight the factors influencing flow patterns in Plate Heat Exchangers (PHEs) operated 
with two-phase flows. Our focus is on providing precise definitions of flow regimes and proposing transition 
boundaries by comparing diverse experimental datasets. To accomplish this, we designed an experimental 
apparatus for flow visualization through high-speed videos. The videos clarify flow patterns in an upward-flowing 
air-water mixture within a chevron-type plate heat exchanger. We introduce a new, clearly defined nomenclature 
and present the results in the form of a flow regime map. Moreover, we reclassify previously documented flow 
patterns in the literature using our established nomenclature, creating a unified and comparable database of 
visualization data. Subsequently, we explore semi-theoretical transition criteria and establish new transition 
boundaries based on the compiled experimental data. These newly determined transition lines are integrated 
into a comprehensive global flow regime map, advancing our understanding of two-phase flow behavior in 
PHEs.
1. Introduction

The Plate Heat Exchangers (PHEs) are well-known in the industrial 
world. They consist of a pack of gasketed or brazed corrugated plates 
that promote mixing and turbulence in both hot and cold sides thus 
resulting in enhanced heat transfer. The main advantage of this technol-
ogy is the high performances related to its compactness. PHEs proved 
to have a better efficiency respect shell and tubes or other industry-
standard heat exchangers. At first, PHEs were mainly gasketed and 
used only for single phase applications in dairy, food, beverage, mining, 
meat/poultry, chemical, plastics and wine industries. The use of PHEs in 
heat, ventilation, air conditioning and refrigeration (HVAC&R) had not 
been considered until mid-1980s because of the possible leakage from 
the gaskets. With the increasing importance of the ozone-depletion is-
sues in recent years PHEs have started to be used also for HVAC&R, 
because they permit to reduce the charge of refrigerants. With the de-
velopment of Brazed and Semi-Welded PHE the problem of leakage had 
been solved and specific applications for two-phase flows were devel-
oped (Ayub, 2003). In recent years the PHEs have been used also in 
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power generation cycles as both evaporator and condenser. For this 
kind of applications, the use of gasketed PHEs is limited by the op-
erating conditions, in fact gasketed PHE operating conditions are nor-
mally limited to 20 bar and about 150 °C (depending on the materials) 
(Abu-Khader, 2012). The brazed PHEs can partly overcome this limit 
since they can be operated up to very high pressure and temperatures. 
Nowadays, compact plate heat exchangers are actively considered even 
for application as steam generators in Small Modular nuclear Reactors 
(SMRs) (Kang et al., 2022) where the use of standard shell and tubes 
heat exchangers is prohibited by their large volume. The industrial and 
scientific focus is therefore moving to the study of two-phase flows in-
side these components.

1.1. State of the knowledge and objectives

The single-phase flow in PHEs has been widely studied and, in 
Ayub’s review (2003), most of the single-phase correlations available in 
literature are summarized. Moreover, other handbooks report correla-
tion for single phase PHEs design (Thulukkanam, 2000; Martin, 2010). 
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Most of the studies on two-phase flow in PHEs are focused on specific 
applications analysis and provide correlations for heat transfer coeffi-
cient and friction factor that are limited and lack of generality. This is 
mainly due to the fact that complexity associated to the two phase flow 
is also emphasized by the complex geometry of the plates (Ayub et al., 
2019; Eldeeb et al., 2016; Amalfi et al., 2016b). While many works fo-
cus on the two-phase flows in pipes and an important literature has been 
published on the topic, for PHEs the two phase fluid dynamics has yet 
to be studied in deep. In order to comprehend more deeply the perfor-
mance of PHEs is important to visualize the flow inside the plates and 
identify the patterns that the two phases assume. Flow patterns regimes 
are expected to have an impact on both pressure drops and heat trans-
fer coefficient. The published experimental studies that deal with this 
topic often show scarce agreement one with the other.

The main lack in the literature about flow visualization in PHEs 
is the absence of systematic studies that evaluate in a comprehensive 
manner the impact of geometry, flow direction, different fluids and op-
erating conditions on flow patterns. Most of the existing studies deal 
with a single geometry, a single fluid mixture and a single configuration. 
The studies that try to compare different geometries, only investigate no 
more than 3 corrugation angles and corrugation heights, but such even 
this does not allow to have a complete understanding of such parame-
ters’ impact. The flow direction is seldom investigated and studies on 
inclined channels have never been proposed. Only few studies analyzed 
the 3 main flow directions (upward, downward and horizontal) and ob-
served a scarce dependence of the flow field on them. The operating 
conditions are commonly kept as the ambient ones when using an air-
water adiabatic mixture, with a deviation in pressure and temperature 
when using refrigerants accounting for the different saturation condi-
tions. A critical aspect of these studies is that the transitions between 
flow patterns are generally presented only graphically relying on human 
observation and hence it becomes difficult to appreciate the impact of 
the different studies. It becomes therefore important to identify some 
physics-based correlations to clearly define transition lines as done in 
Buscher (2019). Moreover, some flow patterns are defined differently 
depending on the author, the results are generally processed with dif-
ferent data reduction techniques and some fluid dynamic aspects have 
yet to be entirely clarified.

The aim of this work is therefore to highlight the most important pa-
rameters influencing the two-phase flow patterns in PHEs, to describe 
the flow regimes with a univocal definition and to compare different 
experimental databases in order to propose new and more general tran-
sition lines. To serve this purpose, a novel experimental facility for 
the flow regime visualization of an air-water mixture flowing upward 
in chevron-type corrugated channels was developed. The upward flow 
was taken into account because it is the predominant direction for flow 
boiling. Particular attention was paid to have a very wide range of op-
erating conditions to identify all the flow regimes observed by other 
authors and grant a good comparability with such studies. A second 
highlight of this work is the data-synthesis performed on the different 
literature databases leading to the grouping of such studies on a single 
flow regime map with the objective of determining common criteria to 
identify regimes transitions. The criteria proposed in this work aim to 
be as general as possible and rely on physical observations. The devel-
oped correlation would hence be a starting point for the development 
of geometry, direction, operating condition and fluid dependent corre-
lations in future works.

The plan of the paper is as following. In Section 2 a literature review 
reported to introduce the PHEs geometry and to summarize the studies 
on flow visualization in PHEs. Section 3 reports the details of the ex-
perimental facility, operating conditions and instrumentation used to 
conduct two-phase flow visualization. Moreover the data reduction and 
the uncertainty analysis are presented in the same section. Section 4
present this study’s experimental results. In Section 5, the experimental 
data from the other studies and the ones from our experiments are plot-
2

ted on the same flow regime map, compared to check their agreement 
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and new transition lines are proposed. The analysis is then completed 
by proposing theoretical models for flow patterns prediction and evalu-
ating how well can them represent the experimental databases. Before 
drawing the conclusions in Section 6, the issue of the applicability of 
flow pattern maps and flow regime transition lines obtained from adia-
batic studies to diabatic ones is briefly discussed and addressed.

2. Literature review

In this section a literature review is proposed to establish a robust 
framework for our study. The analysis is divided in two subsections. 
In the first one the geometry of PHEs is introduced and most influenc-
ing parameter are highlighted while in the second a short analysis of 
single-phase flow in PHEs and two-phase visualization are presented 
and summarized.

2.1. Geometrical characterization of Chevron-type corrugated plates

The most common PHEs corrugation patterns are the Chevron-Type. 
They are characterized by sinusoidal corrugations that form herring-
bones pattern on the plate. To form a closed channel, two plates are 
put in contact with an opposite herringbone direction. This creates a 
series of contact on the crests of the corrugation. The number of con-
tact points is determined by the corrugation angle. Then plates can be 
brazed together or gasketed with a direct influence on operating condi-
tions. The brazing process grants the contact points while, in presence 
of gaskets, all the plates are enclosed in between two thick closing plates 
(respectively the first and the last) to hold them together. In this case, 
the frame plates are bolted and the application of the right tightening 
torque is necessary to grant contact and prevent leakages. The corruga-
tions are periodic along the flow direction except for the inlet and outlet 
regions that include the portholes. Each plate has in total four portholes 
(two at the inlet and two at the outlet) placed in the corners. Two port-
holes per channel are excluded trough gaskets or brazing in order to 
allow either hot or cold fluid to flow through each channel. Since the 
portholes are at corners the inlet and outlet regions assume a triangular 
shape that is not centered on the plate axis affecting the flow distribu-
tion. In visualization facilities often the inlet and outlet section are not 
reproduced but substituted with a two-phase flow distributor/mixer in 
order to separate the effect of the inlet and the outlet on the flow regime 
in the corrugated section.

The plates can be described by different geometrical parameters. 
The first to be considered are the total plate length (𝐿𝑡𝑜𝑡) and the 
plate length excluding the inlet and outlet distribution sections (𝐿𝑝). 
These two parameters do not influence the flow field once it is fully 
developed. Therefore, they have an impact on the pressure drops and 
exchanged thermal power but not on pressure gradient and heat trans-
fer coefficient. For this reason, visualization in plates of different length 
(assumed that are observed far enough from entry region) should not be 
affected by plates planar dimension. Another parameter to be taken into 
account is the width (𝐵𝑝) of the plate. If different PHEs are compared 
using quantities that are expressed per unit area of the channel’s sec-
tion (like superficial velocity, momentum flux or mass flux), the width 
does not have an impact on flow field as long as the flow is well dis-
tributed on the cross section. The corrugations are characterized by the 
Chevron or corrugation angle (𝜑) that is defined as relative to the flow 
direction (some studies use the complementary angle), the corrugation 
depth (𝑏𝑝) and the corrugation wavelength (𝜆) that is defined as the dis-
tance between the crests measured in the direction perpendicular to the 
crests themselves. All these parameters are summarized in Fig. 1.

The plates with corrugation angles of less than 45° are called “soft 
plates” while if the angle is higher than 45° are called “hard plates”. The 
difference between the two types is the trade-off between heat transfer 
efficiency and pressure drops in the channels. Soft plates have lower 
pressure difference but also a lower heat transfer capability with re-

spect to hard plates. Generally speaking, all the parameters related to 
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Fig. 1. Chevron Type plate with the main geometrical parameters indicated.

Fig. 2. Single Phase flow paths observed by Focke and Knibbe (1986) a) Cross-
ing Flow b) Wavy Longitudinal Flow.

the corrugations affect the flow field. The higher is the corrugation an-
gle, the higher is its impact on the fluid direction. A corrugation or 
wave number can be defined as a proxy of how much the corrugation 
is accentuated:

𝜒 =
𝜋𝑏𝑝

𝜆
(1)

The area enlargement factor Φ, instead, is the ratio between the 
corrugated surface and the surface of a flat plate with same length and 
width. Enlargement factor can be obtained parameterizing the corruga-
tion as a sinusoidal function and computing the ratio between the line 
integral and the wavelength (integration from 0 to 𝜋2 ) which yields eq. 
(2). Martin (2010) suggests an expression of Φ given in equation (3)
that can be obtained by using the Simpson’s rule to compute the inte-
gral (2):

Φ= 2
𝜋

𝜋

2

∫
0

√
1 + 𝜒2𝑐𝑜𝑠2(𝑡)𝑑𝑡 (2)

Φ= 1
6

(
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√
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√
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𝜒2

2

)
(3)

The enlargement factor can be used to compute the hydraulic di-
ameter 𝐷ℎ assuming that the average channel section is equal to the 
corrugation depth according to the following definition:

4𝑏𝑝𝐵𝑝 2𝑏𝑝
3

𝐷ℎ = lim
𝑏𝑝→0 2(Φ𝐵𝑝 + 𝑏𝑝)

=
Φ

(4)
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2.2. Previous studies on flow visualization in PHEs

In order to understand two-phase flow characteristics, it is necessary 
to describe how a single-phase fluid flows into a PHE. Focke and Knibbe 
(1986) visualized the streaklines using a pH indicator and recognized 
two different directions (Fig. 2): crossing flow and wavy longitudinal 
flow. The crossing flow was observed for soft plates with corrugation 
angles of 30 °, the fluid flowed along the corrugations’ valleys only 
changing its direction at the boundary. Tribbe and Müller-Steinhagen 
(2001b) traced particles in single phase flow and recognized that also 
the central spine of the plate acts like a boundary. The wavy longitudi-
nal flow was observed by Focke and Knibbe (1986) for hard plates with 
80 ° of corrugation angles, the preferred direction of the fluid particles 
was longitudinal but the crests forced an helical path around the con-
tact points. Martin (2010) stated that the two directions occurs at the 
same time but the increase or decrease of the angle cause one or the 
other to become predominant. Tribbe and Müller-Steinhagen (2001b)
recognized both the two directions in their visualizations on 60 ° Plates.

There are many studies that focus on two-phase fluid dynamics in 
PHEs with the aim of obtaining useful correlations for pressure drops 
and heat transfer coefficients. The interested reader can refer to the re-
views of Ayub et al. (2019), Amalfi et al. (2016a), Tao et al. (2018)
and Eldeeb et al. (2016). On the other hand, only a few studies vi-
sualized and investigated flow patterns and their influence on PHEs 
performance. For this reason in present work it has been decided to re-
view such studies and to contribute in deepening the knowledge with 
own experimental investigation.

The first study on PHEs two-phase flow was led by Gradeck and 
Lebouché (2000). Horizontal PHEs with bidimensional and three di-
mensional corrugation geometries were investigated. The investigated 
range was limited to low gas superficial velocities (lower than 0.15 m/s) 
and only a transition from a bubbly flow and a stratified flow could be 
recognized. The wall shear stress measurements allowed to associate 
phase distribution to fluid dynamic phenomena.

Tribbe and Müller-Steinhagen (2001a,b) published a two part study 
on two-phase flow in a PHE operated in upward and downward adia-
batic configuration. The first part is focused on pressure drop measure-
ment and the second on analyzing the results with the separated flow 
approach and visualize flow patterns in air/water systems. The direc-
tion of the flow impacted the regimes only for high mass flow rates. 
Fluid viscosity effect was analyzed using an aqueous solution of car-
boxymethylcellulose and it was observed that pressure drops increase 
noticeably at low quality but tend to converge to air/water for high 
quality. The separated flow analysis permitted to develop a unique cor-
relation for both hard and mixed plates in all conditions. In soft plates 
instead a dependence on geometry and liquid viscosity was observed. 
Five different flow pattern were identified: regular bubbly, irregular 
bubbly, churn flow, film flow and partial film flow. The flow regimes 
were summarized in flow maps and it was observed that soft and mixed 
plates exhibit same transition lines while the hard plates had a larger 
churn region.

Vlasogiannis et al. (2002) conducted experiments to visualize multi-
phase flow and measure heat transfer in a real industrial PHE operated 
with downward air/water mixture. Three main regimes named A, B and 
C and two transition regimes AB and BA were observed. In regime A 
phases were observed to flow separately, in regime B the gas phase was 
dispersed into liquid phase and regime C was intermittent. The regimes 
were reported on a flow map. Heat transfer measurements were car-
ried out for both single and two phase flow. A correlation was proposed 
for single phase flow heat transfer coefficient. The two-phase flow heat 
transfer were analyzed only qualitatively, an increase of heat transfer 
was observed for higher gas qualities.

Shiomi et al. (2004) visualized air/water two-phase flow in PHEs 
mounted horizontally and vertically. Plates with 30 ° and 60 ° corru-
gation angles were used also in mixed configuration. Flow patterns 

were recognized via visual observation and pressure drops were also 
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measured during testing. In horizontal flow only two patterns were ob-
served: dispersed bubbly flow and stratified flow. In vertical flow only 
dispersed flow was observed as well as strong maldistribution for low 
flow rates. The bubble dimension was observed to decrease with an in-
crease of liquid velocity. Pressure drops in single phase increased with 
corrugation angle. Two-phase multipliers for pressure drops were plot-
ted using Lockhart-Martinelli parameter and showed a good agreement 
with the model proposed by Chisholm (1967).

Asano et al. (2004) focused on flow visualization in upward PHEs 
using neutron radiography and image processing methods. Tests were 
operated in adiabatic conditions using air and water or in boiling con-
dition using R141b. Void fraction was obtained by processing images. 
It was recognized that the homogeneous flux does not well represent 
the void fraction. Pressure drops were measured and a correlation was 
proposed using the Lockhart-Martinelli approach. In a following paper 
(Asano et al., 2005) the author analyzed both upflow and downflow 
configuration. Agreement on void fraction was found for upward and 
downward configuration. Multichannel configuration was analyzed and 
the distribution of void fraction reported. Neutron radiography did not 
permit to obtain instantaneous images but only averaged results, hence 
flow patterns characteristics could not be recognized.

Nilpueng and Wongwises (2010) studied upward and downward 
two-phase flow in unsymmetrical plates, focusing on visualization and 
pressure drops evaluation. The plates were characterized by differ-
ent angles in the two halves of the channel: 80 ° and 35 °. With the 
upward-flow setup three patterns were observed: bubbly flow, bubble 
recirculation flow and annular-liquid bridge flow. With the downward 
setup, three patterns were observed: Slug flow, Annular-liquid bridge 
and Annular-liquid bridge/air-alone flow. Flow maps were proposed. 
Pressure drops were measured for water single-phase flow and a correla-
tion was obtained. For two-phase measurements, instead, a correlation 
for two-phase multiplier as function of Lockhart-Martinelli parameter 
was presented.

Solotych et al. (2016) measured heat transfer distribution and pres-
sure drops in PHEs during flow boiling in upflow configuration and 
also carried out adiabatic flow visualization. In the diabatic configura-
tion HFE7100 was used as fluid and the heat flux was imposed. Pressure 
drops were measured in single and two-phase conditions and compared 
with literature. Local temperature was measured with an IR camera 
and local heat transfer coefficient was derived. At high mass and heat 
fluxes dryout was observed to occur, reducing the heat transfer coeffi-
cient. Also heat transfer coefficient measurements were compared with 
literature. The adiabatic test were carried out in order to identify flow 
patterns.

Grabenstein et al. (2017) studied two-phase downward flow in PHEs 
using two different experimental setups, one for air/water flow and sat-
urated R365mfc, the other for condensing R134a. Flow patterns were 
visualized and pressured drop measured. The Chevron angle impact 
was evaluated analyzing plates with 30 ° and 60 ° angles. The results 
were presented on a momentum flux map. Flow patterns according 
to Tribbe nomenclature were identified and capacitance measurements 
were adopted to identify intermittent flows. Pressure drop was corre-
lated with an homogeneous and a separated flow model, an interpola-
tion between the two models was suggested.

Jin and Hrnjak (2017) visualized and measured heat transfer in a 3 
channel PHE. Visualization was conducted in an upward adiabatic con-
figuration using R245fa as operating fluid. The commercial inlet region 
was observed to cause a maldistribution of the flow that in some condi-
tions also caused flooding. Flooding was recognized to occur when the 
flow is wavy or stratified in the inlet tube. On the other hand high mass 
quality proved to stabilize the flow avoiding flooding. Coupled mea-
surement of heat transfer and visualization in boiling condition were 
also presented. Variations in heat transfer coefficient corresponded to 
the changes in visual flow patterns. The onset of nucleate boiling and 
the dry-out were recognized, in the lower corner opposite to the inlet a 
4

very strong nucleation was observed and a fast transition occurred.
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Buscher published two studies (Buscher, 2019, 2021) regarding flow 
visualization in PHEs. In the first study, flow pattern visualization was 
performed and in the second pressure drop and maldistribution were 
investigated. The visualizations were obtained in upward, downward 
and horizontal configuration. The observed flow patterns were: regular 
bubbly flow, irregular bubbly flow, Taylor-like bubbly flow, hetero-
geneous flow, partial film flow and film flow. Moreover, a stagnant 
flow was observed only in downward operations for low liquid and 
gas superficial velocities. A characterization of flow patterns based on 
the film ratio was proposed. Transitions criteria were developed and 
flow maps were built. The pressure drops were measured for both well 
and maldistributed flows. Correlations for Darcy friction factor in sin-
gle phase were obtained. An homogeneous model was deemed effective 
for evaluating two phase pressure drops with low void fraction. A new 
correlation valid for both well and maldistributed flows was presented 
for high void fraction cases, the impact of maldistribution consisted in 
a reduction of the void fraction for which this other model should be 
applied. The author proposed the use of an hydrostatic correction fac-
tor to account for differences in void fraction distribution among the 
three main flow directions. The horizontal one was taken as benchmark 
to evaluate the effect of the gravitational component of pressure drop 
on the two-phase friction factor.

The reviewed studies are summarized in Table 1 and 2. In the first 
table for each study are also reported the geometrical characteristics 
of the analyzed plates. In the second table instead are reported the 
operating conditions, the working fluids, the flow direction and the in-
vestigated range.

3. Methods

3.1. Experimental apparatus

In order to complete the analysis to be presented later in this work 
and to define a unique nomenclature of observed flow patterns, the au-
thors conducted some experimental work to visualize two-phase flow 
in a Chevron-type corrugated channel. In Fig. 3–5 the plant scheme of 
the employed experimental facility is depicted as well as the original 
steel plate. It consists in a closed-loop water circuit and an open loop 
compressed air circuit. The water is pumped into the circuit from an 
atmospheric tank and flow rate measured through three rotameters cov-
ering different ranges and regulated using needle valves at their outlet. 
The compressed air was supplied by centralized compressed air line and 
its pressure reduced trough a pressure-regulation valve. The air flow 
rate was measured using 3 different range rotameters in parallel with a 
bypass used for start up operations. The flow rate was regulated with a 
single valve downstream of the rotameters. A special mixing section was 
developed: both air and water lines were separated in two branches and 
fed to two distributors. Each one divided the flow in 4 smaller-diameter 
lines and mixing was obtained trough T-junctions. Regulation valves 
were located at the outlet of air distributors in order to avoid unequal 
flowrate between the tubes. The mixed fluids flow into a plenum con-
taining a perforated plate to homogenize the flow and then enters the 
corrugated plate channel. At the outlet of the channel, the mixture flows 
into a collector and then is sent to the feeding tank where air is vented 
spontaneously. The water rotameters used had a range of 100, 400 and 
2500 𝑙

ℎ
with an uncertainties of 3% of fullscale range while the air ones 

had a range of 190, 800 and 4000 𝑙

ℎ
with the same accuracy.

The visualization section consisted in two replica transparent plates 
obtained by pouring resin into a silicone mold created from origi-
nal plates of a CPHE. The plates were created using an epoxy resin 
(EpoxAcastTM 690) that offers both excellent transparency and good 
mechanical properties. The resin properties are reported in Table 3. 
The plates presented a chevron pattern with corrugation angles of 63°. 
All the plates geometrical characteristics are summarized in Table 4.

In order to visualize the flow pattern, the corrugated channel was 

lighted with a flicker-free, DC LED panel and high frame rate videos 
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Table 1

Plate geometry details of the reviewed studies.

Author Corrugation 
Angle (𝜑) 
[deg]

Corrugation 
Depth (bp) 
[mm]

Corrugation 
Wavelength 
(𝜆) [mm]

Plate Width 
(Bp) [mm]

Corrugation 
Length (Lp) 
[mm]

Wave Number 
(𝜒) [-]

Enlargement 
Factor (Φ) [-]

Hydraulic 
Diameter (Dh) 
[mm]

Gradeck and Lebouché 
(2000)

90 and 60 20 65 not reported not reported 0.96 1.21 33

Tribbe and 
Müller-Steinhagen 
(2001a,b)

30, 60 and 
30/60

3 or 2a not reported 210 640 not reported not reported not reported

Vlasogiannis et al. 
(2002)

60 2.4 10 123 430 0.75 1.13 4.24b

Shiomi et al. (2004) 30, 60 and 
30/60

3.5 9 162 435 1.22 1.31 5.34

Asano et al. (2004, 
2005)

70 and 60 1.2, 2.5 and 
1.4

8 and 6.4 145, 150 and 
76

180, 200 and 
149

0.98, 0.47 and 
0.68

1.21, 1.05 and 
1.11

4.1, 2.3 and 
2.5

Nilpueng and 
Wongwises (2010)

35/80 2.5 not reported 124 715 not reported not reported not reported

Solotych et al. (2016) 60 and 65 2 and 1 5.7 and 3.7 50 99 1.1 and 0.84 1.26 and 1.16 3.2 and 1.7

Grabenstein et al. 
(2017)

27 and 63 3 11.4 388 408 0.85 1.16 5.2

Jin and Hrnjak (2017) 60 2.2 10 210 425 0.69 1.11 3.96

Buscher (2019, 2021) 75 2.4 9 278.2 326.1 0.84 1.16 4.14

a Only for pressure drop measurement.

Table 2

Operating conditions of the reviewed studies.

Author Operating 
Pressure [kPa]

Operating 
Temperature 
[°C]

Working Fluid Flow Direction 𝑉𝑠,𝐺 range [m/s] 𝑉𝑠,𝐿 range [m/s] Mass Flux range 
(G) [kg/m2s]

Gradeck and Lebouché 
(2000)

not reporteda not reported Electrolytic So-
lution/Nitrogen

Horizontal not reported not reported not reported

Tribbe and 
Müller-Steinhagen 
(2001a,b)

Not reportedba 25 Air/Water, 
Air/CMC(aq)

c
Downward, 
Upwardc

1.8 - 55 0.04 - 0.6 60 - 600

Vlasogiannis et al. 
(2002)

Not reporteda 25 Air/Water Downward 0.3 - 10 0.01 - 0.25 10 - 260

Shiomi et al. (2004) Not reporteda Not reported Air/Water Upward, 
Horizontal

0.14 - 1.2 0.01 - 0.56 10 - 560

Asano et al. (2004, 
2005)

Not reportedb

(Water) 180 
(R141b)

Not reported 
(Water) 50 
(R141b)

Air/Water, 
R141b

Upward, 
Downward

0.8 - 8 0.02 - 0.04 20 - 50

Nilpueng and 
Wongwises (2010)

Not reporteda Not reportedb Air/Water Downward 
Upward

0.06 - 4 0.03 - 0.3 30 - 300

Solotych et al. (2016) 100 61 HFE7100 Upward not reported not reported 25 - 100

Grabenstein et al. 
(2017)

87 (R365mfc), 
Not reported 
(H2Oa, R134a)

20 Air/Water, 
R365mfc, 
R134ac

Downward 0.7 - 15 0.03 - 0.7 30 - 720

Jin and Hrnjak (2017) 105 15.8 R245fa Upward 0.33 - 1.63 0.0015 - 0.03 10 - 50

Buscher (2019, 2021) 110 to 220 19 to 29 Air/Water Downward, 
Upward, 
Horizontal

0.007 - 30 0.04 - 0.4 40 - 440

a Tank at atmospheric conditions.
b Measured but not reported.
c Only for pressure drop measurement.
were taken using a Phantom Miro C110 high speed camera, sampling 
at 1900 frames per second with a resolution of 1280x480 pixels and an 
exposure time of 40 μs.

The facility was operated in upward configuration, the operating 
5

temperature of air was always comprised between 18 ◦𝐶 and 21.5 ◦𝐶 , 
while the water temperature was kept between 23 ◦𝐶 and 26 ◦𝐶 due 
to pump heating effect. The operating gauge pressure of the plate was 
measured using manometers and during operations, it varied between 
3000 𝑃𝑎 and 50000 𝑃𝑎. Because of the high operating pressures mea-
sured, clamps were applied in the lower part of the visualization win-
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Fig. 3. Schematic of the loop adopted for the experiments.
Fig. 4. The experimental facility used for visualization.

dow to reduce the deformation of the plates and therefore avoid the loss 
of contact points. A preliminary analysis was conducted to identify the 
optimal conditions for tightening plates and clamps. The goal was to 
prevent plate deformation during operations and to verify the contact 
between corrugation crests.

3.2. Data reduction

The results of this study are presented in terms of superficial velocity 
of both phases. This choice was done because the superficial velocity, 
being a volumetric flux, is specific to the frontal area and most of stud-
6

ies adopt the same approach. It could be pointed out that this approach 
Fig. 5. Section of the original plate with the Chevron pattern adopted in the 
experiments.

is not fluid independent, but since almost all studies presenting flow 
maps adopt air and water as operating fluids, our study is fully com-
parable. On the other hand Grabenstein et al. (2017) used a different 
approach reporting the flow maps based on the momentum flux stat-
ing that results of air/water and R365mfc are more consistent on such 
a basis. Since such method was applied only on 2 different fluids, its 
validity could not be verified. Future works on different fluid impact 
should consider it and eventually validate it.

The phase superficial velocities were not directly measured but de-
rived from flow rate measurements. The gas volumetric flow rates read 
by rotameters was converted to real operating conditions accounting 
for difference in temperature and operating pressure from calibration 

condition. To this end the following compensation equation was used:
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Table 3

EpoxAcastTM 690 Properties.

Handling Properties
Mix Ratio By Weight 100:30 (Resin:Hardener)
Mixed Viscosity 0.28 [𝑃𝑎 ⋅ 𝑠]
Density 1107 [𝑘𝑔∕𝑚3]

Physical Properties
Shore D Hardness 80
Ultimate Tensile Strength 45.7 [𝑁∕𝑚𝑚2]
Tensile Modulus 3943 [𝑁∕𝑚𝑚2]
Tensile Elongation 1.8
Flexural Strength 75.7 [𝑁∕𝑚𝑚2]
Flexural Modulus 2826.9 [𝑁∕𝑚𝑚2]
Compressive Strength 66.3 [𝑁∕𝑚𝑚2]
Compressive Modulus 629.5 [𝑁∕𝑚𝑚2]
Shrinkage 0.002 [𝑚𝑚∕𝑚𝑚]
Heat Deflection Temp. 46 [◦𝐶]
Index of Refraction 1.565 at 20 ◦𝐶

Table 4

Geometrical parameters of present study’s 
plates.

Corrugation Angle 𝜑 63°
Corrugation Depth 𝑏𝑝 2.5 mm
Corrugation Wavelength 𝜆 9 mm
Plate Width 𝐵𝑝 18.2 cm
Plate/Corrugation Length 𝐿𝑝 32 cm
Hydraulic Diameter 𝐷ℎ 4.3 mm
Enlargement Factor Φ 1.1712
Frontal Area 𝐴𝑓 455 mm2

𝑄 =
(
𝑃𝑟𝑜𝑡𝑃𝑐𝑎𝑙

)0.5
𝑃𝑃𝐻𝐸

(
𝑇𝑃𝐻𝐸

𝑇𝑐𝑎𝑙

)0.5
𝑄𝑟𝑒𝑎𝑑 (5)

In this equation subscript 𝑟𝑜𝑡 stands for rotameter, 𝑐𝑎𝑙 for calibration 
and 𝑃𝐻𝐸 for plate heat exchanger. It is worth noticing that PHE pres-
sure is not constant along the plate, hence the average pressure was 
considered. Some of the other studies refer their results to standard 
conditions, fixing such value to 1 atm. The obtained flow rate was then 
divided by plates’ frontal area to obtain the superficial velocities:

𝑣𝑠,𝑖 =
𝑄𝑖

𝐴𝑓
(6)

Considering the corrugation profile as a sinusoidal function, the frontal 
area can be computed as the double of the semi-channel area as follow-
ing:

𝐴𝑓 = 2

𝑚

∫
0

𝑏𝑝

2

(
1 + sin

(2𝜋𝑥
𝑚

))
𝑑𝑥 (7)

𝑚 = 𝜆

cos𝜑
(8)

This formula can be approximated by considering a constant and a fi-
nite number of wavelengths across the plates’ width. As a result, the 
equation (7) becomes:

𝐴𝑓 = 𝑏𝑝𝐵𝑝 (9)

3.3. Uncertainty analysis

The uncertainty analysis was carried out following the directives 
of the Joint Committee for Guides in Metrology (JCGM, 2008). The 
instrumentation uncertainty was provided by the producer according 
to the calibration, in Table 5 the measurement uncertainty is reported. 
The general expression for expanded uncertainty of a generic function 
7

𝑓 depending by 𝑛 variables is:
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Table 5

Instrumentation uncertainty.

Instrument Absolute Uncertainty

Rotameters:

ASA P13 250-2500 l/h 75 l/h
ASA P13 40-400 l/h 12 l/h
ASA P13 10-100 l/h 3 l/h
ASA E 400-4000 nl/h 80 nl/h
ASA E 85-850 nl/h 17 nl/h
ASA E 0-190 nl/h 3.8 nl/h

Manometer located:

Upstream Air Manometer 5000 Pa
Plenum Pressure Tap 5000 Pa
Outlet Pressure Tap 5000 Pa

Thermometer located:

Downstream Water Rotameters 0.5 ◦𝐶

Upstream Water Rotameters 0.5 ◦𝐶

Geometry Measurements:

Corrugation Depth 0.05 mm
Plate Width 0.5 mm

𝑒𝑓 =

√√√√ 𝑁∑
𝑛=1

(
𝜕𝑓

𝜕𝑥𝑛
𝑒𝑥𝑛

)2
(10)

The expanded uncertainty of superficial velocities can be computed 
combining the uncertainties due to the flow rate and to the frontal area 
since these two parameters depend by different variables:

𝑒𝑣𝑠,𝑖 =

√√√√(
𝜕𝑣𝑠,𝑖

𝜕𝐴𝑓
𝑒𝐴𝑓

)2
+
(
𝜕𝑣𝑠,𝑖

𝜕𝑄𝑖
𝑒𝑄𝑖

)2

=𝑣𝑠,𝑖

√( 𝑒𝐴𝑓
𝐴𝑓

)2
+
(
𝑒𝑄𝑖

𝑄𝑖

)2
(11)

The flow rate uncertainty has been assumed to be the rotameter un-
certainty for liquid phase, while for the gas phase it was evaluated as 
the combined uncertainty of Eq. (5). In particular applying Eq. (10) to 
Eq. (5) and evaluating the derivatives it can be obtained the following 
equation:

𝑒𝑄𝑔 =𝑄𝑔

√( 𝑒𝑄𝑟𝑒𝑎𝑑,𝑔
𝑄𝑟𝑒𝑎𝑑,𝑔

)2
+
(
0.5
𝑒𝑃𝑚𝑎𝑛

𝑃𝑚𝑎𝑛

)2
+
(
0.5
𝑒𝑇𝑝𝑙

𝑇𝑝𝑙

)2
+
( 𝑒𝑃𝑝𝑙
𝑃𝑝𝑙

)2

(12)

Where 𝑄𝑟𝑒𝑎𝑑,𝑔 , 𝑃𝑚𝑎𝑛, 𝑇𝑝𝑙 and 𝑃𝑝𝑙 are respectively the read flow rate at 
the rotameter, the measured pressure at the rotameter, the measured 
temperature at the plate and the measured pressure at the plate. The 
uncertainty of the mean plate pressure has to be corrected considering 
the averring procedure as following:

𝑃𝑚𝑒𝑎𝑛 =
𝑃𝑖𝑛 + 𝑃𝑜𝑢𝑡

2
(13)

𝜕𝑃𝑚𝑒𝑎𝑛

𝜕𝑃𝑖𝑛
=
𝜕𝑃𝑚𝑒𝑎𝑛

𝜕𝑃𝑜𝑢𝑡
= 1

2
(14)

𝑒𝑃𝑚𝑒𝑎𝑛 =

√(
𝑒𝑃𝑖𝑛

2

)2
+
(
𝑒𝑃𝑜𝑢𝑡

2

)2
=
[
𝑒𝑃𝑖𝑛 = 𝑒𝑃𝑜𝑢𝑡

]
=
𝑒𝑃√
2

(15)

The uncertainty associated to the geometry was computed consider-
ing both the effect of the measurement and the approximation of finite 
number of wavelengths. The combined uncertainty was computed ap-
plying Eq. (10) to Eq. (9) and obtaining:√( )2 ( )2 ( )2

𝑒𝐴𝑓 = 𝑏𝑝𝑒𝐵𝑝 + 𝐵𝑝𝑒𝑏𝑝 + 𝑒𝑎𝑝𝑝𝑟𝑜𝑥 (16)
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Fig. 6. Test matrix with associated uncertainty as errorbars.
The uncertainty due to the constant frontal area approximation was 
computed as the maximum difference between the integral function of 
the area and the approximation without specifying the plate width:

𝑒𝑎𝑝𝑝𝑟𝑜𝑥 =𝑚𝑎𝑥
⎡⎢⎢⎣2

𝑥

∫
0

𝑏𝑝

2

(
1 + sin

(2𝜋𝑥
𝑚

))
𝑑𝑥− 𝑏𝑝𝑥

⎤⎥⎥⎦
=𝑚𝑎𝑥

[
−
𝑚𝑏𝑝

2𝜋
𝑐𝑜𝑠

(2𝜋𝑥
𝑚

)]
(17)

𝑒𝑎𝑝𝑝𝑟𝑜𝑥 =
𝑚𝑏𝑝

2𝜋
=

𝜆𝑏𝑝

2𝜋 cos𝜑
(18)

The computed uncertainty is reported as error bars on the test ma-
trix hereby reported in Fig. 6. The values of minimum, maximum and 
average uncertainty on the gas superficial velocity are 4.1%, 38.2% 
and 10.1% respectively while for the liquid these values become 3.5%, 
30.0% and 9.8%. The most impactful uncertainty component is the one 
on the flow rate which maximum at the lowest superficial velocities.

4. Results

The observations were conducted for a liquid superficial velocity 
ranging between 0.006 and 0.5 𝑚∕𝑠 and a gas superficial velocity in 
between 0.006 and 3.3 𝑚∕𝑠. The high speed camera allowed to record 
videos and classify each point on the basis of its flow features. In this 
section the flow patterns are described analyzed and then represented 
on a flow map.

4.1. Flow patterns definition

The nomenclature used to identify the patterns observed during the 
campaign was the same adopted by Buscher (2019) but with some 
minor changes to avoid ambiguity. The observed flow patterns were 
named: Coarse Bubbly Flow, Fine Bubbly Flow, Taylor-like Bubbly 
Flow, Heterogeneous Bubbly Flow, Partial Film Flow, Film Flow and 
Unstable Flow. The changes made to Buscher’s nomenclature consist 
8

in substituting the Regular and Irregular Bubbly Flow with Fine and 
Coarse Bubbly Flow, because the definition of Irregular Bubbly Flow 
is ambiguous as it is used with different meaning in some studies like 
Tribbe and Müller-Steinhagen (2001a) and Grabenstein et al. (2017). 
Moreover, Unstable flow regime was also defined to identify the condi-
tions for which an intermittent behavior was observed. All the observed 
two-phase flow patterns can be furthermore categorized in 4 main 
macro patterns: bubbly flows, film flows, transition flows and intermit-
tent flows. In the following paragraphs the main features of each flow 
pattern will be described.

4.1.1. Bubbly flows

The bubbly flow is a flow pattern characterized by the liquid phase 
flowing mixed with gas bubbles. A distinction can be made between fine 
bubbly flow and coarse bubbly flow depending on the bubble dimen-
sion. The most important mechanisms that govern bubble dimension in 
a two-phase flow are bubbles coalescence and bubbles breakage. The 
coalescence is determined by the interaction of two bubbles that come 
in contact and merge. The breakage instead, is due to the turbulence or 
shear stress that deform the bubbles interface breaking them. The dis-
tinction between fine and coarse is determined by the predominance of 
coalescence over the breakage mechanism in the coarse bubbly flow. In 
fine bubbly flow, the bubbles are observed to be roundish and to flow 
in both crossing flow and wavy longitudinal directions as observed in 
single phase flow by Focke and Knibbe (1986), moreover re-circulation 
of bubbles is observed behind contact points. The recirculating bubbles 
are slightly larger. In Coarse Bubbly flow, only the wavy longitudinal 
direction is observed with the bubbles assuming a zig-zag path around 
the contact points. The breakage occurs only at the contact points be-
tween the two plates. Bubbles hitting these points are deformed and 
broken into smaller ones as can be observed in Fig. 7. The shape of 
coarse bubbles tends to be more elliptical than spherical. In Fig. 8a and 
8b clear images of a fine and coarse bubbly flow are reported.

4.1.2. Film flow

The film flow is the PHEs’ counterpart of the tubes’ annular flow, it 
consists in a thin liquid film flowing next to the wall while the gas oc-

cupies the core of the channel. Because of the plates’ geometry, at the 
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Fig. 7. An example of bubble breakage at contact points. Pictures from experiments. Red dots represent contact points. Minor axis ticks in millimetres [𝑚𝑚].

Fig. 8. Example of fine (a) and coarse (b) bubbly flow. Pictures from experiments. Red dots represent contact points. Minor axis ticks in millimetres [𝑚𝑚].
Fig. 9. Film flow, the lighter regions are the liquid pockets at contact points. 
Picture from experiments. Red dots represent contact points. Minor axis ticks in 
millimetres [𝑚𝑚].

contact points a liquid pocket forms. In these regions liquid holds onto 
the contact point due to surface tension force and wall adhesion effect. 
The liquid pockets assume an oval and constantly deforming shape and, 
often, a liquid tail forms connecting the pocket to the following one cre-
ating a water bridge responsible for liquid flow. Only for very high gas 
flow rates some regions partially dry out. An example of fully developed 
film flow is reported in Fig. 9.

4.1.3. Transition flows

The transition between bubbly and film flow is not abrupt but oc-
9

curs passing trough some intermediate patterns. Starting from a bubbly 
flow and increasing the gas flow rate the plate’s cross section is filled 
by bubbles that tend to coalesce. This causes the formation of bubbles 
that exceed the corrugation dimension but still coexist with the fine or 
coarse bubbles depending on the breakage phenomenon strength. Since 
these bubbles are larger than the corrugation, they extend on more 
than one of them and assume an irregular zigzagged shape (Fig. 10a). 
Buscher (2019) defined these structures Taylor-like bubbles because as 
Taylor bubbles in tubes’ slug flow their formation is due to coalescence 
and their dimension is constrained by the geometry of the plate. In-
creasing the gas flow rate even more, Taylor-like bubbles become more 
frequent. They become wider and different Taylor-like bubbles come in 
contact entrapping liquid regions. If the gas patches are distinguishable 
and surrounded by gas bubbles, an heterogeneous flow pattern is estab-
lished. Increasing the gas flow rate furthermore, the entrapped liquid is 
limited to contact points and the gas patches are the predominant flow 
structure in the corrugated plate but they are not so stable to form a 
full film flow. This is referred to as partial film flow. This is transition 
between regimes is continuous, and, increasing the gas flow rate even 
more, a stable film flow could be observed. Examples of these transition 
flow patterns are reported in Fig. 10.

The Taylor-like bubbles are seen to coexist with smaller bubbles of 
about the same size of the ones observed for the purely bubbly flow 
observed at the same liquid flow rate as shown in Fig. 11. In this regime 
the Taylor bubbles are flat and extend around the contact points but can 
not fully surround them. Taylor bubbles flow straight upward but its 
branches extend and contract in order to follow the wavy longitudinal 
path.

Heterogeneous flow is characterized by the merging of Taylor bub-
bles that form gas patches. This regime exhibits slightly different be-
havior at high and low flow rates. At low flow rates the pathces tend to 
assume the shape of a stream of Taylor-like bubbles keeping its ramified 

structure while, on the contrary, at high flow rates it resembles more 
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Fig. 10. Example of transition flow pattern: (a) Taylor-like, (b) Heterogeneous flow and (c) Partial film flow. Pictures from experiments. Red dots represent contact 
points. Minor axis ticks in millimetres [𝑚𝑚].

Fig. 11. Pure bubbly flow and Taylor-like bubbly flow at low liquid mass flux (a, b) and high liquid mass flux (c, d). Red dots represent contact points. Minor axis 
10

ticks in millimetres [𝑚𝑚].



Chemical Engineering Science 291 (2024) 119905S. Passoni, A. Ferrario, S. Lorenzi et al.

Fig. 12. Examples of heterogeneous flow at different flow rates. Pictures from experiments. Red dots represent contact points. Minor axis ticks in millimetres [𝑚𝑚].
a large gas cluster as can be observed in Fig. 12. In both cases regions 
characterized by bubbly flow are still present.

Partial film flow necessitates complete gas patch coverage across the 
entire section, with only isolated liquid regions allowed. The presence of 
these liquid regions can disrupt the integrity of the liquid patches at the 
contact points, often flushing them away and continuously reforming.

4.1.4. Intermittent flows

When both the liquid and gas superficial velocity are very high, in-
termittent gushes originating from the premixer are observed. In the 
region in which such phenomenon occurs, it would be expected a film 
or partial film flow. Actually the observed flow pattern maintain some 
characteristics of such flows, but continuous disturbance are evident. 
These gushes can cause liquid pockets to be pulled away from the plate, 
which then take time to reform. The higher is the liquid flow rate the 
more frequent the gushes become and it becomes difficult to distinguish 
the instabilities due to the gushes from a still not stable partial film. For 
this reason such conditions were labeled as Unstable Flow, but should 
be taken in account that this effect has to be attributed to the geome-
try of the flow distribution plenum. In Fig. 13 is shown the instant in 
which a gush passes through the channel forming a disturbance wave 
parallel to the corrugation direction.

4.2. Flow patterns map

The results of the visualization campaign performed are summarized 
11

on a superficial velocity map presented in Fig. 14. A total of 263 points 
have been investigated, recorded and carefully visualized to assess the 
flow pattern.

At constant liquid superficial velocity, it can be observed that the 
flow evolves from Bubbly to Film Flow passing trough Taylor-like Bub-
bly Flow, Heterogeneous Flow and Partial Film Flow. The liquid su-
perficial velocity has an impact on bubble dimension. The bubbly flow 
is observed to be coarse for low liquid velocity and fine for high liq-
uid velocities. Moreover, for higher liquid velocities the transitions are 
observed to occur at higher gas velocity too. Only a few points were 
characterized by instabilities strong enough not to allow to distinguish 
between partial and developed film flow.

5. Discussion and comparison

As highlighted in Section 1.1, this paper aim not only at improving 
the knowledge by investigating a very broad range of operating con-
ditions but it also focuses on obtaining general criteria for transition 
lines in order to set a basis for future works. In order to do so, our 
own observations have been compared to other studies and to do so 
it was necessary to recognize and categorize the other studies results 
according to our nomenclature. After the re-categorization process, ag-
gregated flow regime maps are displayed and new general correlations 
for transition prediction proposed.

5.1. Flow patterns re-categorization

In this part of the paper, the flow patterns observed in the differ-

ent studies are re-categorized using the nomenclature presented in this 
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Fig. 13. Example of unstable flow. Picture from experiments. Red dots represent contact points. Minor axis ticks in millimetres [𝑚𝑚].

Fig. 14. Flow regime map from data produced in the present study.
work. The authors have gone through all the visualization database pro-
vided by the aforementioned experimental studies and checked which 
definition corresponded with the one given in this work. In this way, it 
was possible to group all the visualization data into a single database. 
Flow pattern are then divided into discrete categories according to the 
same flow characteristics. A visual comparison between studies results 
is proposed in order to justify the flow pattern attribution.

5.1.1. Bubbly flows

The bubbly flow patterns were divided into fine and coarse ones but 
most of the considered studies reported only one of the two patterns. 
The Fine Bubbly Flow was named by Buscher (2019) regular bubbly 
flow. Tribbe and Müller-Steinhagen (2001b) observed a regular bubbly 
flow characterized by bubble breakage and hence its expected to be fine 
bubbly flow. Vlasogiannis’s (2002) B flow pattern was recognized to be 
a bubbly flow but the single bubbles could not be observed because 
his experimental set up could not catch small gas structures, for this 
reason it is expected that the B pattern was related to a fine bubbly flow. 
12

Grabenstein et al. (2017) used same classification of Tribbe and Müller-
Steinhagen (2001b) so also Grabenstein et al. (2017) most probably 
observed fine bubbly flow. In Fig. 15 visual observation of different 
studies Fine Bubbly Flows are proposed.

The Coarse Bubbly Flow in Buscher (2019) was referred to as “irreg-
ular bubbly flow”. Nilpueng and Wongwises (2010) and Shiomi et al. 
(2004) both presented images of coarse bubbly flow but they did not 
classified it differently from fine bubbly flow. In Fig. 16, visual obser-
vation of different studies Coarse Bubbly Flows are proposed.

5.1.2. Film flow

The Film Flow definition is used by Tribbe and Müller-Steinhagen 
(2001b), by Buscher (2019) and by Grabenstein et al. (2017). The Par-
tial Film observed by Tribbe and Müller-Steinhagen (2001b) is still 
considered film flow in present work, because they defined it partial 
due to the local drainage of contact points and not due to the underde-
velopment of the film. The Vlasogiannis’s (2002) “A” flow pattern and 
Nilpueng’s (2010) Annular-liquid Bridge Flow descriptions correspond 
to Film Flow. The visual observations of film flow in different studies 

are displayed in Fig. 17.



Chemical Engineering Science 291 (2024) 119905S. Passoni, A. Ferrario, S. Lorenzi et al.

Fig. 15. Fine bubbly flow pattern observed in different studies: (a) Buscher (2019), (b) Vlasogiannis et al. (2002), (c) Grabenstein et al. (2017), (d) Shiomi et al. 
(2004).

Fig. 16. Coarse bubbly flows observed in different studies: (a) Buscher (2019), (b) Nilpueng and Wongwises (2010) and (c) Shiomi et al. (2004).

Fig. 17. Film flow observed in different studies: (a) Buscher (2019), (b) Vlasogiannis et al. (2002), (c) Nilpueng and Wongwises (2010).
5.1.3. Transition flows

The Transition Flows observed by Buscher (2019) are Taylor-like 
Bubbly Flow, Heterogeneous Flow and Partial Film Flow. Tribbe and 
Müller-Steinhagen (2001b) observed the phenomenon of Taylor-like 
bubbles and defined that pattern irregular bubbly flow, same nomencla-
ture was used by Grabenstein et al. (2017). Vlasogiannis et al. (2002)
observed Taylor-like bubbles in the “BA” flow pattern and late transi-
tion with Taylor bubbles interacting with each other was observed in 
“AB” flow pattern. All the different types of Transition Flows are re-
ported in Fig. 18.

5.1.4. Intermittent flows

In present work the intermittent flow was attributed to instabili-
ties in the plenum. Tribbe and Müller-Steinhagen (2001b) referred to 
intermittent flows as Churn Flow, Vlasogiannis’s (2002) “C” Flow Pat-
tern corresponded to Slug Flow, Grabenstein et al. (2017) distinguished 
between Slug and Churn Flows, Nilpueng and Wongwises (2010) visual-
ized Slug Flow in the downward configuration. In Fig. 19 visualizations 
of Slug Flow by the different studies are reported. The legitimacy of 
considering Intermittent Flows as a flow pattern is a subject to de-
bate. Buscher (2019) attributed the formation of intermittent flows to 
the distribution system and to pressure oscillation upstream the visual-
ization section and stated that they can be completely avoided with a 
meticulous design. Vlasogiannis et al. (2002) observed that slug at the 
portholes influenced the slug in the plate but this was not a sufficient 
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condition for its presence. Nilpueng and Wongwises (2010) observed 
it in downward flow but not in the upward for the same flow rates. 
Grabenstein et al. (2017), on the other hand, observed intermittent 
flows even with a specially designed mixer for avoiding slug at in-
let and declared that instabilities were not artificially created. Present 
authors’ results do not completely clarify the question but since the in-
termittency was observed to be generated from the plenum without a 
developing region the given interpretation is that it is an effect not gen-
erated by the plate itself but by external causes.

5.1.5. Other flow patterns

Besides the flow pattern highlighted till now, other different and 
non-conventional patterns were observed in the considered studies. 
These are the “Stagnant” flow observed by Buscher (2019), the “Sep-
arated flow” observed by Shiomi et al. (2004), the “Annular-liquid 
Bridge/Air Only Flow” observed by Nilpueng and Wongwises (2010)
and the “Bubble Recirculation Flow” observed by the same authors. 
This last pattern is located in between the bubbly and the film flow 
and shows two patterns flowing in parallel, for this reason it could be 
considered a particular transition occurring in asymmetrical mixed ge-
ometries. In Fig. 20 examples of these other regimes could be visualized.

5.2. Data-synthesis on flow regimes map

As already highlighted, some of the studies are not strictly com-
parable because of different setups and operating conditions. The ex-

perimental campaign of Nilpueng and Wongwises (2010), for example, 
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Fig. 18. Transition flow observed in different studies: (a) Taylor-Like Bubbly Flow by Buscher (2019), (b) “BA” flow pattern by Vlasogiannis et al. (2002), (c) 
Heterogeneous Flow by Buscher (2019), (d) “AB” Flow by Vlasogiannis et al. (2002), (e) Partial Film Flow by Buscher (2019).

Fig. 19. Slug Flows observed in different studies: (a) Vlasogiannis et al. (2002), (b) Grabenstein et al. (2017) and (c) Nilpueng and Wongwises (2010).

Fig. 20. (a) Stagnant Flow by Buscher (2019), (b) Separated Flow by Shiomi et al. (2004), (c) Annular-liquid Bridge/Air only Flow by Nilpueng and Wongwises 
(2010) and (d) Bubble Recirculation Flow by Nilpueng and Wongwises (2010).
was excluded from the comparison because of the unsymmetrical ge-
ometry used which could cause the flow patterns to be significantly 
different from the ones observed in other studies. Instead, the work of 
Shiomi et al. (2004) was not considered because of the high maldistri-
bution observed that made it hardly comparable. The remaining studies 
were compared on a superficial velocity basis. Grabenstein et al. (2017)
momentum flux maps were converted using the properties of fluids at 
reference conditions. Moreover, since most of the studies did not specify 
whether the provided maps were based on actual or reference condi-
tions, in this work the flow regime maps were plotted keeping the same 
conditions of the relative study. This introduces a mismatch in the re-
sults but it has to be taken in account that most of studies were operated 
with the outlet of the test section at almost atmospheric pressure and 
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hence the difference between actual and reference conditions is deter-
mined only by pressure drops that are usually relatively small compared 
to the operating pressure. A conversion from actual to reference con-
ditions would not be possible because the pressure and temperature 
condition at each point is not reported in any of the studies. Addi-
tionally should be taken in account that different geometries and flow 
directions have been compared together because, although such param-
eters have an effect on flow transition, the effect is not so significant 
to alter the underlying mechanism. Buscher (2019) observed indeed 
minimal differences between flow pattern transitions in upward, down-
ward and horizontal flows and Tribbe and Müller-Steinhagen (2001b)
observed that the Chevron-angle mainly impacted only on intermittent 
flows.

In Fig. 21 the domains of the considered experimental studies are 

reported. It can observed that the region in which all the studies over-



Chemical Engineering Science 291 (2024) 119905S. Passoni, A. Ferrario, S. Lorenzi et al.

Fig. 21. Domains of the experimental studies considered in this work for flow regime maps comparison.
lap is very small. Buscher (2019) was the only author whose data cover 
the region with small gas superficial velocity. Vlasogiannis et al. (2002)
instead were the only ones to cover the region with small liquid superfi-
cial velocity. Tribbe and Müller-Steinhagen (2001b) focused mainly on 
the region at high gas superficial velocity. Grabenstein et al. (2017) data 
instead are the most centered with respect the other studies and have a 
good overlapping with all other studies. In addition, when considering 
the R365mfc working fluid, its testing domain is shifted to lower gas 
superficial velocities. The present study’s database allows to cover both 
the low water and low air regions, overlapping to Buscher’s (2019) and 
Vlasogiannis’s (2002) data and also investigating the low liquid region 
which is yet to be studied in literature.

In Fig. 22 all the experimental points from the different datasets are 
reported on the same map. All points are plotted independently on flow 
direction, plates geometry and operating fluid. This could cause mis-
matching but Buscher (2019) stated that the impact of flow direction 
on flow patterns is negligible for high Froude numbers. Moreover, no 
distinction is made on this map regarding the three different transition 
flows identified in subsection 5.1.3 as no clear re-classification was pos-
sible due to the lack of information reported in the analyzed papers. 
Therefore, transition flow regimes are treated as a whole category even 
when considering the data obtained from the experimental campaign 
reported in this study for better comparability with the other databases. 
Tribbe and Müller-Steinhagen (2001b) observed that the plates geome-
try mainly impacted on slug flow that, as described in previous sections, 
seems to be strictly related to the inlet of the two-phase mixture. The 
impact of different fluids can be observed only in the data from Graben-
stein et al. (2017) and some considerations will be made in next section.

The obtained global flow regime map allows for some considera-
tions. First of all, the intermittent flow regions observed in the different 
studies are clearly mismatched one from the other with only few points 
superimposed. The common aspect is that those regions are character-
ized by both high liquid and gas flow rates. For this reason Buscher’s 
(2019) statement about slug flow in PHEs being caused only by in-
let and outlet regions seems correct and so, in the present work, slug 
flow will be considered as a separated effect when discussing transi-
tion between flow patterns. Therefore, to predict intermittent flow, it 
is necessary to investigate the premixing or distribution section of the 
channel in detail. In the present work, a comprehensive analysis of the 
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channel inlet has not been carried out, so it is only possible to state that 
intermittent flow occurs at high liquid and gas surface velocities, with-
out the development of quantitative criteria. The second consideration 
is that where Grabenstein et al. (2017) and Vlasogiannis et al. (2002)
observed the fine bubbly flow, Buscher (2019) and present authors ob-
served transition flow. This can not be totally attributed to the use of 
actual conditions instead of reference one when representing the data 
points on the map because the error introduced would not be enough to 
cover the mismatch. It is instead very likely that while Buscher (2019)
and present authors considers the transition flow as the first Taylor-like 
bubbles appear in the visualization window, the other two studies may 
refer to it as the Taylor-like structures become the prevalent pattern 
therefore moving the transition towards higher gas superficial veloc-
ities. The third consideration is that there is a mismatch also in the 
region where Tribbe and Müller-Steinhagen (2001b) and Vlasogiannis 
et al. (2002) observe transition flow, while Buscher (2019) and Graben-
stein et al. (2017) observe film flow. By looking at our data, both film 
flow and transition can be observed in correspondence of the same ve-
locity range. Also in this case, it is expected that this mismatch is due 
to the subjectivity in defining the transition to film flow. In conclusion, 
we can state that the mismatch between the different databases is not 
only due to the slightly different chevron geometry parameters, such as 
corrugation angles, depth, and wavelength. Other factors, such as the 
operating conditions, the calculation of superficial velocities, the defini-
tion and identification of flow regimes, and the recognition of the fully 
developed regime, also have a significant impact on the outcomes. We 
attempted to minimize these factors by uniforming our database to ref-
erence conditions where possible, and by analyzing the flow images 
and definitions provided by the different authors. However, we ac-
knowledge that there is still some degree of subjectivity and uncertainty 
involved in these processes. Therefore, we suggest that the differences 
in results are better explained by a combination of these factors rather 
than by chevron geometry alone.

5.3. Semi-theoretical transition lines

In order to better identify the flow patterns and find a physically-
sound method to recognize them, some transition criteria could be 
considered and hence some transition lines were defined. The theory ex-

posed in Buscher (2019) is adapted and extended in to be more general 
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Fig. 22. Comprehensive flow regime maps that synthetizes the most relevant datasets present in literature as well as original data from the present work.
and to fit not only her experimental database but all the experimental 
studies.

The first transition line to be taken in account is the one from bub-
bly flow to transition flow. This is characterized by the formation of 
Taylor-like bubbles. For this reason the main transition mechanisms 
must be similar to the Taylor bubbles formation in pipes. Taitel et al. 
(1980) recognized bubble coalescence in absence of breakage to occur 
for statistical reason when the bubbles are packed with less than one 
half diameter distance, corresponding to a void fraction of 0.25. Break-
age causes delay in coalescence until the maximum packing for round 
bubbles is reached, value that corresponding to a void fraction of 0.52. 
Buscher (2019) approximated the flow as homogeneous and considered 
void fraction between 0.25 and 0.52 a zone of coexistence of roundish 
and Taylor-like bubbles. In the present paper a little modification is ap-
plied to better represent the experimental data. The general idea is that 
the geometry of the plates and in particular the contact points have a 
role in delaying Taylor-like bubbles by impeding them to accelerate. For 
this reason, the limit assumed for coarse bubbly flow is a void fraction of 
0.4 which, under the assumption of homogeneous flow) corresponds to 
the volumetric quality. When bubble breakage occurs, the formation of 
coalesced bubbles is of course delayed and therefore this limit is moved 
to 0.8 to fit the experimental data. This threshold allows the inclusion 
of fine bubbly data from Vlasogiannis et al. (2002) and Grabenstein et 
al. (2017) in the fine bubbly flow regime area in the flow map. This is 
apparently non-physical because when the bubbles reach the theoreti-
cal maximum packing value, the void fraction would be 0.52 which is 
considerably lower than the value previously proposed. But it should 
not be neglected that homogeneous flow model could be very different 
from reality in these operating conditions and so the threshold values 
expressed as volumetric fraction would be different from the void frac-
tion limits posed by Taitel. A model is necessary to accurately compute 
the void fraction from the volumetric quality in a corrugated channel 
but no correlations for PHEs have ever been developed. Considering 
slip between gas and liquid phases, the void fraction would be certainly 
lower than the volumetric quality explaining the difference between the 
experimental and the theoretical value. These two transition lines are 
indicated as 𝑎 and 𝑐 in Fig. 23 and are expressed using the following 
equations where 𝛼 is void fraction, 𝑥𝑉 is volumetric quality, 𝑠 is slip 
ratio, 𝑣𝑠,𝐿 and 𝑣𝑠,𝐺 the superficial liquid and gas velocities:

𝛼 = 𝑥𝑉 𝑠 = 1 ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠𝑓𝑙𝑜𝑤 (19)

𝑣𝑠,𝐿 =
1 − 𝑥𝑣

𝑜𝑟 𝑣𝑠,𝐿 = 1 − 𝛼
(20)
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𝑥𝑣 𝑣𝑠,𝐺 𝑠𝛼 𝑣𝑠,𝐺
Fig. 23. Semi-Theoretical Transition lines.

A criterion for transition between fine and coarse bubbly flow is 
then fundamental to distinguish the two patterns. Hinze (1955) studied 
turbulent emulsification of a liquid into another assuming that the or-
der of magnitude of the forces associated to surface tension had to be 
of the same order of the ones associated to turbulent kinetic energy and 
expressing the latter as function of energy dissipation rate (𝜖) and sur-
face tension (𝜎). He obtained the following equation for maximum drop 
diameter:

𝑑𝑚𝑎𝑥 = 𝑘
(
𝜎

𝜌𝑙

) 3
5
𝜖
− 2

5 𝑘 = 0.725 (21)

Taitel et al. (1980) applied Hinze’s (1955) results to gas-liquid systems 
modeling breakage in tubes and Barnea et al. (1982) improved it by 
changing the 𝑘 constant as function of void fraction using Calderbank’s 
formulation:

𝑘 = 0.725 + 4.15𝛼0.5 (22)

Buscher (2019) adapted the theory to PHEs by assuming initially the 
maximum possible bubbles’ diameter for a fine flow regime to be equal 
to the corrugation depth and the following Blasius type correlation for 
Darcy friction factor (eq. (23)) from her experimental work in order 
to express the energy dissipation rate according to Taitel et al. (1980)
(eq. (24)):(

𝑣2𝑝ℎ 𝐷ℎ
)𝑛
𝑓𝑑 =𝐴
𝜈𝑙

𝐴 = 19.9 𝑛 = −0.225 (23)
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Table 6

Prediction accuracy of transition model from fine to coarse bubbly flow (experimental data from 
Buscher (2019)).

Database
Buscher

Own Data All Data
Downward Upward Horizontal

Fine Bubbly
No. data points 25 21 27 34 107
Prediction accuracy 92% 95% 89% 100% 94%

Coarse Bubbly
No. data points 15 21 15 29 80
Prediction accuracy 60% 76% 87% 97% 83%
𝜖 = 1
2
𝑓𝑑

𝑣32𝑝ℎ

𝐷ℎ
(24)

The author then obtained the best fit using a bubble diameter (𝐷ℎ) 
slightly larger than corrugation depth.

In the present study a similar approach is used. It is assumed that the 
fine bubbles could have a diameter larger than the corrugation depth 
but always smaller than its double which corresponds to the maximum 
channel depth (eq. (25)). To consider this, a multiplier 𝑀 between Φ∕2
and Φ (where Φ is the plate’s enlargement factor) is introduced to ex-
press maximum bubble diameter as function of the channel hydraulic 
diameter. In terms of equations, these concepts can be expressed as:

𝑏𝑝 < 𝐷𝑏𝑢𝑏,𝑚𝑎𝑥 < 2𝑏𝑝 (25)

𝐷ℎ =
2𝑏𝑝
Φ

(26)

𝑀 =𝐷𝑏𝑢𝑏,𝑚𝑎𝑥∕𝐷ℎ with 0.5Φ <𝑀 <Φ (27)

Inserting equations (24) and (23) in equation (21) the mixture ve-
locity can be expressed as:

𝑣2𝑝ℎ =
(

𝑘Φ
2𝑏𝑝𝑀

) 5
6+2𝑛

(
𝜎

𝜌𝑙

) 3
6+2𝑛 (𝐴

2

)− 2
6+2𝑛

(
𝜌𝑙

𝜇𝑙

)− 2𝑛
6+2𝑛

(2𝑏𝑝
Φ

) 2−2𝑛
6+2𝑛

(28)

and therefore relation between gas and liquid superficial velocities 
along the transition is expressed by:

𝑣𝑠,𝐿 = 𝑣2𝑝ℎ − 𝑣𝑠,𝐺 (29)

The transition line was determined iteratively. For each superficial 
gas velocity a void fraction was assumed and used to compute mixture 
velocity, the volume quality was then computed and assumed equal 
to the void fraction (homogeneous model) and used as new hypothe-
sis proceeding until convergence. A satisfying fit was obtained with a 
value of 0.75 for the 𝑀 multiplier. The M parameter fitting also carries 
a physical significance. Specifically, it serves as a non-dimensional rep-
resentation of bubble size, distinguishing whether the flow pattern is 
primarily influenced by coalescence (resulting in Coarse Bubbly Flow) 
or by breakage (leading to Fine Bubbly Flow). Notably, as the hydraulic 
diameter is solely determined by corrugation depths and wavelengths, 
this ratio establishes a fixed relationship between the bubble dimension 
and the geometric parameters of the corrugations.

Table 6 shows how well the proposed transition line is able to distin-
guish between fine and coarse bubbly flow taking as references the data 
from Buscher’s work (2019) and our own database. The accuracy is de-
fined as the ratio of the number of observed points that fall inside the 
region described by the proposed transition lines over the total number 
of observation for a specific flow regime. The other studies analyzed in 
this work were not considered in the benchmark they do not clearly dis-
tinguish between fine and coarse bubbly flow. The homogeneous flow 
correlation for friction factor used can be adapted for different dataset 
by changing the constants. In Fig. 23 the transition line between coarse 
and fine bubbly is indicated with the letter 𝑏.

The transition to film was observed by Buscher (2019) to become 
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stable when the film region occupy the 90% of the channel, that was 
calculated to correspond approximately to a void fraction of 0.95. The 
use of homogeneous flow model for computing the transition line is 
more critical for film flow since a slip between phases is expected. This 
model is used anyway though because of the lack of an appropriate 
void fraction correlation for PHEs. The film flow transition line is hence 
expressed by equation (20) and indicated in Fig. 23 as 𝑑. It has to be 
highlighted that transition lines defined only by void fraction like the 
film one are fluid-independent on a superficial velocity plot. A differ-
ence can be observed only in the transition between coarse and fine 
bubbly as they depend on fluid properties. This can be noticed in tran-
sition lines of water and R365mfc plotted in Fig. 24. Unfortunately, 
Grabenstein’s analysis (2017) does not provide sufficient data to verify 
if the transition between fine and coarse bubbly for R365mfc actually 
obeys to the prediction.

Table 7 shows the percentage of the correct predictions for each flow 
pattern. The prediction can not satisfy all the databases because of, as 
previously described, the non exact direct comparability of the stud-
ies and the subjective aspects related to flow visualization. The global 
prediction is very good for bubbly flow and for film flow, while only 
58% of the transition flow data are correctly predicted. The underes-
timation of own and Buscher’s (2019) transition data is to correctly 
predict Vlasogiannis’s (2002) and Grabenstein’s (2017) bubbly regions 
and the underestimation of Vlasogiannis’s (2002) and Tribbe’s (2001b)
transition region is to correctly predict Grabenstein’s (2017), Buscher’s 
(2019) and own film flow data. Tribbe’s (2001b) bubbly flow is never 
correctly predicted, but the visualizations were just a few and per-
formed starting from high gas superficial velocity if compared to other 
studies. This could have influenced the visualization of pure bubbly 
flow. Film flow transition line can accurately predict film flow obser-
vation across all studies. A big part of transition data from our own 
database enters the film region at low water superficial velocities. This 
may be due to the adoption of homogeneous flow model to describe 
void fraction. The authors expect a better representation of transitions 
with a real model for void fraction that accounts for slip between phases 
(especially important at low liquid flow rate and high gas one). The rest 
of own data prediction is perfectly in line with the comprehensive pre-
diction of all experimental studies. In Fig. 25 the experimental data 
are reported together with the defined transition lines showing a good 
agreement.

A key issue for the analysis of two-phase flow in plate heat exchang-
ers (PHEs) that should be addressed, is the applicability of adiabatic 
flow patterns to diabatic conditions. Studies focusing on flow visual-
ization in two-phase Plate Heat Exchangers (PHEs) during evaporation 
and condensation are limited in number and typically consider the 
entire plate geometry including inlet and outlet distribution sections 
which could accentuate intermittencies due to instabilities and maldis-
tribution. To address the applicability issue, we compared our results 
obtained from the analysis of adiabatic studies with the diabatic flow 
patterns reported by Lee et al. (2020, 2021) for boiling and conden-
sation of R-1234ze(E) in a PHE. The authors visualized three different 
flow patterns which they named steady annular flow, pulsating annu-
lar flow and rough liquid film. From their definitions, we found that 
the steady annular and rough liquid film flows observed by Lee et al. 
are consistent with our film and transition flows, respectively, while the 

pulsating annular flow can go under the category of intermittent flow 
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Fig. 24. Comparison between theoretical transition lines of water and R365mfc.

Table 7

Prediction accuracy of Transition Models compared with Experimental Studies.

Database: Buscher (2019) Vlasogiannis et al. (2002) Tribbe and Müller-Steinhagen (2001a) Grabenstein et al. (2017) Own Data All Data

Bubbly
No. data points 124 7 4 79 63 277
Prediction accuracy 96% 86% 0% 96% 98% 95%

Transition
No. data points 140 44 38 39 170 431
Prediction accuracy 59% 50% 47% 82% 57% 58%

Film
No. data points 28 19 54 23 25 149
Prediction accuracy 79% 95% 100% 91% 92% 93%

Fig. 25. Flow map of all experimental studies with semi-theoretical transition lines.
given the presence of strong intermittent disturbance waves as reported 
by the authors. The results of Lee et al. visualizations were converted in 
superficial velocities and compared with the flow map presented in our 
manuscript in Fig. 26. From this figure it can be noticed that the steady 
annular and rough liquid flows seem to be consistent with film and tran-
sition flows as observed in adiabatic conditions. On the other hand, the 
pulsating annular flow is close to the others study’s intermittent region 
and, as an intermittent flow, it can not really be accurately predicted 
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by the semi-theoretical lines proposed in this paper. Moreover, this flow 
pattern seems to occur at lower liquid superficial velocities than what 
observed in adiabatic facilities, maybe due to the asymmetrical inlet of 
commercial plates that favors flow instabilities.

The same considerations hold true in case of condensation. Lee et al. 
(2021) observed the disappearance of what they defined rough liquid 
film leaving only steady and pulsating annular flow as the predominant 
flow patterns. Fig. 27 shows the graphical comparison between the data 
analyzed in this study and the one proposed in Lee et al. (2021). Even 

in this case the transition between these two flow pattern seems to be 
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Fig. 26. Comparison with data points from Lee et al. (2020) regarding vertical flow boiling of R-1234ze(E).

Fig. 27. Comparison with data points from Lee et al. (2021) regarding vertical condensation of R-1234ze(E).
consistent with what observed in adiabatic studies keeping in mind that 
the different flow direction (downward) may have an impact on flow 
instabilities.

Cheng et al. (2008) discussed instead the relationship between the 
physical mechanisms controlling two-phase flow and the flow patterns, 
emphasizing the importance of predicting flow patterns for heat transfer 
and pressure drops. They reviewed many studies on two-phase gas-
liquid flow patterns and applicability of flow-pattern maps in adiabatic 
and diabatic conditions focusing on micro-scale channels. In this study 
it is pointed out that the diabatic flow maps should revert to adiabatic 
in case of heat flux approaching zero, and that adiabatic maps are com-
monly used for diabatic flow patterns prediction even if this should in 
principle be avoided. Also, the authors suggested that more research 
should be done to improve the understanding of the effects of heat 
transfer on flow patterns their transition mechanisms. Therefore, based 
on his review and our comparison with the diabatic flow patterns re-
ported by Lee et al. (2020, 2021), we can conclude that the applicability 
of adiabatic flow patterns to diabatic conditions is not straightforward, 
and that it depends on several factors, such as the fluid properties, the 
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channel geometry, the inlet conditions, the heat flux, and the flow di-
rection. However, we also recognize that the study of adiabatic flow 
regimes is valuable, as it facilitates the exploration of phase interaction 
in the absence of heat transfer and provides a basis for the development 
of new correlations that can account for the additional effects intro-
duced by heat flux.

6. Conclusions

The aim of this work was to highlight the most important param-
eters influencing the two-phase flow patterns in PHEs, to describe the 
flow regimes with a univocal definition and to compare different ex-
perimental databases to our experimental data in order to propose new 
and more general transition lines between the different patterns.

A new experimental facility for flow pattern visualization in a 
chevron-type corrugated plate was developed and high-framerate 
videos were acquired for visualization purposes. This allowed a pre-
cise definition of the visualized flow patterns with images reported as 
visual support. Furthermore, we found lack of common nomenclature 
for the definition of flow pattern in PHE. To address this issue, a new 

nomenclature was proposed in accordance with our own experimental 
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work and the data from the different studied were re-classified under 
the new naming convention.

The results of the flow visualization campaign were presented and 
discussed. A flow regime map casted in terms of gas and liquid super-
ficial velocities was reported as main outcome of the experimental ac-
tivity. The flow patterns and the observed transition mechanisms were 
thoroughly discussed and commented. A comprehensive data-synthesis 
from different studies was reported and all the experimental data from 
the various works were aggregated to display a more general flow map. 
The flow patterns observed in different studies are generally match-
ing one another with some exceptions due to the intrinsic subjectivity 
of visual classification and the different configurations analyzed. Semi-
Theoretical transition lines based on previous theoretical works were 
adapted and fitted to the database. These lines resulted adequate as a 
proxy for flow regime transitions with an average accuracy of the pre-
diction of more than 80%.

Natural evolution of the analysis presented in this work would be 
the measurement of the actual void fraction in plate heat exchangers to 
define a model needed to drop the homogeneous flow assumption. This 
would be beneficial for a better definition of transition lines.

Nomenclature

𝛼 Void Fraction
𝜒 Wave number
𝜖 Turbulent kinetic energy dissipation rate
Λ Oshinowo’s correction
𝜆 Corrugation Wavelength
Φ Enlargement factor
𝜌𝑙 Liquid Density
𝜎 Surface Tension
𝜑 Corrugation Angle
𝐴𝑓 Frontal Area
𝐵𝑝 Plate Width
𝑏𝑝 Corrugation depth
𝐷ℎ Hydraulic Diameter
𝑑𝑚𝑎𝑥 Maximum bubble/drop diameter
𝑒𝑖 Uncertainty associated to the quantity i
𝑓𝑑 Darcy friction factor
𝑗𝑔 Dimensionless gas velocity
𝐿𝑏 Corrugated section length
𝐿𝑡𝑜𝑡 Total plate length
𝑀 Bubble maximum diameter Multiplier
𝑃𝑐𝑎𝑙 Pressure of the rotameter at which was calibrated
𝑃𝑚𝑎𝑛 Pressure at rotameter
𝑃𝑃𝐻𝐸 Operative Pressure of the PHE
𝑃𝑝𝑙 Pressure in the channel
𝑃𝑟𝑜𝑡 Rotameter Pressure
𝑄𝑖 Flow Rate of phase i
𝑄𝑟𝑒𝑎𝑑,𝑔 Flow Rate reading at rotameter
𝑅𝑒𝑙 Liquid alone Reynolds number
𝑠 Slip Ratio
𝑇𝑐𝑎𝑙 Temperature of the rotameter at which was calibrated
𝑇𝑝𝑙 Temperature in the channel
𝑇𝑟𝑜𝑡 Rotameter Temperature
𝑣2𝑝ℎ Mixture Velocity
𝑣𝑠,𝐺 Gas Superficial Velocity
𝑣𝑠,𝐿 Liquid Superficial Velocity
𝑥 Mass Quality
𝑥𝑉 Volume Quality
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