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Abstract: A plate heat exchanger (PHE) is a modern, effective type of heat transfer equipment capable
of increasing heat recuperation and energy efficiency. For PHEs, enhanced methods of heat transfer
intensification can be further applied using the analysis and knowledge already available in the
literature. A review of the main developments in the construction and exploration of PHEs and in the
methods of heat transfer intensification is presented in this paper with an analysis of the main con-
struction modifications, such as plate-and-frame, brazed and welded PHEs. The differences between
these construction modifications and their influences on the thermal and hydraulic performance of
PHEs are discussed. Most modern PHEs have plates with inclined corrugations on their surface that
create a strong, rigid construction with multiple contact points between the plates. The methods of
PHE exploration are mostly experimental studies and/or CFD modelling. The main corrugation
parameters influencing PHE performance are the corrugation inclination angle in relation to the
main flow direction and the corrugation aspect ratio. Optimisation of these parameters is one way
to enhance PHE performance. Other methods of heat transfer enhancement, including improving
the form of the plate corrugations, use of nanofluids and active methods, are considered. Future
research directions are proposed, such as improving fundamental understanding, developing new
corrugation shapes and optimisation methods and area and cost estimations.

Keywords: plate heat exchanger; heat transfer; pressure drop; energy efficiency; heat recuperation

1. Introduction

To satisfy the needs of the increasing population on our planet in terms of energy and
rising standards of individual comfort, a steady increase in energy demand is inevitable.
Even with the contemporary trend for the use of renewable energy sources, the main
proportion of energy is generated from the combustion of fossil fuels. With this, significant
volumes of greenhouse gases (GHGs) are generated. About 6 Gt CO, equivalent was gener-
ated during the year 2020 in the United States based on data from the US Environmental
Protection Agency [1]. Of that amount, 89.0% was due to fossil fuel combustion in various
sectors. The European Environmental Agency [2] reported a similar picture, with 77% of
GHG generation in the energy sector and 9% added by the contribution of the industry.
To mitigate GHG generation, the plans in the EU include a requirement to enhance the
efficiency of energy usage by 32.5% by the year 2030 [2]. One of the measures enabling
the fulfilment of these plans is improved recuperation of heat energy, which is possible
with the wider use of efficient, compact heat exchangers in which modern methods of heat
transfer intensification are implemented [3].
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One of the most efficient and widely used types of compact heat exchangers in the
industry is the plate heat exchanger (PHE). The construction and operation principles of
PHESs are well-described in a number of books, including those dedicated to this type of
heat exchanger (e.g., [4]). The total number of papers in the SCOPUS database with the
words “plate heat exchanger” in the title and abstract published between the years 1956
and 2022 was 8112, with more than half (4245) in the last 10 years. As can be seen from the
graph in Figure 1, the first increase in publications per year was after the energy crisis of the
1970s, and there has been huge growth in recent years. The number of papers published
in 2020 was about 500, which was twice the number from 10 years ago. This shows the
growing interest in research in this promising area. To analyse all this information is not
easy. Review papers in the last decade included an analysis of advances in PHE at the
time of publication [5], a review of heat transfer enhancement in PHEs [6] and an attempt
to make such reviews more comprehensive [7]. With references in each of these reviews,
including about 200 sources, many papers on PHEs remained out of their scope.
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Figure 1. The number of publications on PHEs in the SCOPUS database.

The state-of-the-art analysis shows that important features of different types of PHE
construction, design approaches and PHE applications in heat exchanger networks (HENs)
are not discussed in the available review papers. The present work is an attempt to widen
the analyses of developments in the field of plate heat exchangers (PHEs) presented earlier,
highlighting important construction features and their influence on PHE efficiency and
methods of heat transfer enhancement, discussing PHE inclusion in the optimisation of
industrial HENs with improved heat recuperation and estimating modern trends and
directions for further development of PHEs. In Section 2, the differences in the construction
of different PHE types are discussed, as well as their influence on heat transfer enhancement
in PHEs and design methods. In Section 3, the main features of the thermal and hydraulic
design for PHEs of different types are summarised, and an analysis of flow structure and
the CFD modelling results is presented. The methods of heat transfer intensification in PHE
channels are described in Section 4. Section 5 discusses examples of PHE applications in
industry, both as individual units and as elements of HENs. This is followed by concluding
remarks and recommendations for future developments in relation to PHESs.

2. PHEs and Their Types of Construction

First, we describe what we understand by the term “PHE”. A PHE is a heat exchanger
with a primary heat transfer surface consisting of a number of heat transfer plates fabri-
cated by stamping or other kinds of forceful, non-intruding deformation from thin sheet
material. The interesting areas of printed circuit heat exchangers, as described in [8], and
microchannel heat exchangers [9] are beyond the scope of the current review.
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The main features of modern PHE construction, making them energy-efficient and
reliable heat exchangers under different process conditions, are [3]:

(i) Alarge number of contact points between adjacent plates in the plate pack that form a
strong structure capable of withstanding large differential pressures between streams
in channels [10]. This allows for plates of small thicknesses down to about 0.3 mm,
decreasing the consumption of costly metals and the PHE weight;

(i) The PHE channels with contact points for the corrugations inside have a geomet-
rical form inducing a change in flow direction and high levels of turbulence, swirl
and vortex structures. This happens even at relatively low Reynolds numbers, as
shown by various researchers (see, e.g., [11]). It creates a peculiar mechanism of heat
transfer enhancement with a rather smooth transition from a laminar to a turbulent
flow regime;

(iii) Heat transfer coefficients in PHEs are much higher than in traditional shell-and-tube
heat exchangers, and a significantly smaller heat transfer area is required, which
makes them much more compact, with smaller area needs for maintenance;

(iv) The area of the heat transfer surface in PHEs is made of thin metal plates and requires
much less material than in shell-and-tube heat exchangers. This makes it possible to
achieve lower costs, even when more expensive materials are used [12];

(v) Often, the temperature approach of the streams in PHEs can be reduced to 1 °C,
which makes them useful for maximal heat recuperation in heat exchanger networks
(HENS) [13];

(vi) By adjusting the geometries of plate corrugations, the performance of PHEs can be
optimised for specific process conditions [14]. This can be achieved by assembling
one of the PHEs from plates with different corrugations that enable close (within an
error of one plate) satisfaction of the required duty;

(vii) The low weight of PHEs means lower costs for transport and fewer requirements for
the foundation;

(viii) The low hold-up volume of PHEs with narrow channels makes them suitable for
treating dangerous or expensive fluids. Low PHE weight ensures easier control of
process parameters;

(ix) The possibility of handling multiple streams in one PHE enables the simplification of
the process unit and increases its compactness;

(x) Easy disassembly of plate-and-frame PHEs enables mechanical cleaning, rearrang-
ing and changing of a number of plates to flexibly satisfy the required changes in
process requirements;

(xi) The heat losses to surroundings in PHEs are considerably reduced, as the plates are in
contact with ambient air only at their side edges.

The main disadvantages of PHEs at all stages of their development during the pe-
riod of about a century since their first applications in the dairy industry are the limited
range of working conditions in terms of temperature and pressure and their unreliable
operation outside this range. The main elements limiting the range of plate-and-frame PHE
applications are the rubber gaskets and the places of their fixation on the plates. These
limitations stimulated the development of new types of PHE construction that did not use
rubber gaskets to seal the PHE channels. Welded PHE (WPHE) types have been developed
where the plates are welded to seal the channels, and brazed PHEs (BPHEs) have the plates
brazed together at contact points using additional filler metal (fusion-bonded PHEs can
also be considered as this PHE type). Nowadays, most commercially produced PHEs have
corrugations inclined to the plate axis, forming channels of crisscrossing flow types between
them. The main principles of heat transfer intensification in these channels remain the same
in all PHE construction types. However, some features of the thermal and hydraulic design
are strongly influenced by the type of PHE construction. The three main types of PHEs are
described below to analyse recent developments in more detail.
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2.1. Plate-and-Frame PHEs

The history of PHEs started with the plate-and-frame type. Now, it is a traditional type
of construction, the main principles of which have not changed in our century (see Figure 2).
However, research to improve its elements and mechanical properties is still ongoing. Ex-
amples include studies of gasket groove mechanical performance [15] and PHE structural
strength [10]. Various modifications of the ports and connections have been introduced,
making it possible to handle large volumes of vapour for condensation as well as evapo-
ration duties [16]. Extensive work has also been performed on the mechanical properties
of plates and the technology for their stamping. The results of such research are mostly
under the possession of leading PHE manufacturing companies and are out of this paper’s
scope. An important note must be added about stamping technology, where the springing
of metal after the stamping has to be exactly accounted for to avoid uneven depth in the
corrugations in the plate field. If it is not, the thermal and hydraulic performance of the
PHE will be significantly jeopardised, as, under the differential pressure between streams,
the channels will not be similar and will deform against the designed parameters.

Figure 2. Plate-and-frame PHE (construction scheme): 1—stack of plates with gaskets; 2—fixed-frame
plate; 3—moving plate of frame; 4—carrying bar; 5—tightening bolts (courtesy of OAO Alfa Laval
Potok, Korolev, Moscow region, Russian Federation).

High temperatures, dynamic loads and contact with acids, hydrocarbons, organic sol-
vents, ozone, steam and oxygen lead to the ageing and deformation of gaskets. A better un-
derstanding of gasket ageing can help to expand the applications of gasketed PHEs (GPHEs).
The commonly used acrylonitrile-butadiene rubber (NBR) and ethylene-propylene-diene
monomer (EPDM) gaskets were studied by de Souza et al. [17]. The results showed that
the existence of a groove could reduce the side thermo-oxidation and that EPDM gaskets
had more reliable behaviour during the experiment, where the compression in a groove
was maintained for up to 360 h at 100 and 120 °C. In another paper by Zanzi et al. [18],
nitrile-butadiene rubber (NBR) gaskets were investigated. The study was performed on the
different geometries of gaskets, investigating the ageing under different thermo-oxidative
cycles. The experiments were carried out at temperatures from 80 to 170 °C for up to
180 days. The lifetime prediction of service conditions was obtained, showing that tem-
perature is the most influential parameter for NBR gasket ageing. Correct prediction of
elastomer gaskets’ behaviour would help to create the proper maintenance schedule for
PHEs, reducing losses and costs.

A study of the metal bushing ring in GPHEs was carried out by Tian et al. [19],
as the metal bushing ring is used for the inlet and outlet connections of the PHE and
should prevent fluid leakage during operation. The authors investigated the possibility
of implementing the drawing—flaring process, which consists of the deep-drawing and
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multi-flaring processes forming the metal bushing rings. It can avoid the negative effects of
welding seams, which can cause leakages. This paper emphasised the differences between
the technologies of different manufacturers. Leading producers have not used welding
seams for this element in PHEs for more than 40 years.

The details of the mechanical design of PHEs are not within the main scope of this
review. Here, we present only the operational parameters of plate-and-frame GPHEs,
which must be accounted for in their selection. The plates can be stamped using different
metals suitable for cold stamping (commonly, the stainless steels AISI 304 and AISI 316),
with thicknesses down to about 0.4 mm. More sophisticated alloys, such as alloy 254 SMO,
alloy C-276, titanium, palladium-stabilized titanium, Incoloy and Hastelloy, are used for
highly corrosion-aggressive media. The most limiting element of GPHEs is the elastomer
gasket. The commonly used gaskets are made from nitrile rubber (NBR) and ethylene-
propylene-diene rubber (EPDM) with numerous modifications. The usual temperature
range of their operation is from —45 °C to 150 °C. New gasket materials [20] and forms [17]
are being developed, and now this range can be widened to —60 °C to 200 °C with more
specialised gaskets. In the case of sophisticated gaskets, their cost can exceed the costs of
all other elements of the PHE. The working pressure range for plate-and-frame PHEs is
from vacuum conditions up to 25 bar. At high pressure, thick frame plates are required,
and they can constitute most of the PHE’s weight while being made from cheaper steel
than the heat transfer area. Frames are produced for different pressure ranges, usually up
to 10 bar, 16 bar and 25 bar, to avoid this excessive weight.

2.2. Brazed PHEs

The rubber gaskets and massive frame pressure plates are eliminated in brazed PHEs
(BPHEs), which were originally developed in 1977. The adjacent plates in BPHEs are brazed
at multiple contact points where their corrugations cross, as shown in Figure 3. This type of
construction is capable of withstanding pressure in channels and does not need clamping
by pressing the frame plates. The brazing on the plate edges seals the channels, avoiding
the need for gaskets and places for their mounting. The plates are produced by stamping
from a sheet of stainless steel, with thicknesses as small as 0.3 mm. Sheets of brazing metal
about 0.1 mm thick are inserted between the plates to assemble the BPHE, which is finally
placed in a vacuum oven to undergo thermal treatment with a specific program. Copper
is most common as a brazing material, but when it is not resistant to aggressive media,
such as ammonia, nickel can be used. Ni brazing filler metal has a high melting point, and
additionally, Si, B and P can be added into Ni or Ni-Cr alloys to lower their melting point
and improve the fluidity in their liquid state. Research on developing brazing technology
with nickel is ongoing. For example, the authors of [21] presented the development of a
new technology allowing the use of electrolytic Ni-P plating film as brazing filler metal
with better wettability conditions, enabling reduced corrosion of the brazed area in an
aqueous environment. A further advance was the creation of fusion-bonded PHEs [22],
which have the same construction as BPHEs but with fusion bonding instead of brazing.
This allows for completely stainless steel PHEs.

BPHESs are more compact and lower in weight than plate-and-frame PHEs. They are
also cheaper in many cases. The standard operating conditions for copper-brazed BPHEs
are temperatures from —196 °C to 225 °C and pressure from vacuum conditions to 30 bar.
For some types, the pressure can be up to 90 bar or, with special frames, up to 130 bar.
Fusion-bonded PHEs (e.g., AlfaNova [22]) can operate at temperatures up to 550 °C. The
special construction of gas-to-liquid brazed PHEs with an asymmetric “dimple” plate
design can withstand gas temperatures up to 750 °C, with the possibility of raising the limit
to 1400 °C in some applications [22].

BPHEs are widely used in refrigeration, district heating, air conditioning, domestic
boilers and other areas requiring low to medium heat capacities, almost entirely replac-
ing conventional tubular heat exchangers. BPHESs can be successfully used for relatively
clean fluids and where chemical cleaning is possible. The problems of fatigue can arise
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in unsteady conditions and in relation to vibrations caused, for example, by reciprocat-
ing compressors or steam hammering. In such conditions, the use of BPHEs requires
extreme caution.

(@) (b)

Figure 3. Brazed PHE: (a) drawing of streams’ movement; (b) example of fabricated BPHE (courtesy
of OAO Alfa Laval Potok).

The main principles of the heat transfer intensification and design for BPHEs are the
same as for plate-and-frame PHEs. However, the difference is the additional material at
positions of plate contact points, which can change local hydrodynamics. Additionally, the
absence of gaskets provides better flow conditions at the channel inlet and outlet, avoiding
a decrease in the cross-section area in places where the gaskets seal the adjacent channel.

2.3. Welded PHEs
2.3.1. Welded Plate-and-Frame PHEs

The first attempt to avoid gaskets in PHEs was by welding plates in plate-and-frame
PHEs. This type of PHE is very rare now, with more advanced special constructions
emerging. Modifications such as semi-welded PHE:s still hold their positions in a number
of applications, especially in refrigeration. They consist of plate pairs welded together in
twin-plate cassettes. One set of channels has only small, round gaskets; another has larger
gaskets on the periphery, as in standard plate-and-frame PHEs but thicker. Such PHEs
can handle aggressive fluids in one channel and, with a strong frame, withstand working
pressure up to 63 bar. The significant advantage of semi-welded PHEs compared to welded
ones is their much better operation with vibrations, as gaskets bring a dampening effect.

2.3.2. Welded Plate-and-Block PHEs

The most widely known and used welded PHE with plate-and-block construction is
Compabloc™, schematically shown in Figure 4. It consists of a welded core, representing a
heat transfer surface, encapsulated in a dismountable shell. From the view of thermal and
hydraulic performance, it consists of a set of plate blocks. Each block has a cross-flow of
streams. However, overall, counter-current flow exists across the whole of the PHE. From
the viewpoint of thermal design, cross-flow in separate blocks causes a significant decrease
in the average temperature difference in the PHE, which can be compensated by the overall
counter-current flow. This depends on the required temperature program and the ratio
of the two streams’ heat capacities. From a hydraulic viewpoint, the construction offers
good distribution across the channel width and minimal local hydraulic resistance in the
channel inlet and outlet. The welded construction with a special gasket at the assembled
shell allows for an extension of the working parameters, ranging from temperatures of
—46 °C to 370 °C at pressures from vacuum to 42 bar. The absence of gaskets not only
allows for the widening of the range of working parameters but creates fatigue problems
in unsteady conditions and in relation to vibrations caused, for example, by reciprocating
compressors or steam hammering, which must be considered in all WPHE applications.
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(a) (b)

Figure 4. Compabloc™ welded PHE: (a) plate pack schematic; (b) arrangement of cross-counter-

current channels for stream flow (courtesy of OAO Alfa Laval Potok).

Presently, the main PHE manufacturers produce welded PHEs with similar construc-
tions, e.g., FunkeBlock FPB, GEABIloc®, APV Hybrid-Welded Heat Exchanger, etc. [3]. The
operating range of these WPHE:s is close to that of Compabloc but, excluding gaskets in the
shell assembly, APV Hybrid is declared to work at temperatures from —200 °C to 900 °C
and pressure up to 60 bar. The dismountable shell allows access to a heat transfer surface
for cleaning with a pressure water jet or repair but limits the operation range. A similar
block arrangement for a WPHE employed a high-pressure shell consisting of an ammonia
synthesis column [23] and could operate at a pressure of 320 bar and a temperature of
520 °C.

2.3.3. Welded Plate-and-Shell PHEs

Work on the shell allows the Packinox welded PHE to operate in severe conditions
related to catalytic reforming and other processes in chemical and petrochemical industries.
Without a separate shell reinforced by frame plates and frame, Packinox can operate at
temperatures up to 400 °C and pressures up to 70 bar [22]. Long corrugated plates are used
in the construction with a strict counter-current flow of streams. This allows for significant
improvements in heat recuperation.

Another principle for the channel arrangement is used in plate-and-shell WPHESs [24],
shown in Figure 5. The pack of round plates is encased in a round shell, allowing for an
arrangement with a parallel flow of streams: a counter-current in one-pass or mixed-in
multi-pass PHEs. Originally developed in 1990 at Vahterus Oy, with different modifications,
it can work at pressures up to 150 bar and temperatures from —270 °C to 750 °C [25]. Now,
WPHESs are manufactured with this principle by a number of other producers. As with all
welded PHEs, they can have fatigue problems, which are investigated in, for example, [26].

Another modification of welded PHE:s is the pillow-plate heat exchanger (PPHE),
which consists of double-plate panels welded at multiple points and on the periphery. The
panels are formed by pumping fluid at high pressure in a channel between the plates to
achieve plastic deformation of the metal sheets between the welded points and to create
an inside channel for the fluid flow of one stream. Being assembled in a pack, the panels
form channels between them for another stream flow. The forms of the channels and their
cross-sections are different, which allows the use of PPHEs for streams with very different
flow rates and heat capacities, including in gas-liquid heat exchange and condensation
and evaporation. The panels can be formed without expensive stamping tools. PPHEs are
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not considered here in more detail. A comprehensive survey of PPHE developments and
research is available in [27].

Figure 5. Schematic drawing of plate-and-shell PHE (after Freire and de Andrade [24]).

3. PHE Thermal and Hydraulic Performance
3.1. Experimental Studies on PHEs with Chevron-Type Corrugated Plates

Since PHEs were first invented, experimental investigations have been the only reliable
method to obtain correlations for the thermal and hydraulic design of commercial PHEs.
Even today, with fast-developing computer modelling technologies, all manufacturers’
newly developed PHE plates undergo thermal and hydraulic tests to obtain the required
accurate correlations for the design of PHEs with these plates. All these correlations are
the property of PHE manufacturers and are included in the proprietary software for PHE
design. Only those results and correlations obtained by independent researchers or with
publication permission are available in the literature. Most such publications are concerned
with studies on PHEs using commercially manufactured plates, as seen in Table 1. From
the early days, the research has been focused on gasketed frame-and-plate heat exchangers.
The most widely used are plates with inclined corrugations, which are also called chevron
or herringbone plates. Schematically, such plates are shown in Figure 6. The main part
of the heat transfer process between heat-exchanging streams takes place in the main
corrugated field, schematically shown in Figure 7.

Table 1. Parameters from different experimental studies on PHE thermal and hydraulic performance.

Paper and Authors Re Range Pr Range Geometrical Parameters Type of PHE
. . B ="72°,48°,33°,18°, 14°,
2;§g£mnwmmmz 300 = 6000 0.69 = 0.72 (air) 10%; 7 = 0.872 +0.934, ?ﬁﬁSdgme
b=112+ 122 mm cating suriace
Rosenblad and . . _ o . gro Model of PHE
Kullendorff (1975) [29] 50 =+ 5000 ~07 (air, mass transfer) =5 + 85 corrugated field
Tovazhnyanskyy et al. . . B =60°,45°,30° v =0.556; Models of PHE
(1980) [30] 2000 +25000 2.0+ 8.1 (water) b=50,7.5,10 mm corrugated field
. B =280°,72°,60°,45°, 30°; Models of PHE
Focke et al. (1985) [31] 90 + 50,000 No data, mass transfer % =10;b =50 mm corrugated field
Gaiser and Kottke 2000 ~0.7 (air, mass transfer) B =12° = 71° Model of PHE

(1989) [32]

corrugated field
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Table 1. Cont.

Paper and Authors Re Range Pr Range Geometrical Parameters Type of PHE
B = (90° + 45°) x 0.5;
Heavner et al. (1993) [33] 550 -+ 10,000 2.0+8.0 (90° + 23°) x 0.5; 45°; 23°; Commercial plates
v=07
Bogaert and Bolcs N . B=68%7=06
(1995) [34] 10 + 1000 ESSO oil: ~50 b=20and 1.6 mm BPHE
B =60°; (30° + 60°) x 0.5;
Muley et al. (1999) [35] 2 -+ 400 130 =+ 290 30°; v = 0.556 Commercial plates
b =254 mm
. B =60°; (30° + 60°) x 0.5;
Muley and Manglik 600 - 10,000 2 + 6 (water) 30°; v =0.556 Commercial plates
(1999) [36]
b =254 mm
Zimmerer et al. . . 100 - 7m0 Model of PHE
(2002) [37] 200 + 10,000 ~0.7 (air, mass transfer) B =10° =72 corrugated field
N B . B =30° and 60° Cross-flow
Wang et al. (2009) [38] 450 = 6700 0.7 (air) 4 =10;b=55mm WPHE model
~ . p=65°28°
Dovic etal. (2009) [39] 3 = 1400 Water, water—glycerol: = | _ 5 Model of PHE
~2 + 100
b =2.05 mm
B = 60°; (30° + 60°) x 0.5;
Khan et al. (2010) [40] 500 = 2500 3.5 + 6.5 (water) 30°; v =0.33; 0.44; 0.54 Commercial plates
b=22;29;3.6 mm
Gherasim et al. . . B =60° v =0.556 .
(2011) [41] 400 =+ 1400 ~2 + 6 (water) b =25 mm Commercial plates
B =60°; (30° + 60°) x 0.5;
Shaji and Das (2013) [42] 900 <+ 7600 ~2 + 6 (water) 30°; v =0.556 Commercial plates
b=24mm
Kili¢ and Ipek (2017) [43] 600 <+ 2250 ~2 + 6 (water) B =60°; 30° Commercial plates
Kumar and Singh N N B =60° v =0454 .
(2017) [44] 800 + 4300 2 + 6 (water) b =25mm Commercial plates
B =65°46.5°27°; v =0.571;
Yang et al. (2017) [45] 50 -+ 500 50 = 150 (oil) 0.625 BPHEs
b =2mm, 1.25 mm
B = 60°; (30° + 60°)/2; 30°;
Khan et al. (2917) [46] 500 =+ 2500 3.5 + 6.5 (water) v =0.33; 0.44; 0.54 Commercial plates
b=22;29;3.6 mm
Panday and Singh 297 =+ 2730 ~2 + 6 (water) B =60°;30°; v = 0.56; Commercial
(2022) [47] b =3.075 mm plates, multipass
- - o B =65°; 65° +45°; 45°
Lee et al. (2020) [48] 1000 = 5000 2 + 6 (water) o 0587.b 22 m PSPHE
Tovazhnyanskyy et al. N . B =50°;40°; v = 0.444; Cross-flow
(2020) [23] 500 = 5000 2+ 6 (water) b = 4.0 mm WPHE model
Kim et al. (2021) [49] 590 + 2810 ~1.6 = 2.0 (water) B=45%9=05Db=3.0mm PSPHE
. ~ B=65°28°
Doviéetal. 2021) [11] 3+ 6000 Water, water—glycerol: 5 Model of PHE
~2 <100
b =2.05 mm
Beckedorff et al. 3450 Water visualisation p=75%75" +45°%; 45 PSPHE

(2022) [50]

v =0.45;b =195 mm
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Figure 6. Schematic drawing of commercial PHE plate: 1—ports for stream flows in and out of the
channel; 2 and 5—zones of flow distribution; 3—gasket; 4—the main corrugated field.
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Figure 7. Schematic drawing of the main corrugated field channels: (1) corrugations crossing;
(2) three-dimensional view; (3) sinusoid-shaped corrugations; (4) triangle-shaped corrugations.

The results of experiments on heat transfer and hydraulic resistance in the channels of
PHEs are usually presented in the form of correlations similar to those for tubes:

m
Nu = A-Re"-Pr’ - <“”> 1)
Hw

{=B-Re @)

Here, Nu is the Nusselt number; Re is the Reynolds number; Pr is the Prandtl number;
{ is the friction factor; y; and py are the dynamic viscosity at flow bulk and at wall
temperatures, Pa's; A, B, n, v, p and m are empirical parameters.

The values of the parameters p and m, which are powers in the components of Equation
(1), are usually obtained from data previously proposed for tubes and flat channels. The
power m in the viscosities ratio is usually in the range of 0.11 to 0.17 or simply omitted.
The power p associated with the Prandtl number is set in the range from 0.43 to 0.3 by
different researchers. The parameters B and r are usually determined by correlating with
regression analysis data for pressure drops in channels. Some authors specify { as the
Darcy friction factor and others as the Fanning friction factor, and this must be accounted
for in comparisons of different authors’ results. The characteristic diameter related to the
Re number definition is also specified differently: as the hydraulic diameter dy, or the
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equivalent diameter calculated as double the plate corrugation height b (de =2-b). The
parameters A and n are determined by correlating heat transfer data.

The empirical correlations presented by different authors are applicable only to the
range of experimental conditions and geometries employed for their investigated PHE
plates and channels. From all the experiments conducted by the same researchers for
channels formed by plates with different corrugation geometries, starting from the pa-
per [28], it follows that the main influencing parameter is the corrugation angle j in relation
to the main flow direction. With an increase in angle j, both the heat transfer intensity
(characterised by the Nu number) and friction factor increase. Most of the authors who
have conducted experiments with different f angles (see Table 1) presented results by
expressing their correlation parameters (A, B, n, r) as functions of . Nevertheless, the
results of calculations using equations obtained by different researchers can differ by up to
100% and more.

An attempt to generalise all the data for PHEs available at the time of publication was
made in [51]. Based on theoretical flow models and empirical data from different authors, an
implicit equation for predicting the Darci friction factor was proposed that also accounted
for the influence of corrugation shape. The differences in the equivalent diameter estimation
by specific authors were accounted for. However, individual deviations from the mean
correlation ranged from —50 to +100%; e.g., the data from [52] for four BPHESs were lower,
up to 30%. For the calculation of the Nu number, a special form of heat and momentum
analogy (the generalised Leveque equation) was used. The Leveque equation was initially
proposed for laminar flow in pipes, and its adaptation for turbulent flow in PHE channels
looks rather artificial with no theoretical background. However, the deviations in most
individual data values were in the range of +=20%, with some of them up to 30%. To account
for the influence of corrugation shape, the authors of [36] proposed such parameters as the
corrugation profile aspect ratio y = 2b/S (where S is the corrugation pitch) and surface area
enlargement factor ¢ (ratio of plate corrugated surface area to the area of flat, unstamped
surface). In the final correlation, the parameters A and B in Equations (1) and (2) were
expressed as polynomial functions of ¢ and parameters n and r as a function of angle §. It
improved accuracy in prediction results for completed research, but, generally, the accuracy
is not better than that of the correlation from [51]. To improve the prediction of the friction
factor, the authors of [39] proposed an analytically derived equation based on the analysis
of flow in the channel cell with empirically determined coefficients. It improved accuracy
in the prediction of results obtained by some researchers. The individual deviations from
the general correlation ranged from —47 to +55%. For calculating the Nusselt number, a
corrected Leveque equation was proposed, which somewhat improved the accuracy of
the predictions of several researchers’ results, with maximal deviations about the same as
in [51].

Various published research results are generalised in [36,39,51], including experiments
with PHEs assembled from commercially manufactured plates together with data for
models of the PHE channel corrugated field (see Figure 7). The construction of commercial
plates, the sizes of the ports and gaskets placed on them, and the flow distribution zones
can vary considerably for different manufacturers and plate types. The pressure drops at
the channel inlet and outlet with the distribution zones there can reach levels of up to 50%
and more of the total pressure drop in the PHE, as is discussed in [14], especially with a
small 8 angle. A generalised correlation for Darci friction factors based on results obtained
only for models of the PHE channel corrugated field was presented in [53]. It was presented
in a form proposed by Churchill [54] for the friction factor in tubes, with correction of
its parameters using data from [30] for models of PHE channels with corrugation angles
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B =60°,45° and 30°; v = 0.556; and b = 5.0, 7.5 and 10 mm and from [31] for g = 72°, 60°,
45° and 30°; v = 1.0; and b = 5.0 mm. The correlation was as shown in Equation (3):

1
12

o\ 12 _3
12 + TB7 37,530 - exp(—0.157 - B)\ 0\ 2
[ =8x (Re3 + A+< 1;(8 ﬁ)) ®)

16

14018

p= (0.061 + (069+tg(B- 17;)))_2'63> (14 (1—7)-09-p)

The mean squared error for the experimental prediction data from [30,31] is 6.5%. A
comparison with results published in [29] shows a maximal error & 20% for g = 72°, 48°,
33°,18° and 14°; v = 0.872 < 0.934; and b = 1.12 <+ 1.22 mm. An error not higher than
£20% was found in comparison with the results from [39] at B = 65° and 28° with Reynolds
numbers below 300. No higher error was reported in [55] in comparison with the data
from [37]. This confirmed the validity of Equation (3) for the prediction of the friction
factor at PHE channels’ corrugated field in ranges for § from 14° to 72°, v from 0.52 to
1.02 and Re from 5 to 25,000. A change in corrugation height with the same geometrical
form from 1.12 to 10 mm does not affect the accuracy of Equation (3), in accordance with
principles of similarity in hydrodynamics. The difference in corrugation shape between
sinusoidal and triangular with rounded edges was also within the limits of the Equation (3)
errors. A similar approach to friction factor correlation was used in [56]. In correlating data
from [31], an equation was obtained predicting the friction factor with an average absolute
error of 3.98%, which confirmed the usefulness of such an approach for PHE friction factor
data correlation.

The local hydraulic resistances in the inlet and outlet areas of the channel have to
be accounted for to calculate the pressure drop in channels of commercial PHEs with
Equation (3). In [14], the coefficient of local hydraulic resistances was introduced for this
purpose. The validity of such an approach was confirmed in [57] and further developed
in [58].

For the thermal design of PHESs, the authors of [55] proposed a modified Reynolds
analogy between heat and momentum transfer. It allows one to estimate the Nusselt number
from data for the friction factor in the main corrugated field of the PHE channel determined
with Equation (3) for the corrugation geometry of a considered plate. For this purpose, an
equation to estimate the share of friction losses within the overall loss of pressure in the PHE
channel was introduced, which was confirmed by data from CFD modelling in [59]. The
accuracy of the proposed equation was verified by comparison with data from experiments
on PHE channel models [28,29] and for PHEs with commercial plates [33,36,39,41,60]. The
maximal deviations in the calculated Nu numbers from the experiment did not exceed
+15% in the following range of corrugation parameters: p=14° < 65° v = 0.5 + 1.5;
¢ =1.14 + 1.5. The range of Reynolds numbers was 100 + 25,000 and that of the Prandtl
numbers was 0.7 = 8.1. The power factor for the Prandtl number in a correlation of the
type in Equation (1) was set as 0.4.

The modified Von Karman analogy was proposed in [61] to predict heat transfer
coefficients with a wider range of Prandtl numbers. An equation for the calculation of the
power for the Prandtl number was proposed. It allowed us to predict Nusselt numbers
using Equation (3) for the data presented in [35] with errors not larger than +12% at Pr
numbers from 130 to 290 and Re numbers from 80 to 400. The heat transfer data given
in [34] for ESSO mineral oil were predicted with a maximal error of +2.1% for Pr ~ 50.

A= |p-In
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3.2. CFD Modelling of Hydrodynamics and Heat Transfer in PHE Channels

With the fast development of computers and computational capacities, numerical
modelling of complex flow structures is gaining momentum. Computational fluid dynamics
(CFD) is capable of predicting flow structures and heat transfer with various levels of
accuracy inside channels of various geometrical forms across a full range of flow regimes
from laminar to turbulent, including transition areas. The most straightforward method is
the integration of general time-dependent Navier-Stokes equations called direct numerical
simulation (DNS). It does not require additional assumptions, but turbulent and transitional
flow regimes need huge computation capacities and long times to reach the solution.
For practical applications relating to turbulent flows, a number of approaches have been
developed. Some of them use DNS modifications, such as large eddy simulation approaches
(DNS LES), but others use Reynolds-averaged Navier—Stokes (RANS) equations with
different forms of closure.

Different forms of RANS closures have been proposed. Some of them, called eddy-
viscosity closures, have the form of algebraic equations. However, more advanced Reynolds-
stress transport closures use solutions employing differential transport equations proposed
by their authors. Among them, the two most used are the k-¢ and k-w models, in which
one of the additional differential equations represents the turbulence kinetic energy k. The
second additional equation in the k-¢ model is for the rate of dissipation ¢ and that in the
k- model is for the specific dissipation w. Two of these models can be used together: a
k-w model in the near-wall region and a k-¢ model in the outer region. This leads to the
so-called SST approach. There are many ways to adjust these models’ empirical coefficients,
but they do not give a guarantee of the model validity with changing flow conditions.

All these approaches produce qualitatively similar but different accuracy results.
In [62], eight types of RANS model closures were analysed by comparing calculation results
for the same fluid in a channel with ribs perpendicular to the flow direction. The evident
discrepancies between results led to the conclusion that the standard RANS closures fail
to produce some flow effects at flow separation zones and differ in their values for flow
velocity distributions and heat transfer intensities. The correct results could be obtained
only by using strict model validation with empirical data, which does not give a guarantee
for significantly different channel geometries and flow regimes. However, the models give
similar qualitative flow pictures and can be used for some flow structure analyses.

The attempts at CFD modelling of flow in PHE channels of different geometries started
in the 1980s with two-dimensional channels with bends in laminar and turbulent flow
regimes. For example, in [63], simulations were performed using RANS equations and
the k-e turbulence model for a channel with right-angle bends at Re numbers from 400 to
12,000. With the development of computer capacities, the complexity of channel geometries
and modelling approaches has increased. In [64], the three-dimensional flow in a unitary
cell of a cross-corrugated PHE channel (see Figure 7) was considered. The CFD simulations
with the RANS k-¢ turbulence model and DNS LES were compared, and the conclusion
was reached that DNS LES modelling is more precise in the prediction of friction factors
and Nu numbers with ranges of Re numbers from 1000 to 7000 and corrugation angles
from 30° to 75°.

Simulations with the DNS approach were reported in [65] for a 2D wavy channel
and 3D cross-corrugated channel (see Figure 7) with sinusoidal corrugations inclined at
45° and different wavelengths. Three-dimensional (3D) simulations were conducted for
the characteristic element of the channel with a range of Re numbers from 200 to 2000,
and the correlations for the friction factor and the Nu number obtained were in good
agreement with experimental results. The computing time for the 3D simulation with an
IBM RS 6000 3BT workstation was about 15 h in steady-state conditions and about 350 h
under non-steady conditions. This is a problem for the wider use of the DNS approach
in engineering applications. A similar 3D approach for a characteristic element of a 45°
cross-corrugated channel with sinusoidal corrugations and a range of Re numbers from
100 to 1000 was used in [66], with calculations for different Prandtl numbers of 0.7 and 7.
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Simulations of flow in a sinusoidal wavy channel for a laminar regime and a range of Re
numbers from 100 to 1000 were reported in [67] for Prandtl numbers of 5, 30 and 150. The
influence of the wall corrugation aspect ratio was also investigated.

A CFD simulation of the flow and heat transfer in a unit cell of the cross-corrugated
channel was reported in [68]. The calculations were conducted at Re numbers from 100
to 6000 with the use of the RANS k-w model in a turbulent flow. The correlations for the
prediction of the friction factor and Nu numbers were obtained for a corrugation angle of
45°. A detailed picture of the flow structure in a cell was presented and discussed.

Following the development of computer capacities and software for CFD simulations
from the start of this century, in most research, standard CFD solvers are used. The
most advanced and frequently used software tool is ANSYS [69]. In [70], ANSYS Finite
Element Software with a RANS k-¢ turbulence model was used for the simulation of flow
and heat transfer in a wavy channel with triangular bends at Re numbers from 1200
to 4000. The distribution of local heat transfer coefficients was analysed, and average
Nu numbers and pressure drops were presented in comparison with experimental data.
FLUENT software was used in [71] for modelling a PHE with four flat channels. The flow
misdistribution between channels and inside each channel was analysed. The results were
in good agreement with the experimental data.

The flow and heat transfer in a model of a PHE corrugated field was studied in [72] for
Re numbers from 400 to 1400. The corrugations had a triangular form with an inclination
angle of 45°, and the commercial software CFX was used to solve RANS equations with the
SST turbulence model. In contrast to single-cell models, this approach allowed modelling
of the flow development along the channel and its width. The friction factors and the
average values of the Nu numbers were in good agreement with experimental data for a
similar channel.

FLUENT software with a k-¢ turbulence model for the complete geometry of the
PHE channel was used to study the flow misdistribution between different channels in
a small PHE and the distribution of flow in a single channel [73]. The simulations were
conducted with a range of Re numbers from 400 to 1300, and friction factor and Nu numbers
showed good agreement with available experimental data. The simulated Nu numbers
were between 3% and 18% lower than the experimental values. With the same software,
the process in two channels of a PHE with commercial plates was simulated in [74]. The
corrugation angle in the heat transfer field was 65°, and simulations performed with Re
numbers from 200 to 1700 showed good agreement for the calculated friction factors and
Nu numbers with experiments with this range of Re numbers.

With the further development of CFD simulation software, the modelling of flow
structure and heat transfer in PHE channels with different complex geometries has become
more available to engineers without advanced knowledge of numerical methods and
turbulence modelling problems. This has allowed them to consider more complex problems
of engineering interest. In [75], the influences of various forms of corrugation profiles on
the friction factor and heat transfer were studied. Flow modelling in a unitary cell was
used. The entrance effects were discussed, and the model was validated with experimental
data available in the literature for traditional corrugation shapes. The correlations for
friction factors and Nu numbers were presented. After analysis, the authors concluded
that a sinusoidal shape for corrugations is the best, accounting for the technology of
the manufacturing.

In [59], simulations were performed for a model of a PHE channel corrugated field,
with model validation undertaken using experimental data for a channel with the same
geometrical parameters. The share of friction losses contributing to the total loss of pressure
and the distribution of shear stress on the wall of the plates with triangular corrugations
were obtained. The effect of the corrugation inclination angle on the performance of a
plate-and-frame PHE was studied in [76]. This effect was investigated for brazed PHEs
using CFD modelling in [77], and correlations for the friction factor and Nu number were
obtained. The influence of the corrugation depth was studied in [78]. The specific problem
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of flue gas cooling by air in PHEs was considered in [79], and correlations for Nu number
calculations in different channels were obtained.

All those papers [59,75-79] used flow models based on averaging NS equations with
the use of turbulence models, mainly the k- model. These models have empirical constants
that can be adjusted for the considered flow, hence limiting model validity for other cases
with different channel geometries and other Re numbers and fluid properties. The DNS LES
approach has fewer such empirical parameters and can be expected to be more robust with
proper selection of eddy filtering. DNS LES modelling was used in [80] in an investigation
of flow structure and heat transfer in brazed PHEs with different corrugations angles.
This method was also used in [81] for modelling the corrugation angle’s influence on
the friction factor in PHE channels. It was noted that the DNS LES method could also
be applied to laminar flows to obtain solutions with a wide range of Re numbers. The
comparison with the experimental results from [31] showed good accuracy at angles of
60° but lower accuracy at 30°, with discrepancies of about 30%. The correlation for friction
factor estimation with different corrugation inclination angles was presented.

The widespread application of brazed PHEs in refrigeration, the communal sector and
other industries encouraged interest in CFD modelling of the fluid flow and heat transfer in
their channels. The distribution of flow among the channels of a BPHE was studied in [82].
Two models were used for the simulation of the pressure distribution in the BPHE headers:
the 3D CFD model and the simpler 1D model proposed by the authors. The validity of both
models was confirmed by comparison with experimental data. While the 3D CFD model
had slightly higher accuracy, the 1D model had the advantage of simplicity and is easier
to use in engineering applications. A CFD study of the flow and heat transfer in channels
of a brazed PHE with different corrugation angles, including mixed arrangements, was
performed in [83]. The correlations for the friction factor and Nu number calculations in
such channels were proposed. The modelling of flow and heat transfer in a BPHE with
plates corrugated at 75° was reported in [84], where the correlations for the friction factor
and Nu numbers were presented.

The CFD modelling of flow in a cross-flow heat exchanger with plates corrugated
at 45° was reported in [85]. The RANS k-w SST model was used. A special procedure
was applied to adjust model constants according to the experimental data obtained by the
authors with an experimental rig described in the paper to improve the model accuracy.
As a result, the correlations for the Euler number and Nusselt number calculations were
obtained. It is unclear how the cross-flow arrangement of streams is accounted for when
obtaining correlations for Nu numbers. This can raise a concern about the possibility of
including cross-flow correction in adjustments of turbulence model constants. It emphasises
the importance of correctly accounting for all factors influencing PHE performance in any
type of experiment, including numerical experiments with CFD simulations. A CFD study
of convective heat transfer in a cross-flow block-type PHE with plates corrugated at 45°
was reported in [86] accompanied by modelling of a plate-and-shell PHE. The realisable k-¢
model was adopted with FLUENT software. A special procedure was applied to adjust the
clearance between adjacent plates to maintain the needed mesh quality. The model was
validated according to experimental data obtained by the authors with the experimental
rig described in the paper. As a result, the correlations for the Colburn heat transfer j factor
were obtained.

CFD simulations are a powerful tool for the study of flow structure and heat transfer
in PHE channels with complicated geometries and flow distribution between channels.
They can improve the understanding of heat transfer enhancement principles and help in
estimating local process characteristics, as in [11]. However, they can only be considered
in terms of numerical experiments with flow models. For practical applications of their
results in PHE designs, most of the authors presented results in the form of correlations,
which is typical for the presentation of physical experiment results.
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4. Intensification of Heat Transfer in PHE Channels

The intrinsic feature of PHE channels formed from corrugated plates is the intensi-
fication of heat transfer compared to traditional tubular heat exchangers. The level of
this intensification depends on the geometrical parameters of the corrugations and other
construction features. Further increasing the level of heat transfer intensification while
maintaining the same pressure losses in PHEs is the subject of much research. There are
three main ways to achieve this goal: (i) passive enhancement through channel surface
modifications; (ii) use of nanofluids as a new type of heat transfer media; and (iii) active
methods of enhancement with the use of external effects. The enhancement of the overall
heat transfer via fouling mitigation in PHEs is outside of this review’s scope.

4.1. Passive Methods through Modification of the Channel Surface Geometry
4.1.1. Asterisk, Compound and Special Transverse Forms of Corrugations

In a number of research projects, new forms of corrugations on plate surfaces have
been studied. In [87], the authors presented the results of experiments with a PHE formed
of plates with a special asterisk form for the corrugations. More traditional designs with
PHESs composed of flat plates and other plates forming wavy 2D channels were also studied.
It was found that there was more intensive heat transfer in PHEs with the new asterisk
corrugations on the plates than in the other two studied PHEs. However, no comparison
with cross-corrugated chevron plates was presented. Moreover, the construction strength of
such corrugation forms was not checked, and they have considerably fewer contact points
compared to traditional PHEs with cross-corrugated plates. This creates doubts about the
practical applications of such a plate design for commercial PHEs.

A PHE with a new compound longitudinal and transverse form for the plate corruga-
tions was studied experimentally and with CFD simulation in [88]. The correlations for the
Nu numbers and friction factor obtained with both methods are presented. The differences
were not greater than 10%. The authors also compared the correlation with one of the tradi-
tional corrugation forms and noted that the performances of both were similar. The plates
with the investigated form of corrugations are more expensive to manufacture but can be
recommended for PHEs working with unclean working fluids inclined to flow clogging.

4.1.2. Undulated Corrugations with Surface Optimisation

In [89], the optimisation of a PHE made from plates with undulated corrugations
was discussed based on the results of CFD modelling. Plates with different corrugation
angles, distances between them and aspect ratios were investigated at Re numbers from
500 to 6000. Recommendations for PHE designers to use higher corrugation angles and
smaller distances between plates were made, but the final choice to use the paper results
as an additional tool for decision-making remains up to the designer. Multi-objective
optimisation based on CFD simulations of a PHE with a sinusoidal form for the corrugations
was presented in [90]. The most important geometrical parameters were determined to be
the corrugation inclination angle and surface area enlargement factor, but results must be
obtained for specific process conditions. No more specific recommendations were given.
Parametric optimisation of the corrugation angle for a brazed PHE based on CFD modelling
was undertaken in [91], and an angle of 30° was recommended for some specific water flow
rates through PHESs.

4.1.3. New Forms of Plates and Corrugations for Cross-Flow and Mixed-Flow PHEs

The specific form of a double-wave corrugation for a cross-flow air-cooled PHE was
studied experimentally in [92]. The double-wave PHE exhibited about 50% better heat
transfer performance than the conventional PHE but with an increased pressure drop.
That required the authors to recommend some modifications to the construction. The heat
transfer by airflow was studied experimentally and numerically in [93] for corrugations
with in-phase and anti-phase secondary corrugations. A reduction in pressure drops by
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about 15% was predicted. In further research, the optimisation of this type of corrugation
has been presented [94].

A new form comprising a hexagonal plate with spherical corrugations was investigated
in two papers by authors from the same university. The results of the experimental and
numerical studies are reported in [95] with a presentation of the correlations for Nu numbers
and friction factors in ranges for Re from 1500 to 30,000 and Pr from 0.6 to 160. The use of
this type of PHE for multi-media heat exchange was discussed in [96]. Another original
rectangular form for a welded PHE was investigated experimentally and numerically
in [97], with optimisation based on grey correlation theory. The construction itself and
the method of optimisation are interesting, but some drawbacks of this approach were
discussed in [98]. Another original construction of a helical-plate heat exchanger with
two channels in helical form was studied experimentally in [99]. The walls of the channels
were smooth with no corrugations, and the usual PHE heat transfer enhancement was
not used for the obtained heat transfer coefficients that seemed lower than in PHEs with
corrugated chevron plates, but an exact comparison was not presented. The modification
of a PHE with flat plates was studied in [100] experimentally and by CFD simulation. The
authors found increased compactness compared to a traditional flat-plate heat exchanger.
Other modifications of such heat exchangers were studied in [101], and correlations for the
Nu number and friction factor were presented. However, the PHE with flat channels has
much lower constructional strength than the PHE with plates with inclined corrugations. It
is limiting their wide application in the industry.

4.1.4. Capsule-Type and Dimpled Special Forms of Corrugations

Various new forms of corrugations have been proposed to improve the efficiency of
PHEs. In [102], capsule-type corrugations were proposed and studied numerically. The
correlations for the friction factor and heat transfer were obtained, but the absence of model
validation requires the obtained enhancement in PHE performance to be confirmed with
physical models and in practice. A PHE with plates with a special dimpled and protruded
form for the corrugations was studied experimentally in [103] with air-air heat transfer.
The absence of comparison with other forms of PHE plate corrugations makes it difficult
to evaluate the performance enhancement. A similar conclusion can be applied to the
results of another experimental study on the water-water heat exchange with a dimpled
PHE [104]. However, the intensification of the heat transfer compared to channels with flat
walls was confirmed.

In [105], a PHE with dimpled plates was studied experimentally using water and
Al,O3/water nanofluid. Intensification of the heat transfer compared to a flat channel and
its further increase with the use of nanofluid was confirmed. A new plate geometry was
studied with CFD modelling in [106] with a range for the Re number from 500 to 5000.
The authors stated that the model was validated through comparison with the analytical
solution, but this is doubtful at such Re values, which correspond to transitional and
turbulent flow regimes. Therefore, a high level of heat transfer enhancement compared
to other plate types still requires confirmation by physical experiments. An original form
comprising a wavy 2D channel was proposed and studied with CFD modelling [107].
The authors validated their model by comparison with experiments on PHEs with cross-
corrugated plates forming a 3D channel. Such validation was incorrect, not accounting for
the different meanings of the corrugation angle in the compared papers. A practical way
for the realisation of such a channel in industrial PHESs is not clear. Interesting results were
reported in [108] for an experimental and CFD modelling study of heat transfer and pressure
drop in a small PHE with a chevron corrugation pattern. The sizes and corrugations of the
experimental sample were similar to those of a small BPHE. The maximal friction factor
values were obtained at a corrugation angle of 30° and maximal Nu at 60°. Such deviations
from the trends reported in other sources require a more detailed explanation.
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4.1.5. Optimisation of Chevron-Type Corrugations

Attempts to optimise the structure parameters of a PHE using CFD modelling of the
convective heat transfer in a corrugated field of one channel were reported in [109]. The
optimised structure could reduce the coolant temperature by 2.5% and the pressure drop by
40%. However, the assumptions for the boundary conditions and not considering ports and
collectors could lead to much larger errors. The liquid flow and heat transfer in a PHE with
multi-chevron corrugated plates was studied experimentally and numerically in [110]. The
complete channel, including ports, was modelled with CFD using five different turbulence
models for the RANS equations. The shear stress transport (S5T) k-w model gave the best
results compared to experimental data. The model was validated with experimental data
at Re numbers ranging from 1200 to 5000, which confirmed the existence of a turbulent
flow regime in PHE channels at these Re numbers. The turbulent flow regime in the
PHE channel develops at much lower Re numbers than in tubes (down to 100), as has
been shown experimentally in a number of studies; e.g., [4], where interesting results
concerning flow structure and its distribution across the channel, which influenced heat
transfer enhancement for the investigated corrugation form, are reported.

4.1.6. Modifications of Plate Surface with Artificial Roughness

The intensification of heat transfer in PHE channels through an increase in plate
surface roughness has been studied in a number of research projects. The experimental
study in [111] was performed for water—water heat exchange in a PHE with commercial
plates specially treated to increase the roughness of the AISI 316 stainless steel surface by
about five times compared to the original standard conditions. There were no significant
differences in overall heat transfer coefficients, which were at high flow rates, and they were
higher for standard commercial plates and plates with a rough surface at lower flow rates.
In [112], experiments were performed for water—ethanol heat exchange with a PHE with
commercial plates specially treated to increase the roughness of the AISI 316 stainless steel
surface by about three times compared to the original standard conditions. The results were
compared with data for a PHE with untreated plates. The heat transfer coefficients for the
ethanol side were somewhat higher for the modified plate, but on the water side, they were
higher for standard commercial plates. There was no distinct conclusion on the advantage
of plates with increased roughness. PHEs with commercial plates with surface roughness
increased by up to 3.3 times compared to standard conditions using a sandblasting machine
and were studied experimentally in [113]. The heat transfer coefficients of the plates with
rough surfaces increased from 4.46% to 17.95% compared to standard surface conditions,
and the friction factor increased from 3.9% to 19.24%. This shows a certain increase in
PHE performance. Results of experiments with similar roughness levels for commercial
plates with different corrugation angles were reported in [114]. A significant influence from
the plate corrugation angle on heat transfer and pressure drop of water in the PHE was
observed, but the increase in the heat transfer with surface roughness was just mentioned
without any quantified estimation.

The modification of a commercial plate surface from AISI 304 stainless steel by electro-
chemical etching and its effect on PHE performance were studied experimentally in [115].
Increases in the overall heat transfer coefficient compared to the untreated plate from 10.5%
to 17.7% and film heat transfer coefficient from 15.3% to 32.5% were observed with an
increase in the friction factor from 21.3% to 87.3%. For the comparison of different surfaces,
the authors used performance evaluation criterion 1 determined by Equation (4) in analogy
with the criterion used with enhanced tubes for the comparison of the heat transfer load
transferred through surfaces with equal areas and the same pumping power for the heat
agent, as shown in [3].
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The performance evaluation criterion resulted in values for most of the data of about
1.11 and, for data published by the same authors [116] for similar modified plates, from
1.11 to 1.13. The authors of [116] reported a further increase in PHE performance with
surface coatings using nickel (from 0% to 2.4%), copper (from 6.5% to 10.9%) and silver
(from 7.7% to 16%). Overall, upon analysis of these six papers, it can be concluded that
heat transfer enhancement through sandblasting roughness is not convincing, as data from
some papers show some an increase but also a decrease in performance. Some others show
just a marginal increase. For surface etching, the data are rather more certain, especially for
coating with a highly heat-conductive material, such as silver. However, with such levels
of intensification, an economic analysis of the proposed methods would be necessary.

4.2. Heat Transfer Enhancement through the Use of Nanofluids

The fast development of electronics, computing and communication technologies in
the last decades of the last century stipulated the need for efficient microscale cooling
equipment and technologies. To further increase compactness and cooling power, a special
sort of liquid was introduced called nanofluid, the thermal properties of which are enhanced
by the presence of nanometre-sized particles of 1-100 nm. At such sizes, particles are
different from the original material and create stable suspensions with liquids. Their
presence in certain small quantities can significantly increase heat conduction, enhancing
heat transfer and changing other liquid properties. The successful application of nanofluids
in microscale equipment has encouraged research on their use in other areas related to heat
transfer, especially in PHEs, which are inherently compact and already demonstrate heat
transfer enhancement in other ways.

The growing number of publications on convective heat transfer in nanofluids flowing
inside PHE channels have been analysed in a number of reviews published following
the start of our century. The general characteristics of nanofluids and their use in heat
transfer equipment at the initial stages of these studies were discussed in [117]. Papers
on heat transfer enhancement with nanofluids in PHEs published before 2015, including
experimental and numerical studies, were surveyed in [118]. A similar review, including
statistical analysis of papers on nanofluids in PHEs and more recent publications, was
presented in [119]. A classification of nanofluids and a discussion of their properties in
relation to PHE heat transfer enhancement are given in [120]. The methods for preparing
nanofluids and for the numerical analysis of their flows in channels of different heat
exchangers, including PHESs, are surveyed and discussed in [121]. Overall, there are
extensive analyses of the published literature on heat transfer enhancement in PHEs using
nanofluids, and it is not repeated here. The interested reader can find information in the
specialised review papers cited above.

Heat transfer enhancement with nanofluids is a promising method with sufficiently
high efficiency. In this paper, only brief notes on the application of this method for en-
hancing heat transfer in PHEs operating in process industries are presented. The use of
nanofluids for heat transfer enhancement is limited to closed circuits of heat media in which
nanofluids can be prepared and utilised without loss. This is impossible for general process
streams and only possible for utility systems. However, with the large volumes of liquids
in such systems, the cost of the nanomaterials needed must be accounted for. The applica-
tion of nanofluids in the closed cooling circuit systems of industrial enterprises requires
further research regarding their stability over long time periods. Possible sedimentation of
nanoparticles and changes in their properties have to be eliminated. Possible application in
district heating systems also requires further research regarding nanofluids’ stability and
the economic aspects of their use compared to other methods of heat transfer enhancement.
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4.3. Heat Transfer Enhancement with Active Methods

Active methods of heat transfer enhancement in heat exchangers of different types
include external action on the heat transfer surface or heat media through different forces
created by electric fields, magnetic fields or ultrasound or mechanical interactions [122].
There is a more recent survey in [123]. Considerably fewer researchers have studied
these methods compared to passive enhancement techniques, and fewer papers have been
published [124]. For an application in heat storage systems, active enhancement techniques
were analysed in the review in [125], and this application can be classified as a PHE for
such systems. Few research works are dedicated to active enhancement methods, especially
in PHEs, and most of them studied heat transfer enhancement using pulsating flow and
ultrasound, as has been reviewed for applications with different heat exchanger types [126].

The results of an experimental investigation of heat transfer enhancement using pul-
sating flow with different frequencies in a PHE are reported in [127]. Tests were performed,
including a test of the presence in water of different nanoparticles: graphene nanoplates
(GNPs), multi-walled carbon nanotubes (MWCNTs) and their mixture. The results showed
an increase in the Nusselt number up to 58% at the highest pulsation frequency of 30 Hz,
with a volume concentration of 0.01%. However, for pure water, no increase in heat transfer
was observed. The increase in the friction factor did not exceed 1%.

The influence of low-frequency vibration on heat transfer in CuO/water nanofluid
in a PHE was studied in [128]. The increase in the overall heat transfer coefficient with an
increase in vibration frequency from 30 Hz to 60 Hz was observed, with mitigation of the
formation of fouling on the plate walls. The effects of such a heat transfer enhancement
method were similar to those in tubular heat exchangers [129]. The effect of ultrasound on
the formation of biofouling in a PHE was investigated in [130], and its ability to improve
the corrosion resistance of plates was confirmed in [131].

Methods of heat transfer enhancement with electric and magnetic fields are very
rare for PHE applications, but some may be promising, e.g., the piezoelectric fan method
experimentally studied for channels in [132].

5. PHEs in Various Applications as Individual Units and in Heat Exchanger Networks

PHEs with different constructions and modifications have proved their higher per-
formance and advantages compared to conventional shell-and-tube heat exchangers in
a large number of applications. Numerous successful examples of such applications can
be found on the websites of PHE manufacturers, e.g., [16,22,133]. Various examples of
PHE applications have been studied and described in papers by a number of scholars.
The earlier applications of PHEs (before 1980) in heat recovery systems were discussed by
Lamb [134], who cited the examples of synthetic fibre factories, sulphuric acid production,
a power station, a coke oven plant for benzolised oil preheating, heat recovery from flue
gas and pasteurisation in the food industry. Significant savings in energy and costs were
reported for all these cases. Grillot [135] reported a considerable reduction in fouling rates
compared to tubular heat exchangers for a gasketed PHE at a sugar factory and for the
Packinox WPHE at a petrochemical plant. An analysis of PHE performance and factors
influencing it, based on about 16 examples of different successful applications in the chem-
ical and process industries, was reported by Reppich [136]. The application of PHEs in
the automotive industry was discussed by Lozano et al. [137] and in the textile industry
by Kandilli and Koclu [138]. The energy efficiency of phosphoric acid production can be
significantly increased with the application of PHEs [139].

By the estimation of Andersson et al. [140], in the year 2008, more than 750 Compabloc
WPHESs were operating in oil refineries worldwide, including 200 for crude oil preheating.
Freire and Andrade [24] suggested the possibility of PSHE applications in nuclear power,
and Tovazhnyanskyy at al. [23] studied the operation of WPHEs in ammonia synthesis
production at temperatures up to 520 °C and pressures of 320 bar. PHEs have become
the preferential type of heat exchanger for district heating (DH) systems and refrigeration
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technologies [60] and are of primary importance for the transition to new energy-efficient
generations of DH [141].

The efficient performance of PHEs in many industrial processes has encouraged their
use in newly developed process systems and in energy-saving retrofits of already existing
factories. In these cases, PHEs must be considered as elements of the heat exchanger
network (HEN) of the processing system and included in the problem of total system
optimisation. A powerful tool for increasing process systems’ energy efficiency is the
process integration methodology [142]. It proposes a method of analysis and optimisation
of heat recuperation HENs in process systems and has been proven to provide energy-
efficient and economically viable results in a wide variety of applications. The use of
modern compact heat exchangers, such as PHEs, can further increase the power of process
integration, introducing more options for enhanced heat recuperation as a solution to the
optimisation problem.

The significant increases in heat recuperation and energy usage efficiency achieved
by applying process integration to a heat pump with the use of a PHE in the HEN of a
cheese production factory were shown in [143]. The economic efficiency allowed a payback
period for the renovation project of about 10 months. A proposed renovated HEN with
PHE:s for sodium hypophosphite production [144] made it possible to save about 55% of
the energy consumed in the process. Process integration with the use of efficient PHEs for
a carbon dioxide post-combustion capture unit HEN [145] enabled a decrease in energy
consumption by 24% compared to the decrease of 11% that could be obtained with the
use of shell-and-tube heat exchangers, with over 10% lower investment costs. Process
integration with the use of PHEs for waste heat recovery from exhaust gas streams at
tobacco factories [146] resulted in a decrease in carbon dioxide emissions by 600 t/y, with a
payback period of about four months. The importance of using PHEs in the development
and retrofitting of HENs for different industries was emphasised by Li et al. [147] and
shown through practical examples of HEN retrofitting with a detailed PHE design in [13].

6. Conclusions

This article reviews the development trends and the state-of-the-art for heat transfer
enhancement with PHEs. The presented survey and analysis of the literature reveal that
PHEs are currently a well-established and efficient type of heat transfer equipment for
process industries. The development of the channel sealing and plate forms of PHE
modification makes it possible to use them in practically all types of applications in process
industries. The main modifications are plate-and-frame PHEs, welded PHEs (WPHEs),
brazed PHEs (BPHEs) and plate-and-shell PHEs (PSPHEs). In the majority of modern
PHEs, plates with inclined corrugations are used that are assembled in packs with strong,
rigid construction and multiple contact points between adjacent plates.

The channels between the PHE plates have complicated crisscrossing flow forms for
the movement of heat-exchanging streams. The geometry of these channels stimulates high
levels of turbulence and an increase in heat transfer intensity. The transition of flow from
laminar to transitional and turbulent regimes takes place at much lower Reynolds numbers
than in flat-wall channels and tubes.

Experimental research is the main method of obtaining reliable correlations for heat
transfer and friction factor calculations for PHE channels. The results of numerous research
studies show that the main factor affecting PHE heat transfer and hydraulic performance
is the angle of the corrugations on the plates in relation to the main flow direction. The
Nusselt numbers in PHE channels are larger than in flat-wall channels. At the angle of 30°,
Nu is about two times larger, and a further increase in this angle from 30° to 60° increases
the Nu number up to two times more, depending on the Re number. The variations in
the research results depend on the tested experimental plate construction. Friction factors
obtained with different models of PHE channel corrugated fields are generalised by one
correlation. Accounting for the processes in the corrugated field and at the inlet and outlet
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of the PHE channel separately allows adequate modelling of the heat transfer and pressure
losses in the PHE.

CFD simulation is a powerful tool for investigating hydrodynamics and convective
heat transfer in PHE channels with complex geometries. It allows us to obtain a detailed
qualitative picture of the process of hydrodynamics and the mechanism of heat transfer
intensification. However, the method is similar to experimental investigations and can be
called a numerical experiment. In most papers, to obtain results useful for PHE design,
correlations of the same form as in physical experiments are obtained. The difference is
that the CFD models must be properly quantitatively validated, and the validation with
one set of conditions does not guarantee validity in different conditions, and results must
be used with caution.

To further increase heat transfer intensification, the methods developed for other types
of heat exchangers can be used. The most promising applications in process industries
are passive methods of heat transfer enhancement using modifications of PHE plate corru-
gations and channel geometries. Among them are the methods of corrugation parameter
optimisation. The use of unstructured surface roughness created with sandblasting does
not look like a prospective method for single-phase heat transfer, but other methods of
creating small-scale surface modifications may be promising. The use of nanofluids as heat
transfer media can considerably enhance heat transfer in PHEs, but the application of this
method in process industries is limited to utility systems with closed circuits of heat media.
The economic aspects of such enhancement must be considered. Active methods for heat
transfer enhancement in PHEs are rare.

This analysis of the reviewed publications allows the authors to recommend the fol-
lowing areas of future research. (I) Improvement of the understanding of the fundamental
principles of single-phase heat transfer enhancement in the channels of PHEs with inclined
corrugated plates. (II) Investigations of new corrugation shapes experimentally and with
CFD modelling with the aim of heat transfer enhancement. (III) Development of methods
for optimisation of PHE plates and their corrugation geometries for operation in specified
process conditions. (IV) Research on the use of nanofluids for heat transfer enhancement in
PHEs and their combination with active ultrasound methods. (V) Development of methods
for PHE area and cost estimation in solving HEN optimisation problems.
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