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In many industrial applications, a considerable amount of heat is wasted with off and flue gases of different
compositions, carrying not only sensible heat but also latent heat of condensable gas contained in the
outgoing gaseous mixture. It is especially crucial for waste heat recovery from exhaust gases in such
processes as the drying of different materials. Based on the mathematical model published in a previous
paper for the models of PHE channels corrugated field the mathematical model of the thermal and hydraulic
performance of PHE assembled from commercially produced plates is developed. It accounts for processes at
the main corrugated field and also in PHE collectors and channels distribution zones. The results of
mathematical modelling are compared with data obtained on a pilot unit for utilisation of waste heat from
gases coming after tobacco drying. The PHE type TS-6MFG produced by AlfaLaval is tested. The content of
the air incoming air-steam mixture was 10 % at a temperature of 140 °C. The comparison of modelling results
and tests data have shown good accuracy of prediction. It allowed recommending obtained correlations and
developed a mathematical model for the design of plate heat exchangers in applications with heat utilisation
from exhaust gases after drying processes in the industry.

1. Introduction

The cooling of gaseous streams is required in many process technologies of chemical, petrochemical, food,
power generation and other industries. When gases are cooled down below the saturation conditions,
condensation of some component happens. It is complicating the process, and heat exchanger must transfer
beside sensible heat also latent heat of condensing component. The vapour condensation from the mixture
with noncondensing gas was investigated in many papers for such applications as in desalination plants, CO2
and H20 separation, refrigeration systems, utilisation of heat from flue gases and exhaust gases of
combustion engines, food industry, petrochemical industry, biomass combustion, nuclear powers and others.
The present growing requirements for energy efficiency by heat recuperation stipulated the use of more
advanced heat exchangers more compact with enhanced heat transfer.

A plate heat exchanger (PHE) corresponds to these requirements in a number of industrial applications. Its
construction and operation are sufficiently well described in the literature by Klemes et al. (2015). PHE has a
number of advantages over conventional shell-and-tube heat exchangers. It is smaller size and inventory
volume, less cost, lower fouling, flexible design, access for mechanical surface cleaning, and small
temperature approach of streams, down to 1 °C. The heat transfer enhancement allows them to have a
smaller heat transfer surface area for the same working conditions. Such features render economically
favourable solutions in a number of applications in industry, as, e.g. in COz2 post-combustion capture plants
Perevertaylenko et al. (2015), for heat utilisation from exhaust gases Arsenyeva et al. (2016).
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The accurate design of PHE for the condensation of vapour from its mixture with noncondensing gas must
account for all factors affecting its performance. The analysis of researches on condensation process in pipes
and channels presented in the paper by Huang et al. (2015) show that process intensity is influenced by the
nature of gas and vapour, their concentrations, the geometry of channels and process development along the
condensation surface. It requires a calculation of heat and mass transfer and pressure loss in PHE channels
including film heat transfer coefficients at the cooling side, thermal resistance in condensate film, mass and
heat transfer in the vapour-gas mixture and pressure losses in a two-phase flow of gases and liquid.
Single-phase correlations are very important for the design of PHE as condensers. They are needed to
determine heat transfer and pressure loss not only in cooling media but also as a reference for relations for
condensate film, heat and mass transfer in condensing flow, the pressure loss in a two-phase flow of gas and
condensed liquid. Experimental researches on industrially manufactured plates were abundant earlier and are
still published, e.g. Kumar et al. (2018) for a specific type of plate. The correlation for friction factor for in PHE
channels of different corrugations geometries was presented by Kapustenko et al. (2011). For heat transfer
modified Reynolds analogy and modified Von Karman analogy were proposed by Arsenyeva et al. (2014) for
different ranges of Prandtl numbers. The use of these correlations for commercial PHEs with a division of
channel on the main corrugated field and zones of flow distribution proposed in the paper by Arsenyeva et al.
(2013). Such an approach was confirmed later by Gusew and Stuke (2019).

For the heat transfer in condensate film, the correlations for pure vapour condensation can be used. The
analysis of condensation mechanisms is given in the book by Carey (2018). It depends on the geometry of the
condensing surface, as shown in the review of researches outside tubes by Bonneau et al. (2019) and for
enhanced tubes by Kukulka et al. (2019). The results of the visualisation study of steam condensing in PHE
channels are presented by Hu et al. (2017). The review of researches on condensation in PHE channels is
made by Eldeeb et al. (2016). For shear driven condensate film flow Arsenyeva et al. (2011) have proposed
equation based on a homogeneous-dispersed model in the main flow and condensate film flow on the walls.
An acceptable accuracy of calculations with such equation for condensation in PHE is reported by Wang et al.
(2000). The acceptable accuracy of calculations with this equation, accompanied by Nusselt equation at small
flow velocity, is reported by Kapustenko et al. (2020) for a model of PHE channels. The heat and mass
transport in the gas phase can be estimated with single-phase correlations using heat and mass transfer
analogy. Its different forms are analysed by Ambrosini et al. (2006). At a small mass flux, it was experimentally
validated by Kulkarni et al. (2017). The effect of transverse mass flux is analysed based on stagnant film
theory for condensation at the flat plate with experimental data and CFD simulation by Bucci et al. (2008).

The pressure losses in two-phase flow have an important role in PHE design for condensing duty. Besides
restrictions imposed on pressure drop, it leads to the change of pressure that affect the vapour equilibrium that
causes a redistribution of heat and mass transfer driving forces along the channel. In a review in paper [26]
are given some empirical correlations for pressure loss in a whole channel at the condensation of refrigerants
in PHE applicable in the range experiments conditions. Qiao et al. (2013) developed the segmental model for
phase changing refrigerants in PHE that is validated only for evaporation. Tao et al. (2018) have developed
the map of different flow regimes for two-phase flow in PHE channels, which is in general agreement to that
inside tubes. The accuracy of pressure loss estimation in two-phase flow depends on how the model
corresponds to the real picture.

Based on Lockhart and Martinelli parameters for a separated flow of phases, Kim and Mudawar (2014)
correlated a big database of two-phase pressure losses for adiabatic and condensing flows in mini/micro-
channels. In the paper of Kapustenko et al. (2020) is presented approach based on one dimensional
mathematical model for condensation of steam from an air-steam mixture in models of PHE channels that
accounts for the change of local process parameters and transition from a regime of separated phases to
dispersed-annular flow.

The state of the art analysis shows the gap between available in literature data for laboratory researches and
modelling of heat and mass transfer and hydraulic resistance during condensation of gas-vapour mixtures and
their validation in industrial conditions, especially for PHE channels of intricated geometry.

In the present paper, a mathematical model proposed by Kapustenko et al. (2020) for the models of PHE
channels corrugated field is further developed for the modelling of a process in PHE with commercial plates. It
gives the possibility to analyse process development along the length of the channel and to confirm the
accuracy of correlations for local heat-and-mass transfer and pressure losses. The model validity is checked
by comparison with data of PHE tests in the industrial application of utilisation the heat from exhaust gases
after the process of tobacco drying.
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2. The modelling of PHE with commercial plates

The main difference of commercially produced plates for PHEs from considered by Kapustenko et al. (2020)
experimental models consists in construction features designed for distribution of heat exchanging streams
into the system of channels between plates. The streams are coming into PHE via connections and are
distributed between the channels by collectors organised in assembled PHE by an arrangement of gaskets
around portholes of plates (Figure 1). In the proposed model, the maldistribution of flow between the channels
is not accounted, and the flow rates in all channels assumed as equal. On free from the gasket channel
entrance, the flow is distributed from portholes to the main corrugated field by distribution zones (Figure 1).

As it is discussed by Arsenyeva et al. (2013), the total pressure drop in PHE can be calculated as the sum of
local pressure drops: at the main corrugated field APy, at distribution zones on inlet APpzin and outlet APpzout
of the channel, in ports and collectors APpc. In the case of condensing two-phase flow, the change of flow
velocity and liquid phase concentration from inlet to outlet of the channel must be accounted for.

In the condensation of gas-vapour mixture, the pressure of the condensing stream is influencing the driving
forces of heat and mass transfer processes by its effect on vapour partial pressure and its saturation
temperature. The change of pressure at the inlet parts of PHE and inter-plate channels has to be accounted
for in the thermal design. The pressure losses at inlet collector, the inlet port and inlet distribution zones can
be accounted with the approach proposed in the paper by Arsenyeva et al. (2013) for single-phase flow in
PHE with the assumption that friction pressure loss in single-phase flow is the same at ports and collectors at
the inlet and at the outlet. The recovery of pressure due to the difference of velocities in the collector and in
channels must also be considered. When coming to PHE gas-vapour mixture is not containing the liquid
phase, the pressure loss at the entrance can be calculated as for single-phase flow. Then the change of
pressure at the PHE channel entrance, before the gas-vapour mixture is entering the main corrugated field:

2

AIDm><.in = é’DZin : pmme\mem +0.65- w + % : (anx.in _szc.in ) (1)

Here Wpc.in is the velocity of flow in entrance ports, m/s; Wmx.in is the velocity of the gas-vapour mixture at the
entrance of the main corrugated field, m/s; pmx.nis the density of the incoming gas-vapour mixture, kg/m?.

Figure 1: Schematic drawing of PHE plate area: 1 holes forming collectors at inlet and outlet of streams; 2, 5
flow distribution zones; 3 elastomeric gasket; 4 the main area heat transfer area field

The calculations of the gas-vapour condensation process at the channels main corrugated field is performed
with the mathematical model described in the paper by Kapustenko et al. (2020) that is validated for the
experimental models of PHE channel corrugated field. For these calculations the pressure at the entrance to
the main corrugated field Pmx.cr1 is determined by subtraction of pressure drop at the channel entrance from
pressure Pmxin at the PHE inlet (all pressures and pressure drops in this paper are measured in Pa):

me.cfl = me.in - Ame.in (2)
The total pressure drop in PHE also includes the pressure loss in the exit distribution zone, port and collector.
These pressure drops are calculated as local hydraulic resistances calculated on the condensed liquid velocity
with a correction factor (dPtp/dPL)out calculated for the closest to the exit section of a channel as follows:

2
Prowt 'WLz.oul PLout 'WLPC out dPTP
AP = Lot “Lowt () g, LU Lecout |,
mx.out [é/DZoul 2 2 dPL » (3)

In this Equation WLoutis velocity calculated for liquid phase moving alone at the channel exit, m/s; Wipc.out IS
velocity calculated for liquid phase moving alone in channel exit port, m/s; pL.out is the density of outgoing liquid
phase, kg/m3.

The values of coefficients of local hydraulic resistance at inlet and outlet distribution zones, ¢ozinand ¢pzout are
taken equal to 38 as it was proposed by Arsenyeva et al. (2013) for single-phase flow in PHE with commercial
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plates. The total pressure drop of condensing gas-vapour mixture in PHE with accounting for velocity change
at the channel exit:

[
Ame.PHE = AI:)mxin + J. (%j -dx+ Ame.out + % ’ (szc.oul _erx.out) (4)
0

Here Wmx.out IS gas-vapour mixture velocity at the channel exit, m/s; Wipc.outis gas-vapour mixture velocity in
channel exit port, m/s; pmx.out is the density of the outgoing gas-vapour mixture, kg/m?3; x is a distance from
gas-vapour mixture entrance to channel, m.

For the thermal design of PHE, the mathematical modelling of heat and mass transfer is performed by
Equations of one-dimensional mathematical model proposed in the paper of Kapustenko et al. (2020). The
heat and mass transfer correlations are taken according to geometrical parameters of corrugations on the
main corrugated field with heat transfer of one plate equal to its total heat transfer area. The calculations were
performed for the PHE installed in the industry as is reported in the following Case study to check the model
validity.

3. Industrial implementation

The PHE for utilisation of waste heat from exhaust gases after the drying process at the operating tobacco
factory was reported in the paper by Arsenyeva et al. (2016). At existing drying plant crushed raw tobacco with
the content of moisture, about 22.5 % is fed to a drying tunnel, to which superheated steam at temperature
180 °C is supplied. In this tunnel, the water inside tobacco particles boils up, increasing the volume of the
particle and partly evaporates to the mainstream. After being kept in the tunnel for about 6 — 7 s tobacco
particles are separated by precipitation in the cyclone. Tobacco is discharged from the cyclone with rotary
discharger leaving it with 14.5 % moisture content. The remaining steam-air mixture is circulating in the drying
circuit, passing heat exchanger to maintain the required temperature.

Table 1: Main characteristics of tested PHE TS6M-FG

Parameter Value
Total number of plates N 50

Heat transfer area of PHE Fpng, m? 4.8
Heat transfer area of one plate Fpi, m? 0.085
Channel cross section area, m? 0.00108
Plate length Lp, m 0.27
Plate width Wpi, m 0.276
Area enlargement factor Fx, m/m 1.14
Corrugation pitch S, mm 14
Corrugation height b, mm 3.9

Corrugation angle to plate vertical axis 3, degrees 60

Table 2: Process parameters

Process parameter Test#1 Test#2 Test#3 Test#4
Steam-air: flow rate, kg/s 0.264 0.278 0.292 0.306
inlet temperature, °C 140 140 140 140
inlet pressure, Pa 132,000 132,000 131,000 130,000
outlet temperature (measured), °C 76.0 79.0 79.5 81.5
outlet temperature (calculated), °C 75.6 77.8 80 82.07
error in outlet temperature), °C -0.4 -1.2 +0.5 +0.57
pressure drop (measured), Pa 10.1 104 12.0 14.4
pressure drop (calculated), Pa 10.22 11.19 12.31 13.50
error in pressure drop, % +1.2 +7.6 +2.6 -6.3
Cooling media: flow rate, kg/s 7.8 7.8 7.8 7.8
inlet temperature, °C 50 50 50 50
outlet temperature (measured), °C 68 69.0 69.3 69.5
outlet temperature (calculated), °C  67.4 68.2 68.9 69.6
Total heat load: measured, W 75,220 79,400 80,650 81,490
calculated, W 72,720 76,060 78,980 81,910

Error in heat load, % -3.3 -4.2 -2.1 +0.5
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Part of the steam-air mixture containing part of injected steam and steam evaporated from tobacco are
discharged into the atmosphere through the adjusting valve. The flow rate of the outgoing part of the steam-air
mixture varies from 0.264 to 0.306 kg/s, and its temperature is 140 °C. It is about 15 - 19 % of the circulating
stream. These exhaust gases are used to heat up of ethylene glycol solution circulating in the heating system
of factory workshops and administrative building. PHE AlfaLaval production type TS6M-FG is used for this
purpose. The parameters of PHE and its plates are presented in Table 1.

t‘C

140

120

100

Figure 2: The distribution of temperatures t along PHE channels relative distance from the entrance of gas-
vapour mixture (x/Lpl) in test #2: 1 — Steam-air mixture; 2 — Condensate film surface; 3 — Wall; 4 — Cooling
media

The measurements of process parameters at the inlet and outlet of tested PHE were performed during the
operation of the drying unit. The results of measurements for four test runs are presented in Table 2. They
have also presented the results of process modelling with the presented mathematical model. The calculations
were performed for the measured values of streams flow rates and their parameters at the inlet of PHE. The
calculated outlet temperatures and pressure of the steam-air mixture are also presented in Table 2.

The calculated distribution of process parameters along the length of the PHE channel is presented in Figure
2 for the conditions of test #2. At the sections of the channel close to the inlet of the steam-air mixture, up to
about 0.25 of relative channel length (x/Lpi), there is a steep decrease of gaseous mixture temperature. In this
zone, the steam-air mixture is overheated over its saturation temperature. The cooling of the gaseous mixture
in this zone is happening mostly by convection heat transfer from flow bulk to the channel wall with some
condensation at the wall, which temperature is lower than the steam saturation temperature. After the
saturation temperature reached the rate of temperature change is lowed and following the equilibrium
conditions, but increasing again towards the channel exit with increasing of air content in the mixture. The
calculated temperature at the channel exit is lower from its measured value on 1.2 °C; in the other three test
runs (see Table 2) this difference is not higher than this value. The difference between the calculated and
experimental values of the heat load is less than 4.2 %. This accuracy of thermal modelling of steam-air
mixture condensation in PHE assembled with commercially manufactured plates. The accuracy of prediction
the pressure drop is also not exceeding 7.6 %. It is acceptable for practical engineering applications.

4. Conclusions

The mathematical model of PHE consisting of commercially produced plates is developed for the process of
utilising heat from a steam-air gaseous mixture with steam partial condensation. The model validity is
confirmed by results of tests performed for commercially produced PHE installed for utilisation of heat from
exhaust gases coming after the process of tobacco drying at an operating factory. The analysis of modelling
results revealed a considerable change of process parameters along the length of PHE channels starting with
the cooling of the superheated gaseous mixture at about third part of PHE surface followed by condensation of
steam from a saturated mixture. The developed mathematical model can be used for the design of PHE in the
processes of waste heat utilisation from the gaseous stream in different industrial applications and widen the
use of PHEs.in such conditions Judjing by previous experience in different industries, e.g. Perevertaylenko et
al. (2015), it can save about two times the space for installation, weight and inventory volume compare to
traditional tubular heat exchangers, with cost reduction up to 20 %.
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