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The mathematical model of vapour condensation from the mixture with noncondensing gas in Plate Heat
Exchanger (PHE) channels is presented. The model accounts for the change of process parameters along the
heat transfer surface and local features of heat and mass transfer processes in PHEs channels with plates of
different corrugations geometry. It consists of the system of ordinary differential equations with considerably
nonlinear right parts. The software for its solution by finite difference method is developed. The validity of the
model is confirmed by comparison with the experiment for steam-air mixture condensation in a PHE channel
sample.

1. Introduction

A considerable amount of energy consumed in the industry is lost as waste heat to the environment. The
substantial quantities of this are latent heat of condensable vapours leaving out in the mixture of gases
exhausting after burning of fuels, after processes of drying different materials and other exhaust gases from the
industry (Arsenyeva et al., 2016). Many processes such as volatile organic compounds recovery or ammonia
condensation from synthesis gas after reaction also involve heat that is wasted with cooling streams. For efficient
utilization of the heat in all such cases, there is a need for effective heat transfer equipment which is capable to
perform required duty ineffective and economical way. Plate heat exchanger (PHE), as one of the modern
efficient types of compact heat exchangers (Klemes et al., 2015), is a good choice for this purpose. The compact
construction consisting from a pack of corrugated plates, stamped from a thin metal sheet, and intensified heat
and mass transfer in their channels allows a significant reduction of heat transfer area, size and weight for the
same duty compare to conventional shell and tube heat exchangers.

For the successful economically grounded application of PHEs in processes of both sensible and latent heat
recovery from gas mixtures the reliable methods for their modelling and optimal design are required. The
process of condensation in the presence of noncondensing gases is substantially complicated by the additional
resistance to transport of condensing substance to the surface of condensation, where the already condensed
liquid is also creating thermal resistance for heat withdrawal to cooling media. The review of publications
studying the processes of heat and mass transfer in tubular condensers in the presence of noncondensing gas
is presented by Huang et al. (2015). The complexity of the process and substantial change of all its parameters
along heat transfer surface requires the use of mathematical modelling and simulation for its adequate
description (Kharangate and Mudawar, 2017). It should be supplemented by the experimental research of the
process with accounting for its local parameters variation especially when enhanced heat transfer surfaces are
considered (Famileh and Esfahani, 2017). The process is even more complicated in PHE channels due to the
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complex structure of fluid flow. The influence of pressure drop during condensation in narrow passages can be
also much more important than for smooth tubes (Wang et al., 1999). The considerable influence of plate
corrugation geometry has led to development of a number of empirical correlations applicable for specific
investigated commercial plates in the limited range of process conditions (Eldeeb et al., 2016). The adequate
modelling of condensation processes in PHEs must account the change of local parameters along heat transfer
surface with the use of reliable correlations for heat and mass transfer (Tovazhnyansky et al., 2004).

The objective of this paper is to improve accuracy of PHE design by development of the mathematical model of
condensation with the presence of noncondensing gas accounting for the variation of local process parameters
along heat transfer surface. The generalised correlations for friction factor and coefficients of heat and mass
transfer are used. The model is validated with experimental results for condensation of gas-air mixture in a
sample of PHE channel.

2. Mathematical model development

The mathematical model of PHE for condensation of vapour in the presence of non-condensable gases is
developed based on the following assumptions:
1. The relations between process parameters on small parts of channel length are the same for any length of
such part.
2. For conditions of phase change in flow core, the equilibrium concentration of vapour is assumed. In such
conditions, the convective heat transfer is responsible besides the change of gaseous phase temperature
also for condensation in the mainstream.
. The condensate is wetting metal surface and film condensation is taking place.
. The gas-vapour mixture is considered as a mixture of ideal gases.
. The heat exchanger has one pass for both streams.
. All channels in PHE are working under the same conditions.
. The heat losses into the environment can be neglected.
Based on heat and material balances the process of vapour condensation from its mixture with noncondensing
gas in case of countercurrent flow with cooling stream can be described by the following system of differential
equations:
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Here Gvand G are the mass flow rates of condensing vapour and liquid condensate in one channel, kg/s; tq, tL,
tmx and trare temperatures of cooling media, liquid phase, gas-vapour mixture and condensate film surface,
respectively, °C; Pmx is the pressure of vapour-gas mixture, Pa; q is specific heat flux through heat transfer
surface, W/m?; jy is specific mass flux of condensing vapour to the surface of condensation, kg/m; rvis latent
heat of vapour phase change, J/kg; hevis coefficient of convective heat transfer in gaseous phase, W/(m?2K); pmx
is the density of vapour-gas mixture, kg/m3; Wmx is the velocity of vapour-gas mixture, m/s; N is perimeter of
channel, m; x is coordinate along channel length, m; de is equivalent diameter of the channel, m; ¢ is the friction
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factor for gas flow in channel; g is acceleration of gravity, m/s?; Xuis Lockhart-Martinelly parameter for turbulent
regime of both phases movement, introduced according to paper of Tovazhnyansky et al. (2004) and determined
by the following equation:

xtt = dl:>L/dF)G Y]

Beside differential equations, there are algebraic equations linking different variables. For the relations between
the vapour saturation pressure and temperature Psat = Psai(t) and tsat = tsai(P) are taken according to literature
data. The temperature of the condensate film surface is:

1 o, 1
t,=t,+q| —+—+— (8)
hcl ﬂ“wl hL

where Owi is the thickness of plate wall, m; Aw is the thermal conductivity of plate metal, W/(m K); he is film heat
transfer coefficient from to cooling media, W/(m? K); hcis film heat transfer coefficient from a liquid film to the
wall, W/(m?K). hris determined by the following equation presented by Arsenyeva et al. (2011):
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where AL is thermal conductivity of the condensed liquid, W/(m K); pvis liquid density, kg/m3, i is mass vapour
quality; Nu*is the Nusselt number for liquid flowing in the channel with a total flow rate of two phases.
The partial pressure of vapour at liquid film surface is determined for saturation conditions:

P. = Psat(t,) (10)

The mass fraction of vapour at liquid film surface:
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where My and Mg are molar masses of noncondensing gas and vapour, respectively, kg/kmol, (for steam My =
18.015 kg/kmol, for air Mg = 28.96 kg/kmol).
The mass fraction of vapour at the flow bulk:
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The partial pressure of the vapour at the flow bulk:
P
Po = ~
M, % 1 (13)
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Here Ggis noncondensing gas flow rate in the channel, kg/s.
The saturation temperature at flow bulk:
tsatb = tSa‘t(P\/b) (14)
With the solution of Eq(5) it should be satisfied the condition:
tsatb = tSa't(l:)vb) (15)

The specific mass flux of condensing vapour to the surface of condensation:

jv:ﬂD'(yvb'pmx_yvf 'pmxf) (16)
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The coefficients of heat transfer hcy and mass transfer Bp are determined using heat and mass transfer analogy
with accounting for the influence of transverse mass flux in PHE channels according to Tovazhnyansky et al.
(1989).

h,, =(An /d,)- ¥ - Nu, )
Bo :(DD/de)'\PD'NuDO (18)

where Amxis the thermal conductivity of gas-vapour mixture, W/(m K); Do is the coefficient of diffusivity, m?/s.
The relative factors of heat and mass transfer:
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Here bn and bp are heat and diffusivity parameters:
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The heat and diffusional (o) Nusselt numbers without the influence of mass flux are determined by correlation
for single phase flow at the main corrugated field of the channels of PHESs presented in the paper by Kapustenko
et al. (2011):
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Here Nup = B-de/Dp is diffusional Nusselt number; Prp is diffusional Prandtl number. The friction factor is
determined by following correlation presented by Arsenyeva et al. (2012):
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where pl, p2, p3, p4, p5 are parameters determined according to plates corrugations form as follows:

. By g 1. B.
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Here y = 2:b/S — the corrugation doubled height to pitch ratio; 8 is corrugation angle, degrees; Re is Reynolds
number calculated for the equivalent diameter of the channel defined as de = 2b; Fx is area increase coefficient,
equal to the ratio of actual heat transfer area of the plate to its projected area.

The correlations Eq.(19) - (24) are also used for calculation of heat transfer and pressure drop in single phase
flow of cooling media, and in Eq.(6) and Eq.(9). It allows accounting in the mathematical model the influence of
plate corrugations geometry on the process intensity.
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The Eq.(1)-(24) supplemented by correlations for temperature and pressure dependences of thermal and
physical properties of media and geometrical relations for PHE channel can be presented as the system of
ordinary differential equations with nonlinear right parts. The analytical solution of this system is not possible
because of strong nonlinearity. Its numerical solution with finite difference method is imploied. On its base the
software for PC in Mathcad environment is developed.

3. Model validation and discussion of the results

The results obtained by calculations with the developed mathematical model are compared with data of
experiments performed for condensation of the steam-air mixture in a sample of PHE channel. The experimental
model consisted of four corrugated plates welded together to form three channels. The saturated steam-air
mixture is directed to the central channel. It is cooled by water flowing in two outer channels thermally insulated
on the outside surface of the outer plates. The temperatures of the steam-air mixture and cooling water are
measured by copper-constantan thermocouples with accuracy +0.1 °C. The temperatures are measured at the
inlet and outlet of the streams and at seven points along the channel length. The pressure of the steam-air
mixture is measured at the inlet and outlet of the channel with accuracy +0.005 bar by pressure gauges. The
cooling water flow rate is measured by orifice flow meter with accuracy +1 %. The flow rate of air before its
mixing with steam is measured by the set or rotameters with minimal accuracy +2 %. The mass flow rate of
condensate is measured by a volumetric method with accuracy =1 %. The mass flow rate of steam is calculated
by adding to the condensate flow rate the amount of steam leaving channel with outgoing air at saturation
conditions. The sample channel is 1 m long with the 0.225 m width. The height of corrugations is b = 5 mm,
plate thickness & = 1 mm, corrugation angle B = 60°, aspect ratio y = 0.556 and area increase coefficient Fx =
1.15. The experimental study included 48 tests with different conditions of gas-vapour mixture condensation.
The absolute pressure was varied from 2.95 to 1.02 bar; the volume fraction of the air in incoming mixture from
3% to 71 %,; the local velocity of mixture from 45 to 4 m/s; the temperature of mixture from 88 to 115 °C; the
temperature of cooling water from 24 to 71 °C.
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Figure 1: The distribution of temperatures in PHE channel. Calculated are 1 - air-steam mixture; 2 - cooling
water; 3 - condensate film; 4 - wall. Experimental points are: 5 - air-steam mixture; 6 - cooling water.

The calculations of process parameters by the developed mathematical model were performed based on tests
conditions with specified flow rates of steam, air, cooling water, temperature and pressure of incoming gas-
vapour mixture and temperature of cooling water. The results of calculations are compared with the results of
the tests. by developed model. The discrepancies between calculated and measured total heat loads were not
exceeding +2.8 % for all the tests. The differences in temperature of the outgoing gas-vapour mixture were less
than +2.5 °C. It allows the conclusion about the satisfactory accuracy of calculations by the model of PHE overall
performance. In Fig.1 are presented the results of calculated local temperatures in PHE channels for two tests
with different content of air in the incoming mixture with steam. The accuracy of local temperatures calculation
for gas-vapour mixture temperatures is also in the limits of £3.1 °C with the biggest discrepancies close to the
end of the channel in case of low gas content at the entrance, when the most part of steam is condensed, and
the relative errors in calculation of remaining small amounts of steam become more significant. It also reveals
the importance of calculations by local parameters for the process with the significant change in all its
characteristics along the channel length. It is very important for the use of PHE in the utilisation of heat from
condensable gaseous streams and optimisation of their cost in cases like considered by Arsenyeva et al. (2016)
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where the model was used for PHE selection. The accounting of the influence of corrugation parameters on
PHE performance is also making the model an important tool for optimisation of PHEs plates geometry for the
use in the processes of condensation in the presence of noncondensing gases.

4. Conclusions

The calculations of PHES for utilisation of heat from condensing gaseous streams require the accounting for the
change of local process parameters along heat transfer surface. It is possible with a proposed mathematical
model represented by the system of ordinary differential equations with strong nonlinearity, for which solution
numerical method implemented on PC is used. The model is validated by comparison with experimental data
for condensation of the steam-air mixture in a sample of PHE channel. Accounting for the influence of plates
geometry for the process intensity the model can be used for optimisation of PHE plate geometry for
condensation processes, as well as for optimal selection of PHESs for heat utilisation form condensing gaseous
streams in industry.
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