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The problems of thermodynamic analysis associated with the heat exchangers that used in cryogenic
technology are discussed. Heat exchangers of high and medium pressure air separation and fluidizing
plants operating at different temperature levels were selected for modelling. There are many features ac-
cording to which the classification of heat exchangers is made. These features include such facts as the
number of flows of the working fluid, the relative direction of the flows of working substances, the pur-
pose of the apparatus, and others. These features are also associated with the design of heat exchangers
and the software for the design, which contains thermodynamic calculations. The general thermodynamic
approach is based on the equation for the values of the thermodynamic efficiency characteristics and the
restrictions imposed on them At the exergy method of analysis, the corresponding balance is based on the
energy balance equation. On the basis of this balance, the losses from irreversibility of the selected object
and its exergy (thermodynamic) efficiency can be directly determined In a heat exchanger, both types of
losses exist, but it is not possible to reveal the contribution of each type to total losses using only the ex-
ergy balance. This is due to the fact that this balance is drawn up for a closed control surface that reflects
a physical object and not logical reasons associated with this object. Meanwhile, the determination of
technical losses is an urgent tasks since the change in the thermodynamic parameters that regulate these
losses are the basis for increasing the coefficient of the thermodynamic efficiency of the analyzed system
A method and an algorithm for calculating the components of losses from irreversibility in these heat ex-
changers are proposed. The exergy method of thermodynamic analysis was used to calculate the compo-
nents of these losses for some two-flow heat exchangers. The investigation of the obtained calculation re-
sults is presented.
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1. Introduction

Heat exchanger is a unique object of thermody-
namic analysis because of some reasons. First, it is the
most common element of cryogenic plants [1-3]. Se-
condly, it contains practically all the problems and
tasks of thermodynamic analysis. The peculiarity of
the heat exchanger as an object of this analysis should

be explained by the fact that under certain conditions
[4-6], it can be formally attributed, like an expander
and a compressor, to an ideal unit of an installation, in
which there are no losses from irreversibility of pro-
cesses.

At the same time, at the logical level of the con-
sidered apparatus, it is enough to simply set the tasks
of thermodynamic analysis, which is explained by the
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similarity of its design and its constituent parts. For
instance, in a piston expander, it is necessary to ana-
lyse individual gas processes, such as intake, expan-
sion and expulsion [7]. In this case, it is required to
create and analyse a thermodynamic model of each of
these processes.

For a part of the heat exchanger, the same pro-
cesses are characteristic for the entire apparatus, while
its thermodynamic model is qualitatively preserved.
This feature, in particular, is used to determine the
thermodynamic performance of two-flow and multi-
flow heat exchangers [8].

Despite the simplicity of the formulation of the
problem of thermodynamic analysis of a heat ex-
changer, its very solution in some cases cannot be car-
ried out directly by either exergy or entropy methods.
Therefore, it is necessary to create and test additional
approaches for solving such problems in these situa-
tions. In this case, there is a need to create a classifica-
tion of thermodynamic analysis problems based on
possible methods for their solution.

Currently, there are a large number of articles and
monographs on various aspects related to heat ex-
changers. Among the sources covering their thermo-
dynamic analysis are monographs [9-11]. The designs
of heat exchangers and the existing methods for their
calculation are described in [12-15]. However, there
are not enough publications summarizing the accumu-
lated research results when analysing the thermody-
namic efficiency of heat exchangers. The purpose of
this work is to fill this deficit of corresponding infor-
mation to some extent

2. Problems of thermodynamic analysis of
heat exchangers

There are many features according to which the
classification of heat exchangers is made. These fea-
tures include such facts as the number of flows of the
working fluid, the relative direction of the flows of
working substances, the purpose of the apparatus, and
others. These features are also associated with the de-
sign of heat exchangers and the software for the de-
sign, which contains thermodynamic calculations [16-
18]. The thermodynamic analysis carry out after ther-
modynamic calculations of the system, so its impact
on the designs of the apparatus is not essential. For
this reason, thermodynamic analysis is weakly associ-
ated with the above characteristics. Therefore, as not-
ed in the introduction to this work, it makes sense to
divide the analysis problems on two groups. The first
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group uses only general thermodynamic statements.
The second group requires additional physical as-
sumptions.

The general thermodynamic approach is based on
the equation for the values of the thermodynamic effi-
ciency characteristics and the restrictions imposed on
them. Below are the tasks with the corresponding
comments using this approach.

Calculation of the thermodynamic efficiency. At
the exergy method of analysis, the corresponding bal-
ance is based on the energy balance equation. On the
basis of this balance, the losses from irreversibility of
the selected object D and its exergy (thermodynamic)
efficiency n. can be directly determined. At the same
time, there is some uncertainty in calculating the value
of n., due to the transfer of terms from one part of the
exergy balance to another its part. This takes place,
for instance, when it is necessary to take into account
transit exergy. If there are no chemical reactions in the
substance flow, then the exergy function [19, 20] can
be used to calculate the change in exergy in this flow.

The exergy calculation made it possible to calcu-
late only the value D. In this case, for a heat exchang-
er that operates at temperatures below the temperature
of surroundings Tsr, it iS necessary to change the sign
of heat leakage to the opposite [21].This sign reversal
operation is described in detail in the monograph [10].

When evaluating the two methods of thermody-
namic analysis, it should be noted that the exergy
method is much easier to formalize than the entropy
method [22-26].

Checking the correctness of calculations. The cri-
teria of the thermodynamic efficiency of a power
plant, the following inequalities may be written as

0<D<E. (1)
0<n, <1 2

In inequalities (1), symbol E is the total exergy of
the obtained products. For a heat exchanger, the value
E is equal to the sum of the exergy of the flows of
working substances, that leaving the apparatus.

If any of the inequalities (1) or (2) is violated, it
is necessary to check the previously performed ther-
modynamic calculations. Errors, for instance, occur at
Nne — 1, when negative values of D are possible for
heat exchangers because of calculating error.

Checking the thermodynamic availability for
work of heat exchangers. Thermodynamic availability
for work is the simultaneous satisfaction of the ana-
lyzed object with the requirements of I and Il laws of
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thermodynamics. For a two-flow heat exchanger, this
problem is relevant if the flow rates significantly dif-
fer, or phase transformations in working substances
takes place in them. In these cases, this check is re-
duced to an analysis of the feasibility of the second
law under conditions corresponding to the first law.
Requirements of the second law are given in the form
of an inequality corresponding to its definite formula-
tion. For a two-flow apparatus, it is sufficient to use
the formulation given by Clausius [9, 27, 28 ], accord-
ing to which heat can never pass from a colder to a
warmer body without some other change, connected
therewith, occurring at the same time.

When solving this problem, it is necessary to
check the feasibility of the energy balance of the heat
exchanger. Some aspects of the problem under con-
sideration are described in [29, 30].

Determination of the minimum energy consump-
tion for obtaining products in a low-temperature unit.
The solution to this problem is based on a formally
compiled exergy balance equation. In this case, for-
malization assumes that all exergy flows included in
the selected contour are on the left side of this equa-
tion. Also exergy flows and losses from irreversibility
emerging from it are on the its right side. Then the ex-
ergy of each of the flows in the right-hand side is the
minimum energy consumption to obtain a product
corresponding to this flow. This condition applies to
any power plant. Thus, using the formal exergy bal-
ance equation, it is possible to obtain the division of
the total minimum energy costs between similar costs
for products. If useful energy is generated in a cryo-
genic plant, in the circuit of which there is an expand-
er, then this energy in the form of work should be
considered as the product of this installation.

To solve a different kind of the problem, it is not
enough to use only the exergy balance equations. A
number of assumptions are additionally required. The
basis for their appearance can be considered from the
classification of losses from irreversibility on the basis
of the reasons for their occurrence [19], according to
which they are divided into technical and own. The
main difference between these types of losses is that,
at the logical level, technical losses are completely
removable, while own ones are not.

In a heat exchanger, both types of losses exist,
but it is not possible to reveal the contribution of each
type to total losses using only the exergy balance. This
is due to the fact that this balance is drawn up for a
closed control surface that reflects a physical object
and not logical reasons associated with this object.

Meanwhile, the determination of technical losses is an
urgent tasks since the change in the thermodynamic
parameters that regulate these losses are the basis for
increasing the coefficient of the thermodynamic effi-
ciency of the analyzed system.

Below is considered a problem that requires cer-
tain assumptions for its solution.

3. Determination of components of the total
exergy losses of atwo-flow heat exchanger

In practice, it is usually assumed that the total ex-
ergy losses of the heat exchanger Ds include the fol-
lowing components:

- from irreversible heat exchange between flows Dy

- from irreversible heat exchange of the apparatus
with the environment Drg;

- from hydraulic resistances of each i-th material
flow Dpi.

This list does not include all components of the
DS value. For instance, there are no losses due to
thermal conductivity along the heat exchanger. How-
ever, in the method described below, all unaccounted
losses are indirectly included in one of the constituent
values of Ds, usually in the term D

Due to their additivity, the components of losses
are related to the total losses by the equality

D, =D, +D,, + > D, ©)

The Ds value is determined by a purely thermo-
dynamic method based on the exergy balance equa-
tion.

Fig. 1 shows the calculated thermodynamic dia-
gram of the further considered two-flow heat ex-
changer for the cryogenic plant, named as HE.
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Figure 1 — Design diagram of a two-flow
heat exchanger

149



Po3gin 2. TepmoamHamiyHuiA aHanisa Ta MogentoBaHHS

In this diagram, the following names are used:
Mnm is the flow rate of the warm substance flow of
high pressure, M, is the flow rate of the cold substance
flow of low pressure, Qs is the heat leakage to the ex-
changer from the surroundings.

The energy balance equation for the apparatus
shown in Fig. 1 takes the form

M. -h,+M_ -h,+Q,=M_-h,+M,_ -h. 4)

In equality (4), the symbol hy, k= 1,2..4, denotes
the enthalpy at the k-th nodal point.

Based on expression (4), an equation for the ex-
ergy balance of the heat exchanger HE is

M,-&+M -¢=M_-e,+M -e +Ds. (5)

The exergy function for the k-th nodal point e is
calculated from the next relation [19]

ek :hk _T 'Sk' (6)

where Teny is the ambient temperature, si is the entropy
at the k-th nodal point.

The exergy analysis of a heat exchanger assumes
that one of the quantities (enthalpy, flow rate, heat
from surroundings, or another variable) is determined
from the energy balance, and the remaining quantities
must be known.

The method described below for finding the
components of the total losses Ds of a heat exchanger
is based on the implementation of the following steps:

1. Consistent exclusion from consideration of
certain types of losses, taking into account all other
components of Ds.

2. Drawing up exergy and energy balances with-
out excluding losses, based on which a new value of
the total losses of the heat exchanger DS' is calculated.

3. Calculation of the contribution of the excluded
loss type as a difference (Ds — Ds).

The procedure for implementing the first step is
ambiguous. It specify the types of excluded losses, as-
suming the corresponding components of Ds to be
equal to zero. To ensure the fulfillment of equality (5),
it is necessary to eliminate all types of losses, except
one loss, the contribution of which would be calculat-
ed from relation (5).

Among the types of losses under consideration,
these include the components Din, Dyi. The reason for
their own losses lies in the nature of the processes.
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They cannot be reduced to zero without a radical
change in these processes. In the general case, the
losses Dy are own, since it is impossible to achieve
reversible heat transfer between flows with different
heat capacities of working bodies. Only in the special
case, when the working fluids of the flows are ideal
gases, and their total heat capacities in the sections of
the apparatus are the same, is it theoretically possible
to implement the process of reversible heat transfer
with an infinitely large surface of the heat exchanger.

It is necessary to note one more significant dif-
ference between technical and own losses, which aris-
es in the thermodynamic analysis of the heat exchang-
er, which leads to the justification of the choice of the
excluded types of losses. Technical losses can be a
priori set in the form of specific values of hydraulic
resistances and heat flow between the apparatus and
the environment. At the same time, own losses, as a
rule, can only be calculated after calculating the pro-
cesses that they characterize.

Thus, in a heat exchanger, hydraulic losses and
heat flow from the surroundings are excluded from
consideration, and the first step is to apply the con-
straints consistently

D,, =0. (7)
D, =0,i=12. (8)

To fulfill equality (7), it is sufficient to set Qs = 0,
and to achieve the fulfillment of conditions (8), it is
necessary to equate the flow pressures at the outlet of
the apparatus to the corresponding inlet pressures.

The next step of this method involves solving the
energy balance equation (4) with respect to the select-
ed unknown quantity. The selection procedure itself is
generally informal and consists in specifying the nod-
al point, the parameter of which can be considered as
an unknown quantity. Such a choice may be based on
a hypothesis based on logical premises about the as-
sumed influence of idealization (using equalities (7)
or (8)) on the thermodynamic functions of the nodal
points of the heat exchanger.

Taking into account the influence of hydraulic re-
sistance on the procedure for idealizing a heat ex-
changer seems to be the clearest. If there were no hy-
draulic losses in the flow of the working fluid, then
the pressures in inlet and in outlet for this flow of heat
exchanger are equal. This gives grounds to assume
that the use of expressions (7) causes only a change in
the flow pressure at its outlet from the apparatus. Con-
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sequently, the application of equality (8) to any of the
flows implies the solution of the energy balance equa-
tion (4) with respect to the enthalpy at the point of
flow exit. In this case, the thermodynamic functions at
all other nodal points are assumed unchanged.

There is no such clarity for the case of excluding
heat Qs. In principle, the use of constraint (7) can be
accompanied by a change in thermodynamic functions
at various nodal points, which depends on the design
of the heat exchanger. However, if we ignore the de-
sign and keep in mind that only one unknown can be
determined from equation (4), then it is necessary to
choose a specific (calculated) point. Since equality (7)
is an idealization, which should be accompanied by an
increase in the efficiency of the heat exchanger, it is
advisable to make this choice based on the purpose of
the apparatus. The purpose of heat exchangers for
low-temperature technology is to lower the tempera-
tures of direct streams. Therefore, it makes sense for
them to restrict such a choice to any of the outlets of
direct streams. If the direct stream is the only one,
then the choice will be unambiguous. If there are sev-
eral direct streams, it is necessary to opt for the high-
est priority stream. Consequently, for this type of loss,
equation (4) is solved with respect to the enthalpy at
Qs =0.

In principle, the value of Dy could be determined
by setting all other components of the total losses Ds
to be equal to zero. However, this approach presup-
poses a more complex and insufficiently logically rea-
soned choice of thermodynamic parameters at indi-
vidual nodal points.

Further calculation of the contributions of various
components of losses is reduced to determining the
thermodynamic functions at selected points from the
known values of pressures and enthalpy, as well as
calculating new values of total losses from equation (2).

It should be emphasized that due to the peculiari-
ties of the considered method for determining the

components of Ds, the procedure for excluding vari-
ous types of losses is of no fundamental importance.

The last step of the considered method for deter-
mining the components of exergy losses does not need
additional comments.

4, Results

The tasks of calculating the components of exer-
gy losses are reduced to:

1. Revealing the contribution of certain types of
losses in order to increase the thermodynamic effi-
ciency of the heat exchanger.

2. Determination of their signs in order to estab-
lish the fact that the heat exchanger is operable at
known parameters (pressures and temperatures) not
only at its ends, but at arbitrary section of the heat ex-
changer, that is determined as the end of apparatus.

Due to options for choosing independent varia-
bles in the thermodynamic analysis of heat exchang-
ers, it is difficult to expect generalizing results of cal-
culations and corresponding conclusions without per-
forming numerous calculations for specific devices. In
addition, solving the first problem separately for a
heat exchanger can lead to a situation where a de-
crease in losses in it will cause a let-down in the ther-
modynamic efficiency of the entire installation. Addi-
tional difficulties at the design stage of the installation
are caused by the need to set the values of hydraulic
resistance and heat inflows as initial data. For heat ex-
changers of some cryogenic plants, recommendations
for the selection of these values are given in [31-35].

Below are the initial data and results of exergy
analysis of two-flow heat exchangers used in cryogen-
ic technology. The main initial data for the calcula-
tions of two-flow heat exchangers are reflected in Ta-
ble 1. Heat exchangers of high and medium pressure
air separation and fluidizing plants operating at differ-
ent temperature levels were selected for modelling.

Table 1 — Data for calculations of two-flow heat exchangers

Working substances Rate, kg/hr
Heat exchangers N N N N Heat leakage, W
HE1 air air 121,6 115,4 268,7
HE2 air nitrogen 4853,1 3685,7 523,8
HE3 air nitrogen 517,2 374,5 2222
HEA4 air oxygen 258,6 214,2 138,9

Table 2 shows the thermodynamic parameters of
the calculated heat exchangers at the nodal points. The
pressures and temperatures at points 1, 2, 4 correspond

to the data of the used literature sources. As a rule,
pressure losses for forward flow are not presented in
the literature. Therefore, the pressures at point 3 were
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selected according to the recommendations of [36-38].

The thermodynamic consistency of the results
cannot be achieved without the model of equation
state. For instance, the energy balance equation (4) is
determined based on different forms of equation state.

The most common in practice are cubic equations
of state of the van der Waals type [39, 40]. In this
work cubic Redlich — Kwong — Wilson equation of
state [41] is applied to determine thermodynamic
properties of substances

Table 2 — Temperatures and pressures at the nodal points of the two-flow heat exchangers

Heat ex- Temperature, K Pressure, MPa
changers
1 2 3 1 2 3 4
HE1 295,0 300,0 175,7 81,5 0,10 20,0 19,0 0,12
HE2 298,0 303,0 276,4 253,0 0,10 20,0 19,6 0,13
HE3 295,0 300,0 175,0 85,0 0,11 7,0 6,5 0,15
HE4 195,0 200,0 99,5 95,0 0,10 50 47 0,125

It should be noted that the use of the Redlich —
Kwong — Wilson equation of state gives a satisfactory
description of the thermodynamic properties of the
working substances of the simulated heat exchangers
with the parameters given in Table 2. For all variants
are good agreement between calculated values of
temperatures at point 3 with corresponding literature
data.

The results of the components of exergy losses

for the variants of heat exchangers considered above
are shown in Table 3. Used names of the components
of exergy losses in this table are Dy — due to hydrau-
lic resistance of a cold flow; Dy, — due to hydraulic re-
sistance of a warm flow; Dns — due to heat leakage
from the surroundings; Dyt — due to non-equilibrium
heat transfer between the flows of working substanc-
es; Dy — total losses from irreversibility in the heat ex-
changers.

Table 3 — The results of the components of exergetic losses for two-flow heat exchangers

Exergy losses, kW
Heat exchangers o Dy D Dir Dy
HE1 0.506 0.126 0.195 3.407 4.234
HE2 23.940 2.664 0.044 2.642 29.290
HE3 2.076 0.744 0.159 11.124 14.903
HE4 1.433 0.132 0.282 13.196 15.043

5. Discussion

Analysis of the data in Table 3 gives the basis for
the following conclusions:

1. The contribution of heat leakage from the sur-
roundings to the total exergy losses of the heat ex-
changers under consideration is insignificant. This tes-
tifies to the sufficient efficiency of the thermal insula-
tion used for these heat exchangers.

2. Despite the fact that for double-flow heat ex-
changers the hydraulic resistances in the cold flow are
much less than in the warm flow, their share in Ds is
significantly higher than the share of hydraulic re-
sistances in the forward flow.

3. Table 3 shows that the main components of
exergy losses of the investigated heat exchangers are
losses from non-equilibrium heat transfer and hydrau-
lic resistances of low pressure flows. Hydraulic losses
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in cold flows are limited and amount to (0,02...0,04)
MPa for cryogenic systems. The values of specific
losses from non-equilibrium heat transfer significantly
depend on the temperature range in which the appa-
ratus operates. The influence of these two factors de-
termines the relationship between considered types of
losses. For example, for the HE2 heat exchanger,
which is in air separation plant and operates near the
ambient temperature, the main contribution is the hy-
draulic losses in the cold flow.
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Y ecmammi posenadaromecs npobremu mepmMoOUHAMIYHO20 aHANI3Y, NO8'A3AHI 3 MENI00OMIHHUKAMU, K]
BUKOPUCMOBYIOMbCS 8 Kpio2eHHil mexHiyi. /s moldentogantsa Oyiu o6paHi meniooOMIHHUKU NOBIM-
POPO30iNbHUX MA NCEBO03PIONCEHUX YCMAHOBOK BUCOKO20 MA CepeOHbo20 MUCKY, WO Npayionms Ha
pisnux pisnax memnepamyu. Icnye bacamo 03HaxK, 3a AKUMU NPOBOOUMbCA Kidcugikayis mennooo-
Mminnuxise. [lo yux osnax Hanedxcamv maki gaxmu, K KiIbKiCmb HOMOKIE poOouOi piOuHU, 63AEMHULL
HAnpAMoK NOMOKIE poOOUUX pevOsUH, NpUsHayuenHs anapamy ma iu. Lli ocobnueocmi maxooic nos'azami 3
KOHCMPYKYI€I0 MenI00OMIHHUKIE | NpocpamMHum 3abe3neyeHHam OJid NPOEeKMYBaHHA, sKe MICmumo
MePMOOUHAMIYHI PO3PAXYHKU. 3a2anbHull mepmMoOUHAMINHUL NiOXI0 OA3YEMbCs HA PIGHSHHI OISl 3HAYEHb
MEPMOOUHAMIYHUX XAPAKMEPUCTIUK eheKMUBHOCMI ma HAKIAOeHux Ha Hux oomedcenv. IIpu excep-
2eMUYHOMY MemoOi auanizy 6i0OnogioHull bananc 6azyemvcs Ha pieHAHHI banaucy euepeii. Ha ochosi
Yb020 OANAHCY MONCHA OE3N0CEPeOHbO GUIHAUUMU 8Mpamu 8i0 HeobopomHocmi 0bparnoeo 06 ’ekma ma
1l020 eKcepeemuuHy (MepmMoOuHamiuMy) egekmugHicms. B mennooominnuxy icHyroms obudsa munu
empam, ajie HeMOICIUBO GUABUIMU BHECOK KOJICHO20 MUNYy 8 3a2aibHi 6Mmpamu 3 UKOPUCHAHHAM MITbKU
exceHepeemuunozo banaucy. Lle nog'azano 3 mum, wo Oanutl 6ANAHC CKIAOAEMBCA 0N 3AMKHYMOL
KOHMPONLHOI nosepxHi, saxa 6idobpascac izuunuii 00'ckm, a He NO2IYHUX NPUYUH, NOG'A3AHUX 3 YUM
00'ekmom. BooHnouac 6usHaueHHsi MeXHIUHUx empam € aKmyaibHOW 3a0auero, OCKiIbKU 3MIiHA
MEePMOOUHAMIYHUX NAPAMEMPIE, WO pe2yiioiomb Yi empamu, € OCHOGON NiO8UUWEeHHs Koepiyienma
MepMOOUHaMiuHOi  epekmusHocmi  ananizoeanoi cucmemu. 3anponoHo6ano memoo I  aneopumm
PO3PAXYHKY CKIAO0BUX 8MPam 6i0 HeobopoOmHOCmi 8 Yux meniooOMinnukax. s po3paxynKy ckiaooeux
empam 014 OesaKUx OB0NOMOKOBUX MENI0OOMIHHUKIE GUKOPUCMAHO eKCepeemudyHull Memoo mepmo-
ounamiynoz2o ananizy. [lpedcmaegneno 00CniodHcenHs OMpUMAHUX pe3yibmamie po3pPaxyHKy.

Kniouosi cnosa: Kpiocenna mexmnonocis; Tennoobminnuk, Piguauna cmany, Excepeemuunuii memoo;
Bmpamu 6i0 nezsopomnocmi npoyecie
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