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Keywords: Abstract. The article examines methods for determining the energy and exergy efficiency
recuperative heat coefficients of heat exchange apparatuses. The experimental dependences of the energy
exchangers, heat, and exergy efficiency coefficients on the value of KS/W for a pipe-in-pipe heat exchanger
exergy, energy and and a shell-and-tube heat exchanger were obtained. According to the authors’
exergy efficiency counterflow scheme of coolant movement, the values of both efficiency coefficients are
coefficients higher than for the parallel-flow scheme. Moreover, at small values of KS/W (less than

0.22-0.24), the values of the energy and exergy efficiency coefficients for the shell-and-
tube heat exchanger are higher than those for the pipe-in-pipe heat exchanger. Indeed, at
large values of KS/W, the efficiency of the pipe-in-pipe heat exchanger is higher than that
of the shell-and-tube heat exchanger.

For citation:

Leontiev V.K., Korableva O.N., Leontiev A.V. Determination of the energy and exergy efficiency coetticients of
recuperative heat exchangers // From Chemistry towards Technology Step-by-Step. 2026. Vol. 7, Iss. 2. P. 143-149.
URL: https://chemintech.ru/en/nauka/issue/7273/view

Introduction

Previously, based on experimental data, the thermodynamic efficiency of recuperative
heat exchangers was determined. A comparison of the thermodynamic efficiency of
recuperative heat exchangers for two flow arrangements of heat transfer fluids, parallel flow,
and counterflow was provided. The advantage of the counterflow arrangement was confirmed,
resulting in the thermodynamic efficiency 5-10% higher than under parallel flow. At the
selected flow rates of the heat transfer fluids, the thermodynamic efficiency of the pipe-in-pipe
heat exchanger is higher than that of the shell-and-tube heat exchanger [1].

Main body

The purpose of this study is to compare the efficiency of recuperative heat exchangers
based on the energy and exergy efficiency coefficients.
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The energy efficiency of heat exchangers is one of the most important indicators of heat
exchanger performance [2-6].

A visual representation of the energy and material flows of the heat exchange process is
presented in the diagram (Fig. 1).
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Fig. 1. Diagram for the heat transfer process without a change in the aggregate state of the media.

The energy efficiency characterises the ratio between the heat received by the cold heat
transfer fluid and the maximum possible (available) amount of heat that can be transferred to
the cold heat transfer fluid. It shows the fraction of the maximum possible heat is actually
transferred through the apparatus:
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where Q.,is an amount of heat leaving the heat exchanger with the cold heat transfer fluid, W;
Q.1 is an amount of heat entering the heat exchanger with the cold heat transfer fluid, W;
Qp, is an amount of heat entering the heat exchanger with the hot heat transfer fluid, W.

Q2 = Getey, Q1 = Getey, Qn1 = Gctpy.

where Gis mass flow rate of the heat transfer fluid, kg/s;
c is specific heat capacity of the heat transfer fluid, J/(kg-K);

tc2 is temperature of the cold heat transfer fluid at the outlet of the heat exchanger, °C;
tc1 is temperature of the cold heat transfer fluid at the inlet of the heat exchanger, °C;
tnq is temperature of the hot heat transfer fluid at the inlet of the heat exchanger, °C;

The amount of heat transferred to the cold heat transfer fluid is determined as

Qc2 — Qc1 = Q.

The energy efficiency of heat exchangers is influenced by many factors, including the flow
velocity of the heat transfer fluids, which contributes to an increase in heat transfer coefficients;
fouling of heat exchanger surfaces; and design parameters of the heat exchangers (helical ridges
in tubes, spiral channels, transverse baffles).

To improve the energy efficiency of heat exchangers, methods of heat transfer
intensification and reduction of heat exchanger surface fouling are used. However, heat transfer
intensification leads to an increase in the energy consumption required to overcome the
growing hydraulic resistance. Consequently, the increase in heat transfer intensity should be
balanced against the increase in hydraulic resistance [3].
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Experimental studies were conducted for recuperative heat exchangers of the pipe-in-pipe
type and a single-pass shell-and-tube heat exchanger. Table 1 shows the main parameters of the
heat exchangers.

Table 1. Main parameters of the heat exchangers

Pipe-in-pipe heat exchanger Shell-and-tube heat exchanger
Inner pipe diameter d, X6, = 27x3 mm; Inner pipe diameter d,x8., = 14x2 mm;
Outer pipe diameter D,;xd., = 48x4 mm; Housing diameter Dy, = 200 mm;
Total length of the heat exchanger L = 6 m; Total length of the heat exchanger L = 0.5 m;
Heat transfer surface S = 0.452 m? Heat transfer surface S = 1.34 m?
Thermal conductivity coefficient 4., = 46.5, W/(m-K) | Thermal conductivity coefficient 4., = 17.5, W/(m-K)

Thermocouples, connected to a resistance temperature transducer, are used to measure
the initial and final temperatures of the heat transfer fluids. The signal from the temperature
transducer is fed into the computer programme. The flow rates of the heat transfer fluids were
measured with rotameters and were kept the same for hot and cold water.

Table 2 presents the results of experimental and calculated data for determining the
energy efficiency.

Table 2. Results of the study on determining the energy efficiency of recuperative heat exchangers.

Heat
g | gfn e w88
type
0.16 66.7 | 89 | 29.6 |13877.28 |44715.68 |0.310 |0.434
direct flow 0.32 66.7 | 89 | 27.3 |24670.72 | 89431.36 | 0.276 | 0.35
o 0.47 66.7 | 89 | 25.6 |32887.31 |131352.3 |0.250 | 0.302
pipe-in-pipe
0.16 66.7 | 89 | 31.8 |15352.16 |44715.68 |0.343 | 0.434
counterflow 0.32 66.7 | 89 | 28.9 |26816.00 |89431.36 |0.300 | 0.35
0.47 66.7 | 89 | 263 |34265.82 |131352.3 |0.261 | 0.302
0.16 66.7 | 89 | 23.5 | 9787.84 |44715.68 |0.219 | 0.478
direct flow 0.32 66.7 | 8.9 22 | 17564.48 | 89431.36 | 0.196 | 0.296
shell-and- 0.47 66.7 | 89 | 20.2 |22253.09 |131352.3 [0.169 |0.227
tube 0.16 66.7 | 89 | 252 |10927.52 |44715.68 |0.244 | 0.478
counterflow 0.32 66.7 | 89 | 23.1 |19039.36 |89431.36 | 0.213 | 0.296
0.47 66.7 | 89 | 21.5 |24813.18 |131352.3 [ 0.189 |0.227

To compare the efficiency of recuperative heat exchangers in terms of energy efficiency,
the dependences n,, = f (%) were plotted. As the argument in this dependence, the quantity
(%) was chosen, where K is the heat transfer coefficient, W s/m2; S is the heat transfer surface
area, m* W = G - ¢ is the water equivalent, W/K.

Figures 2 and 3 show the obtained dependences for the pipe-in-pipe heat exchanger and

the shell-and-tube heat exchanger for different flow arrangements of the heat transfer fluids.
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Fig. 2. Dependences 1o, = f (k—mf)for the parallel-flow arrangement of the heat transfer fluids
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Fig. 3. Dependences 1o, = f (%S)for the counterflow arrangement of the heat transfer fluids

In the studied range, the energy efficiency is higher for the pipe-in-pipe heat exchanger,

but examining the nature of the dependences, it can be noted that at (%) values of less than

K

0.22-0.24, the lines intersect. Therefore, at (Ws) values of less than 0.22-0.24, the energy

efficiency 1,,, is higher for the shell-and-tube heat exchanger. This means that at high flow rates
of heat transfer fluids (G) and small heat exchanger dimensions (S), the shell-and-tube heat
exchanger is more efficient one.

Energy efficiency is the ratio of the actually performed work to its maximum possible
value, that is, to the exergy of the process under consideration [7-12]. It takes into account
energy losses in the heat exchanger: losses due to the irreversibility of heat exchange caused by
the temperature difference between the heat transfer fluids; energy losses due to heat transfer
to the environment; energy losses due to hydraulic losses during pumping of the heat transfer
fluids (however, this component may be neglected when determining energy efficiency).

A significant deviation of energy efficiency from unity indicates the presence of exergy
losses. It can be minimized through more rational processes and the use of more advanced
equipment. Some factors reducing the thermodynamic efficiency of heat transfer processes in a
heat exchanger are as follows:
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a) losses due to the finite temperature difference between the heat transfer fluids and
hydraulic resistance;

b) losses due to incomplete thermal insulation;

c) low thermal conductivity of the heat exchanger material.

There are losses caused by a change in the flow pattern of the heat transfer fluids. For
example, the efficiency of the device decreases with a relative decrease in the hot heat transfer
fluid flow rate relative to the cold one and increases with an increase in the former.

The work capacity or exergy of heat Q; obtained from a heat source with temperature T,
is the maximum useful work that can be obtained from this heat under the condition that the
cold source is the environment with temperature To. Here, Q. = Qny — Qpa-

For recuperative heat exchange apparatuses, the following equation can be used to
determine the exergy efficiency [2, 3]

T
1- TC?U
C
Nex = T’
1- c?v
rh
where T, = 237 °K.
. Tea=T
Average temperature of the cold heat transfer fluid: T¢V = %
nicz
Teq
: Thi=T
Average temperature of the hot heat transfer fluid: TR” = %
nihi
Tha

Experimental studies were conducted for recuperative heat exchangers of the pipe-in-pipe
type and a single-pass shell-and-tube heat exchanger. Table 1 gives the main parameters of the
heat exchangers.

Table 3 gives the results of experimental studies on determining the exergy efficiency.

Table 3. Results of experimental and calculated data for determining 7,

excillzitger Flow agHe(ztf;:)ax:Sriz, Trio | Thze | T | Tea n ks K,
diagram K K K K ex w | W/(m2K)
type G, kg/s
0.16 339.7 | 322.3 | 281.9 | 302.6 | 0.374 | 0.434 643.7
direct flow 0.32 339.7 | 323.4 | 281.9 | 300.3 | 0.351 | 0.35 1037.1
L . 0.47 339.7 | 324.5 | 281.9 | 298.6 | 0.333 | 0.302 1315.2
pipe-in-pipe
0.16 339.7 | 323.2 | 281.9 | 304.8 | 0.391 | 0.434 643.7
counterflow 0.32 339.7 | 324.0 | 281.9 | 301.9 [ 0.363 | 0.35 1037.1
0.47 339.7 | 324.8 | 281.9 | 299.3 | 0.338 | 0.302 1315.2
0.16 339.7 | 328.8 | 281.9 | 296.5 | 0.305 | 0.478 239.2
direct flow 0.32 339.7 | 330.0 | 281.9 | 295.0 | 0.289 | 0.296 296.3
shell-and- 0.47 339.7 | 331.2 | 281.9 | 293.2 | 0.271 | 0.227 331.1
tube 0.16 339.7 | 329.0 | 281.9 | 298.2 | 0.319 | 0.478 239.2
counterflow 0.32 339.7 | 330.6 | 281.9 | 296.1 | 0.298 | 0.296 296.3
0.47 339.7 | 332.2 | 281.9 | 294.5 | 0.281 | 0.227 331.1
Based on the experimental and calculated data, dependences n,, = f (%) were plotted

(Figures 5 and 6).
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Fig. 4. Dependences g, = f (%)for the parallel-flow arrangement of the heat transfer fluids

|
g 0)350 i ,/‘/‘
ags 0300 | ‘r'_,a"—: —
S 0250 7
= 0200 } :
0,150 |
0,100 | !
0,050 F :
0,000 L : : : : ;
0,2 0,25 0,3 0,35 0,4 0,45 0,5

KS/W

® — pipe-in-pipe heat exchanger; ¢ - single-pass shell-and-tube heat exchanger;

Fig. 5. Dependences g, = f (%)for the counterflow arrangement of the heat transfer fluids

Also, at (%) values of less than 0.22-0.24, an intersection of the dependences n,, = f (%)
KS

is observed. At these values, the efficiency (W) of the shell-and-tube heat exchanger is higher
than that of the pipe-in-pipe heat exchanger.

Conclusions

1. Based on experimental studies, the energy and exergy efficiency coefficients of the
pipe-in-pipe heat exchanger and the shell-and-tube heat exchanger have been determined.

2. For the counterflow arrangement of heat transfer fluids, the values of both efficiency
coefficients are higher than those for the parallel-flow arrangement. As a result, the
counterflow arrangement makes it possible to achieve a more uniform distribution of the
driving force along the heat transfer surface.

3. Experimental dependences of the energy and exergy efficiency coefficients on the value
of (%) have been obtained both for the pipe-in-pipe heat exchanger and the shell-and-tube

heat exchanger.
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4. At small values of (KWS) (less than 0.22-0.24), the values of the energy and exergy efficiency

coefficients for the shell-and-tube heat exchanger are higher than those for the pipe-in-pipe

heat exchanger. At large values of ( ), the efficiency of the pipe-in-pipe heat exchanger is
higher than that of the shell-and-tube heat exchanger.
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