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Abstract: The creation of efficient and compact heat exchangers is one of the priority tasks
arising during the design of heat and gas supply to industrial and residential buildings. As a
rule, finned surfaces and turbulization of heat carrier flows are used to increase the efficiency of heat
exchange in heat exchangers. The present paper proposes to use novel materials, namely porous
material, in the design of highly efficient heat exchangers. The investigation was carried out
experimentally and theoretically. To study the possibility of creating such heat exchangers,
a multi-purpose test bench is created. The aim of the study was to assess the intensity of heat
transfer in heat exchangers using porous metal. Laboratory tests are carried out as part of the
experimental study. In the theoretical study, the classical equation for the change in the heat flux
density when the coolant passes through the porous insert was used. As a result, a mathematical
model was obtained in the form of a second-order differential equation. Boundary conditions were
set and a particular solution was obtained. The results of theoretical calculations were compared with
experimental data. The performed study experimentally confirmed the efficiency of using porous
metal inserts in the design of shell-and-tube heat exchangers. The compiled mathematical model
allows one to perform engineering calculations of the considered heat exchangers with porous inserts.

Keywords: heat exchangers; porous metals; multi-purpose test bench; freon; differential equation;
cooling intensity

1. Introduction

Heat exchangers (HE) are one of the main units of heat and gas supply systems in industrial and
residential buildings, therefore, the issue of improving their efficiency is relevant. The main direction
of improving the efficiency of HE equipment is to increase the intensity of heat exchange; most often
this is achieved by the use of finned surfaces and turbulization of heat carrier flows [1,2].

To turbulize coolant flows, one uses turbulizing grids, creates artificial roughness, and causes
pulsations. It is advisable to use such methods for low Reynolds numbers when coolant flows in a
transient mode. When using such methods, there appears a moment when further turbulization of

Energies 2020, 13, 5854; doi:10.3390/en13225854 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-6614-2728
https://orcid.org/0000-0002-2380-1965
http://www.mdpi.com/1996-1073/13/22/5854?type=check_update&version=1
http://dx.doi.org/10.3390/en13225854
http://www.mdpi.com/journal/energies

Energies 2020, 13, 5854 20f 13

flow is economically inexpedient, since, with an increase in the Reynolds criterion, a gradual decrease
in growth of heat transfer coefficient occurs.

The use of finned heat exchange surfaces is efficient both for increasing heat transfer and for
reducing the metal consumption of heat exchange equipment [3]. The finned heat exchange surface
significantly exceeds the surface of the supporting pipes, and it is not subject to pressure from one side,
therefore, the ribs can be thinner than the walls of the supporting pipes. All this makes it possible
to significantly reduce the consumption of metal required for producing heat exchange equipment.
However, it is difficult to obtain a significant increase in the heat transfer coefficient.

One of the promising ways to increase the intensity of heat transfer is the use of various designs
of heat exchangers [4-6] and modern materials in them [7-9], for example, porous metals [10,11].

The choice of porous metals for the designs of heat exchangers depends on their application [12,13].
For example, porous metals are used in cooling systems for rocket engines, as well as in the chemical and
petrochemical industries [14-16]. Some devices use porous metals as turbulators of heat carrier flows.
In this case, the porous material is used as a coating for heat transfer surfaces [17,18]. There are also
constructions in which the interchannel spaces for coolant flow are filled with porous metal, which serves
as a means for intensifying heat transfer [8]. In addition, three-layer porous evaporating surfaces have
been created, in which porous cermet materials of different porosity are used simultaneously [19].

There are some types of plate heat exchangers in which the inter-plate channels for coolant motion
are filled with porous metal inserts. These inserts have a large specific area of the inner surface of
the frame and small equivalent diameters of the inner channels, providing a high intensity of heat
exchange of working media. Such design significantly increases heat transfer [20,21].

Porous-compact heat exchangers are also used, the operation principle of which is based on
intensification of heat transfer processes by introducing a porous filler made of materials with high
thermal conductivity into the channels. One of the most efficient designs of such heat exchangers uses
for filling a highly porous material with a variable relative thickness of the porous material. The body
has a cylindrical, round, or oval cross-section [22,23].

Heat carriers in such heat exchangers can be different: “liquid-gas” and “gas-gas” [24]. In heat
exchangers of the “liquid—gas” type, a two-phase heat carrier can also be used. The designs of such
heat exchangers can also contain porous metals for the flow of one of the coolants [25]. Such devices
are most often used to stabilize the temperature of one of the coolants.

Thus, the problem of increasing the intensity of heat transfer using porous metals is urgent.
The use of standard methods for heat exchangers calculation in this case is not possible due to the
absence of standard approaches for determining the area of the inner surface with pores. The research
is unique and novel since a mathematical model of the considered heat exchanger has been obtained,
which can be used in engineering calculations.

The purpose of this study is to assess the intensity of heat transfer in heat exchangers with porous
metal of different porosity.

To achieve this purpose, it is necessary to consistently solve the following tasks:

(@) To carry out a number of experiments and process the obtained data in order to confirm the
assumption of an increase in the intensity of heat transfer when using porous metals in the design
of heat exchangers;

(b) To construct a mathematical model that makes it possible to carry out calculations of heat
exchangers with porous metals;

(c) To experimentally confirm the correctness of the compiled model and to analyze the
obtained results.

2. Materials and Methods

To solve the set tasks, laboratory experiments were initially carried out, confirming the fact of an
increase in heat transfer when using porous metals in heat exchangers. A multi-purpose test bench
was developed and created at the Department of Industrial Heat Power Engineering of the Tyumen
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Industrial University. The test bench allows one to assess and study metals of various porosities in
the design of shell-and-tube heat exchangers in order to increase the intensity of heat transfer [26,27].
The schematic diagram of the experimental test bench is shown in Figure 1.

! A

Figure 1. Experimental test bench: 1, heat exchangers with porous metals; 2, heat exchanger without

porous metals; 3, expansion tank; 4, pump; 5, hot water boiler; 6, control and measuring device;
7, compressor; 8, condenser; 9, receiver; 10, filter moisture separator; 11, control and measuring device;
12, throttle; P is pressure; T is temperature; G is coolant flow rate.

Three heat exchangers with porous inserts and one heat exchanger without porous materials were
fixed on the test bench. The heat exchangers were counterflow: water flows through the central copper
pipes, and freon moves in the opposite direction through the pores of inserts. The motion of water is
carried out by a pump. The water temperature can be changed since the boiler (5) is installed after the
pump (4). A refrigeration circuit was created for freon motion. Thus, the unit included two circuits:
one for water circulation, the other for freon circulation. The first circuit with water was equipped with
pump (4), boiler (5) for heating water, and control and measuring device (6), which makes it possible
to track the change in water temperature over time and monitor the mass flow rate. The freon circuit is
created using the principle of a refrigeration unit and is equipped with compressor (7), condenser (8),
receiver (9), a moisture-separating filter, (10) and a throttle (12). In addition, the freon circuit (Figure 1)
was equipped with devices for measuring temperature and freon pressure at the inlet and outlet to the
compressor and flow meter (11). The unit operates on R404a freon, as it is one of the safest fluids for
this kind of work.

The test bench was equipped with valves and gates both at water and freon circuits. The presence
of valves allows one to include in the circuit four heat exchangers with various properties and separately
control the characteristics of each of the resulting circuits. These valves allow not only changing
the working areas, but also regulating the flow rate of coolants. The control and measuring devices
record changes in flow and temperature. The pump, which is installed in the water supply system,
ensures the operation of the system in two modes of water rates according to the pump’s technical
passport. The first mode allows one to work with a productivity of up to 22 1/min, and the second
mode can reach productivity up to 48 1/min.

In this work, four types of heat exchangers were investigated. Three of them were with various
porosities, and the fourth one was without inserts. The porosity of the inserts p was taken as the
ratio of the pore volume to the entire volume of material. Three heat exchangers were made using
aluminum with porosities of p = 0.49, p = 0.62, and p = 0.47 (located one after another and denoted as
1 in Figure 1). The porous parts of heat exchangers were cylinders made of porous aluminum with
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a diameter of 49 mm and a height of 50 mm. To insert the pipes through which the coolant flows,
each cylinder had 19 holes of 6 mm each (Figure 2). There was no porous filling in the fourth heat
exchanger. Aluminum was chosen as a material with high thermal conductivity. The most widely
used metals with high thermal conductivity are copper, aluminum, and brass. Copper has a higher
thermal conductivity (400 W/m-K), but it is a “heavy” metal, less ductile (so to speak) than aluminum,
and 3—4 times more expensive than aluminum in cost. Brass, as compared with aluminum, has a
lower thermal conductivity (100 W/m-K), and in addition, it is a “heavy” metal and has a higher
cost. Therefore, aluminum was chosen as a light, cheap material with good thermal conductivity
(202 W/m-K). Moreover, making inserts from aluminum shavings is a rather simple process.

Figure 2. The inner part of the heat exchanger made of aluminum with porous filling.

For each of the two operation modes, the flow rate was changed by turning the valve, and the
change in water temperature was recorded. Measurements were carried out for each of the four heat
exchangers separately. Five values of water flow rates were considered, consumption rates were
recorded. The numerical data of test protocols were used for calculations. Temperature changes for
each flow rate were recorded 10-12 times. The experiments are carried out at a water temperature of
50 °C in the first operation mode and at 35 °C in the second operation mode. During the experiments,
various water temperatures were considered to verify the efficiency of the created test bench and to
confirm the hypothesis about the effective cooling of coolant in heat exchangers with porous metals.
By turning the valve, the coolant flow rate was adjusted at four-valve positions, which corresponded
to flow rates in the range from 0.3 to 0.65 m/h for the first operation mode, and in the range from 0.3
to 1.2 m3/h for the second operation mode.

3. Results—Experimental Part

The results of processing the obtained data are presented in Figure 3. Data recording at two modes
of pump operation allows one to determine the intensity of heat transfer in the inserts. Here Q is the
thermal power of the heat exchanger of the considered design.
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Figure 3. Thermal power of heat exchangers at different operation modes of water supply system:
(a) the first operation mode; (b) the second operation mode.

Figure 3 shows that the higher amount of heat corresponds to the insert with the highest porosity.
It can be noted that a conventional shell-and-tube heat exchanger (without porous inserts) was
characterized by the least amount of heat.

Further, laboratory experiments were carried out to assess the intensity of the heat exchange
of each heat exchanger. Before the main experiment, test runs were carried out for setting up the
equipment. The experiment ran for 10 min. The water heating temperature of 4045 °C was chosen,
as during the operation of heat exchangers of the heat and gas supply system, the water temperature
range was within 35-50 °C. The device’s readings were recorded every 2 min. The interval for fixing
the parameters was selected based on the test runs, in accordance with the most indicative temperature
change after the considered period of time. The experiments were repeated many times. Based on
the obtained data, graphs of temperature changes in time were constructed for the simultaneous
operation of two circuits, Figure 4. The subsequent plots were constructed for the flow of 1.1 m3/h for
the opened valves.
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Figure 4. Change in water temperature over time when cooled by freon.

Laboratory studies have shown that the thermal power of heat exchangers with porous filling was
higher than that of HE without porous filling. After 10 min of operation of the test bench, the cooling
efficiency of the heat exchanger with porosity p = 0.62 was 1.5 times higher than that of HE without
porous inserts. The cooling efficiency of HEs with porosities p = 0.49 and p = 0.47 was 1.2 times higher
than that of the heat exchanger without porous inserts. Accordingly, the degree of water cooling was
higher in heat exchangers with porous filling. The range of water temperature change from the initial
40-45 °C depends on the porosity coefficient of the inserts. In this case, the plot of water temperature
change of the heat exchanger 4 (without porous material) was higher.

An analysis of the accuracy of the measurements was also developed. In particular, the following
results were obtained:

e  Flow-rates: absolute measurement deviation +0.002 m3/h, relative error +0.3%
e  Temperature: absolute measurement deviation +0.3 °C, relative error +0.8%

The relative errors of the measured values were quite limited, therefore, the obtained results could
be considered reliable.

4. Theoretical Study

The theoretical study of heat transfer processes in porous media aimed to develop a simple
calculation model for the considered porous material-based heat exchanger. Classical calculation
methods for such heat exchangers are inapplicable since the heat exchange area inside the porous body
is unknown.



Energies 2020, 13, 5854 7 of 13

In an elementary volume, the change in heat flux g due to heat transfer between a solid and a
coolant flowing through the pores is expressed by [27], Figure 5:

dgy — d%<+dx = G¢ X Cpldt 1)

where G is the specific flow rate of cold coolant; ¢y is the heat capacity of cold coolant.

& _
G, = const
h
- qux
—
qx q,\- tdx

- =

0 X x+dx X

Figure 5. Porous cooling in an elementary volume.

Taking into account the fact that the temperatures of coolant and solid porous bodies are almost the
same, then Equation (1) describes the process of heat exchange in a porous medium without pipes with
water. If we take into account the presence of pipes with water in a heat exchanger, then Equation (1)
can not be used since the temperature field becomes two-dimensional.

It is proposed to add to Equation (1) a term that takes into account the amount of heat released
due to heat sources gy distributed over the volume; the thermal resistance of the wall is neglected.

dgx — dgyydx + gvdx = Gc'Cpldt ()

The density of heat flux in sections x and x+dx, taking into account the material’s porosity is
expressed as follows:

dt
Gx = _}\ca(l —P) (©)]
d/ dt
e = —?\ca(t ¥ adx)(l _p) @)

where A, is the coefficient of thermal conductivity of porous material (aluminum); p is the porosity of
filling, the ratio of the pore volume to the entire volume of material.
Heat flux density due to the heat source distributed over the volume is:

©)

where « is the coefficient of heat transfer from water to the copper wall; t;, is the water temperature in
the considered section x; Sp, is the total surface area of pipes; V, is the volume of porous filling.

Substituting (3)—(5) into Equation (2) and performing a number of equivalent algebraic
transformations, a second-order differential equation is obtained that describes the process of cooling a
porous body with heat sources distributed in it:

& Gt dt | x(tw—#)Sp
dx2 Af(1-p) dx  VaA(1-p)

=0 (6)

To simplify the solution of the resulting differential equation, the following notations
are introduced:

o s [ a- S ]
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The difference t,, —t is taken as the difference in the average temperatures of coolants.
When considering the counterflow scheme and small heights of porous filling, the assumption
is quite justified in view of a slight change in coolant temperature along the length of the porous filling.

The following restrictions are accepted as boundary conditions:

0<x<h, t0) = ta, th) = to, )

where £ is the length of the porous insert; ¢, t is the temperature of the coolant passing through the
porous insert at the inlet and outlet, respectively.

As a result of solving the differential Equation (6) with the specified boundary conditions (8),
the following equation is obtained:

te = te1 = £-h

A
t=tq + —x+(e5¥-1)
T e ( )=

©)
Equation (9) allows one to find the temperature of the coolant moving through the porous filling
at any point x for a known coolant temperature at the inlet.
The obtained temperature function (9) is further differentiated with respect to x:

dt _ A (la—ta)Ee=Ah g,

a B E,cx ef.ch_]

(10)

Substituting expression (10) into the heat flux density Equation (3), the formula for the heat flux is
obtained for the case under consideration:
A (tCZ - tcl)‘éc —Ah

1= A1 -p){ Sy 2t efcx) a1)

In Equation (11) the quantity Ac-(1 — €) can be seen as an “apparent thermal conductivity” of the
porous material, which depends on the nature of the material itself and on its porosity. The more
conductive is the material, the higher is the porosity and the more intense is the heat transfer.
Porous materials with high thermal conductivity determine a low thermal resistance and permit a
better heat exchange. From this point of view, aluminum represents a good compromise in terms of
thermal conductivity value and cost of the material.

Using expression (11), one can find the thermal power of the heat exchanger:

AQ = (qx:h - %czO)'Sp (12)

The calculated thermal power is used to determine the temperature of the coolant moving through
the pipes at the exit from the heat exchanger. Similarly, one can determine the coolant temperature at
any point along the pipe length. To do this, we determine the temperature change:

AQ

At =
Gw Cpw

(13)

where Gy is the mass flow rate of water; cpyw is the water heat capacity. So at a given initial temperature:
fy =t — At (14)

Thus, having solved the compiled differential equation, a formula for finding the coolant
temperature at any point of the porous body was obtained. In addition, a method was proposed for
finding the temperature of the heat carrier, which is cooled in a heat exchanger with a porous filler.
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5. Discussion

Using the obtained Equation (9), the freon temperatures at the outlet from the considered porous
heat exchangers with various p were calculated. To check the accuracy of the calculation of the
temperature of the coolant passing through the porous material, the freon temperature at the outlet of
heat exchanger was used. The length of the porous insert was & = 0.2 m.

The resulting dependences are shown in Figures 6 and 7. These data were compared with the
experimental results carried out using the developed test bench.
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HE p =0.49, theoretical curve ¥~ HE p =0.49, experimental curve
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Figure 6. Calculated freon temperature at the outlet of the heat exchanger and their comparison with
experimental data.
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Figure 7. Calculated water temperature at the outlet of the heat exchanger and their comparison with
experimental data.
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The theoretical curves in Figure 6, depicting the change in freon temperature at the outlet of the
heat exchanger, for HEs with porous inserts were obtained as a result of calculations using Equation (9).
The theoretical curve for a heat exchanger without porous inserts was obtained using the traditional
method of thermal calculation for shell-and-tube heat exchangers. The increase in temperature during
the first 2 min of operation (Figure 6) was explained by the stabilization of the operating mode from
the moment the unit was turned on. During this time, the stationary operating mode was reached.
The deviations of freon temperature at the outlet of the heat exchanger obtained from calculations are
presented in Table 1.

Table 1. Average relative and absolute deviations between freon temperature at the HE outlet obtained
from theoretical calculations and their empirical values.

No. of Heat Exchanger Relative Mean Deviation, % Absolute Mean Deviation
1(p=047) 124 1.3
2(p=0.62) 6.1 04
3(p=049) 17.3 1.5
4 (without inserts) 11.6 0.9

In heat engineering literature, relative deviations in the range of 17-18% are taken as acceptable
and satisfactory. Absolute deviations within 1.5 °C are also acceptable.

The expression (11) was used to calculate theoretical heat flux density, and further Equations
(12)-(14) were used to calculate water temperature at the outlet from the heat exchanger with porous
inserts. These values were compared with empirical data, obtained as a result of laboratory research,
as shown in Figure 7. In addition, Figure 7 shows the theoretical curve of water temperature variation at
the outlet of the heat exchanger without porous inserts, obtained according to the traditional method for
the shell-and-tube heat exchanger and compared with experimental results. The resulting deviations
are presented in Table 2.

Table 2. Mean relative and absolute deviations of the outlet water temperature calculated theoretically
and obtained empirically.

No. of Heat Exchanger Relative Mean Deviation, % Absolute Mean Deviation
1(p =047) 10.8 1.2
2(p=0.62) 5.6 0.7
3(p=0.49) 6.1 0.9
4 (without inserts) 7.3 1.1

In accordance with the acceptable deviations given in the heat engineering literature, the obtained
results were good. To further improve the model accuracy, the degree of material adherence to the
walls of the heat exchanger should be taken into account.

The calculation results and their analysis in general, allows us to say that, given the initial
temperature data at the inlet to a heat exchanger with porous material, the obtained model (9) and
its derivative (11), allow us to determine the coolant temperature at the outlet of HE. In addition,
the obtained formulas can be transformed to calculate heat exchangers of the considered type but
having different geometric parameters. And using the presented equations, it is also possible to find
the temperatures of heat carriers in any section of the heat exchanger.

Detailed economic calculations have not yet been carried out, but the design simplicity and the
operation efficiency of heat exchangers with porous inserts, in comparison with that of devices using
flow turbulization and devices with feathered surfaces, make it possible to obtain a greater amount of
heat and a higher heat transfer coefficient. In addition, such heat exchangers can be used in real heat
supply systems of enterprises and in urban heat supply systems, from boiler houses and combined
heat and power plants to consumer heat points. In modern heat supply systems, water-water heat
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exchangers are used, which can be easily replaced by heat exchangers with porous inserts. For such
heat exchangers, a preliminary economic calculation was carried out, and a positive economic effect
was obtained when replacing water-water devices with heat exchangers with porous inserts, despite the
increase in manufacturing costs and the presence of additional hydraulic resistances.

6. Conclusions

1.  As a result of the study, the efficiency of using porous metals in heat exchangers has been
experimentally confirmed. The increased heat transfer capabilities can be ascribed to the increased
apparent conductivity of the porous medium and to the augmented thermal exchange surface.
Conversely, penalties on the pressure drop are expected.

2. A mathematical model has been compiled, which makes it possible to find the temperatures of
coolants at the outlet of a shell-and-tube heat exchanger having inserts made of porous metal.

3. Theresulting model also makes it possible to determine the temperature of coolants in any section
of the heat exchanger. The correctness of the compiled model has been confirmed experimentally.

4. Consequently, the performed experimental and theoretical studies make it possible to create
more efficient heat exchangers that can be used in heat and gas supply systems for industrial and
residential buildings.

5. Future researches can be oriented to the estimation of entropy generation of the proposed device
in order to obtain an optimal device, where the two opposite contributions of the augmentation
of heat transfer and increase of the pressure losses are balanced.
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Abbreviations

p porosity of filling;

Q thermal power, kW;

q heat flux;

Ge specific flow rate of cold coolant;

Cpl heat capacity of cold coolant;

Gv the amount of heat released due to heat sources;

Ac coefficient of thermal conductivity of porous material;

o coefficient of heat transfer from water to the copper wall;
tw water temperature in the considered section x;

Sp the total surface area of pipes;

Va volume of porous filling;

h the length of porous insert;

tl, t temperature of coolant passing through the porous insert at the inlet and outlet, respectively;
Gw mass flow rate of water;

Cpw water heat capacity.
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