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Abstract: Heat exchangers make it possible to utilize energy efficiently, reducing the cost of energy
production or consumption. For example, they can be used to improve the efficiency of gas turbines.
Improving the efficiency of a heat exchanger directly affects the efficiency of the device for which
it is used. One of the most effective ways to intensify heat exchange in a heat exchanger without a
significant increase in mass-dimensional characteristics and changes in the input parameters of the
flows is the introduction of turbulators into the heat exchangers. This article investigates the increase
in efficiency of heat exchanger apparatuses by introducing turbulent lattice structures manufactured
with the use of additive technologies into their design. The study is carried out by numerical
modeling of the heat transfer process for two sections of the heat exchanger: with and without the
lattice structure inside. It was found that lattice structures intensify the heat exchange by creating
vortex flow structures, as well as by increasing the heat exchange area. Thus, the ratio of convection in
thermal conductivity increases to 3.03 times. Also in the article, a comparative analysis of the results
obtained with the results of heat transfer intensification using classical flow turbulators is carried
out. According to the results of the analysis, it was determined that the investigated turbulators are
more effective than classical ones, however, the pressure losses in the investigated turbulators are
much higher.

Keywords: additive technologies; energy; heat exchange; heat regeneration; intensification of heat
transfer; lattice structures; turbulators; energy

1. Introduction

Power engineering is the backbone of any state. This sector is engaged in the
production of equipment for the energy industry, the main objects produced are gas
turbine and steam turbine units for CHPPs, HPPs, and NPPs. The ability of the state
to realize the production of these turbomachines reflects its technical, economic, and
environmental conditions.

The current stage of turbomachinery development is directly related to increasing its
economy, environmental friendliness, and efficiency. The ways to achieve these goals are
different and can involve both classical and modern approaches. The authors employed a
hybrid approach to improve efficiency, environmental friendliness, and economy, which
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consists of the use of high-efficiency heat exchangers. The presence of a heat-exchange
apparatus in the gas turbine unit (GTU) allows for an increase in the efficiency of the
power plant by reducing the amount of heat required to supply the thermodynamic cycle,
to increase environmental friendliness due to effective utilization of heat energy at the
outlet from the turbine part of the GTU, as well as to increase efficiency by reducing the
consumption of fuel burned in the GTU.

A heat exchanger is a type of auxiliary heat engineering equipment used to transfer
heat energy from a heat carrier to a less heated body for the realization of various thermal
processes. One of the parameters characterizing its efficiency is the degree of heat recovery,
which is equal to the ratio of the real amount of heat supplied to the body to the maximum
theoretically possible. Convective heat exchange, which is seen in surface heat exchang-
ers, is characterized by Nusselt number, which is the ratio between the intensity of heat
exchange due to convection and intensity due to heat conduction.

However, the high efficiency of heat exchangers is mainly achieved by realizing
multi-pass systems of working body motion, which leads to an increase in mass and
dimensional characteristics. Also, factors such as temperature difference between hot
and cold medium, flow velocity, heat exchange surface area, and heat exchanger design
influence heat exchange efficiency. Thus, increasing heat exchanger efficiency in modern
technologies is urgent.

The field of application of heat exchangers is wide and covers technological processes
in oil refining, chemical, refrigeration, gas, power, and other industries. The use of heat
exchangers allows for increased efficiency of the device for which it is used. For example,
the use of heat exchangers in gas-turbine units reduces fuel consumption, which will have
a positive impact on economic indicators.

This article is devoted to the study of increasing the efficiency of heat exchangers
manufactured by additive technologies using lattice turbulators, which are a single structure
with the heat exchanger. In the course of this research, the previously used designs of heat
exchanger turbulators [1,2] as well as metal volume printing technologies were analyzed.
The aim of the work was to create models of heat exchanger sections with and without
integrated turbulent lattice, to perform gas-dynamic calculations, as well as a comparative
analysis of the calculation results.

The use of heat exchangers to improve the efficiency of gas turbines has been applied
since the middle of the last century, but the heat exchanger as an element of the gas turbine
unit has a relatively low efficiency. The increase in efficiency of this equipment is faced with
the observance of balance between realized heat exchange processes and optimal hydraulic
resistance from the system side.

Various research groups around the world are searching for ways to achieve this bal-
ance. Studies on increasing the efficiency of heat exchangers are carried out in the following
countries: the USA, China, Russia, and others. Each of the countries uses its own approach
to solve this problem, relying on its technological, design, and experimental experience.

Considering the possible ways to improve the efficiency of heat exchangers, including:

1. Increasing the heat exchange area: can be achieved by increasing the number of plates
or tubes in the heat exchanger.

2. Optimizing the parameters of the working bodies: adjusting the flow rate of the
fluid can improve efficiency. Changing the flow rate, pressure, or temperature of
the medium.

3. Improving thermal insulation: minimizing heat loss to the environment can also
increase the efficiency of the heat exchanger.

4. Cleaning and maintenance: regular cleaning and maintenance of the heat exchanger
helps to keep it running and efficient. Accumulation of deposits and contaminants on
the heat exchange surface can significantly reduce the efficiency of the apparatus.

5. Using additional devices to improve heat exchange: for example, using special coat-
ings on the heat exchanger surface or using additional devices such as turbulators.
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The use of turbulators as a method of heat exchange intensification is more advanta-
geous; it increases the efficiency of heat exchange at the same boundary conditions obtained
at the inlet without significant changes in mass-dimensional characteristics.

A turbulator in a heat exchanger is a structural element that is used to increase the
turbulence of the medium flow. It helps to increase the efficiency of heat transfer between
the two media by increasing the heat transfer coefficient.

The role of the turbulator is to create a pulsating or swirling motion of the liquid or
gas inside the heat exchanger. This, in turn, promotes mixing of thermal boundary layers
and increases heat transfer between heat exchange surfaces.

One of the confirmations of the effectiveness of turbulators for heat exchange inten-
sification is the experimental study of Chernyaev L. A. [1] in which an experiment was
carried out to study the effect of fluid turbulization on the parameters of the heat exchanger.
In this experiment, heat exchangers without turbulators and with turbulators in the form
of twisted inserts were alternately placed in a thermal wind tunnel. The average heat
transfer coefficient of the heat exchanger surface was given as a parameter for evaluating
the efficiency of the heat exchanger:

U = 1163 × QW/(∆Tln × A), W/
(

m2 × K
)

, (1)

where QW—heat transfer from the working body to the heat exchanger surface, ∆Tln—
mean logarithmic mean temperature difference between the domains, and A—heat transfer
surface area.

Figure 1 shows graphs of changes in hydraulic resistance and heat transfer coefficient
depending on the flow rate of the working body for heat exchangers with and without
turbulator [1].
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Figure 1. Plots of changes in hydraulic resistance and heat transfer coefficient depending on the flow
rate of the working body for heat exchangers with and without turbulators.

Thus, it can be seen from this experiment that the use of turbulators has a positive effect
on the heat transfer coefficient, but increases the hydraulic resistance, thereby reducing
the pressure.

Another illustrative example is the study of Gorobets V.G. [2]. The comparative
analysis of heat transfer and hydraulic resistance of tube bundles with different types of
finning is carried out. The investigated surfaces with different types of finning are shown
in Figure 2.
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Figure 2. Surfaces with different types of finning: (1)—longitudinal continuous finning;
(2)—longitudinal finning in close bundles; (3)—longitudinal perforated finning; (4)—longitudinal
incised finning with rib rotation; (5)—longitudinal incised finning with edge bending; (6)—transverse
continuous ribbing; (7)—transverse petal ribbing.

In this study, as a qualitative criterion reflecting the efficiency of heat transfer intensifi-
cation with the addition of fin-turbulators, the ratio of Nu/Nusmooth. It shows how many
times the Nusselt number changes for a finned tube relative to a smooth tube. The graph
of dependence Nu/Nusmooth of Reynolds number for tube bundles with different types of
finning is shown in Figure 3.
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Figure 3. Dependence of Nu/Nusmooth parameter on Re number for tube bundles with different
types of finning: 1—longitudinal continuous finning; 2—longitudinal finning in close bundles;
3—longitudinal perforated finning; 4—longitudinal incised finning with rib rotation; 5—longitudinal
incised finning with edge bending; 6—transverse continuous ribbing; 7—transverse petal ribbing.

In this study [3], the authors installed limiters in the gaps between the batteries, which
can effectively improve the heat dissipation characteristics of the battery. In fact, these
are also a kind of turbulator. In another study [4], various technologies were numerically
tested to achieve maximum thermal efficiency of the Parabolic trough collector. One of the
methods was the use of flow turbulators, mainly inserts and internal ribs or recesses in
pipes. According to the final results, the use of internal ribs increases efficiency by 1.10%.
Although it seems to be a small value, taking into account the longer operating time, it
will give significant cost reductions. Despite the long-standing use of turbulators in heat
exchangers, the works of various authors who optimize their designs or propose new
designs continue to be relevant [5].

Having considered various types of turbulators, it is possible to pay attention to
their simple design, depending on the possibilities of manufacturing technologies by
classical methods (casting, stamping, metal cutting and so on). With the development of
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additive technologies, it has become possible to integrate more complex turbulent surfaces
directly into the design of the heat exchanger at the design stage. In this case, the heat
exchanger and turbulator represent monolithic construction. In this way, a comprehensive
improvement of the heat exchanger is realized in terms of solving the problems of increasing
the efficiency of heat exchange between two moving working bodies and improving the
strength characteristics caused by the addition of internal ribs that increase the rigidity of
the structure.

Additive manufacturing is the process of creating objects by applying material layer
by layer based on a three-dimensional model. Unlike traditional manufacturing methods
where materials are usually removed or specially deformed to create the shape of an object,
in additive manufacturing, materials are added sequentially to create the final product.
The principle of metal 3D printing has made it possible to create objects with geometries of
high complexity.

The additive manufacturing process typically involves the following steps:

1. Creating a three-dimensional model of the object;
2. Partitioning the model into thin horizontal layers;
3. Sequential printing of each layer using an appropriate manufacturing method

(e.g., material surfacing, resin polymerization, powder splicing).

Additive technologies are widely used in a variety of industries. These technologies
provide a high degree of flexibility and the ability to customize production. Also, they can
be used to create complex geometries and lightweight lattice structures that are often not
available using traditional manufacturing methods.

Lattice structures have already found applications in mechanical engineering, pros-
thetics, sports equipment manufacturing, and many other sectors [6]. Examples of the use
of lattice structures are shown in Figure 4.
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Having considered various types of turbulators, it is possible to pay attention to their
simple design.

Lattice infill has unique properties that often cannot be fully achieved using traditional
fabrication methods. In certain cases, the use of lattice structures can reduce the amount of
material used. Another beneficial property of such structures is their increased strength, as
they effectively absorb energy and distribute stresses evenly. Also, they are highly rigid
which will have a positive effect on both static and vibration strength. In addition, lattice
structures have a relatively high surface area, relative to the counterpart without filling,
and this will have a positive effect on the efficiency of heat exchangers.

In the article [7] a review of different types of gratings, their properties, and ap-
plications has been carried out. From the point of view of construction, gratings can
be divided into several types: gratings based on beams, as well as gratings based on
triply periodic minimal surfaces (TPMS). Figure 5 shows some types of grids classified by
construction method.
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Figure 5. Types of lattices.

A minimal surface is an implicitly equivalent surface with zero mean curvature. If the
minimal surface is periodic in three independent directions, it is called a triply periodic
minimal surface. This structure can be expressed by a trigonometric function. By varying
the parameters of the TPMS lattice, the internal pore structure can be precisely controlled,
the pore gradient structure can be optimized, and the specific surface area of the framework
can be maximized [8].

In contrast to other methods of grating construction, based on the construction of
various beam shapes or on the Voronoi tessellation method, TPMS grids have a larger
specific surface area, which can positively affect the intensification of heat transfer. Also,
such grids have a smoother transition from the channels and thus, in theory, a comparatively
lower hydraulic resistance. Another advantage of TPMS grids is the best mechanical
properties among other types of grids [8].

One type of TPMS-type lattice structures is the gyroid. Gyroids were first described
in 1970 by the American scientist Alan Schoen. There are examples of gyroid in nature:
structures of some materials, viscous liquids, mitochondrial membranes, butterfly wing
scales, and many others.

The gyroid is a periodic surface, trigonometrically approximated by the formula:

sin(x)× cos(y) + sin(y)× cos(z) + sin(z)× cos(x) = 0. (2)

Figure 6 shows a gyroid lattice.
By applying such structures in the design of heat exchangers it is possible to increase

the degree of heat recovery. This is achieved by creating vortex structures within the flow
and increasing the heat exchange surface.
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The disadvantages of using these structures in heat exchangers include increased
pressure losses due to hydraulic resistance, as well as more difficult maintenance compared
to classical heat exchangers. The maintenance of such heat exchangers will have certain
difficulties since such curved channels will be more difficult to clean from solid particles
by means of purging. These difficulties, in turn, lead to increased requirements for the
preparation of working bodies, and this suggests the need for the use of various devices
such as air cleaners, ash collectors, and so on. Also, in the case of the use of such heat
exchangers in gas turbine engines, it leads to the requirement of higher quality fuel in order
to reduce the content of particulate matter in the working body.

In the article [9], a computational study of a pipe section was performed using a TPMS
lattice [9]. Figure 7 shows the computational model they used.
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Figure 7. Model of the study [9].

This study was carried out in the COMSOL calculation software. As a result of the
calculations, the plots of pressure drop, heat transfer coefficient, and Nusselt number
dependence on the gyroid lattice wall thickness and Reynolds number were obtained as
shown in Figure 8.
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The use of lattice structures in heat exchangers is devoted to the works of other
authors [10–12]. However, despite new studies of lattice structures, it would be extremely
useful to estimate the increase in convective heat transfer due to their introduction into
the heat exchanger. Thus, this study will allow us to apply the classical methodology for
evaluating the effectiveness of fundamentally new flow turbulators in lattice structure form
for heat exchangers.

2. Methodology and Methods

This study was conducted using computer-aided engineering software Ansys 19 R2 A
block diagram of the algorithm for conducting the study is presented in Figure 9.
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Figure 9. Block diagram of the study of heat transfer intensification through the use of gyroid
lattice structures.

To investigate the intensification of heat transfer by introducing a gyroid lattice struc-
ture, two small sections of a countercurrent heat exchanger of the “pipe-in-pipe” type were
modeled, in which the hot coolant flows in the inner circuit and the cold coolant flows in
the outer circuit. In the outer loop of one of the investigated heat exchanger sections, a
lattice gyroid structure was introduced in its central part. A sketch of the heat exchanger is
shown in Figure 10.

With the advent of metal printing capabilities, groundbreaking software has begun to
emerge that automates the process of creating such complex structures. This approach to
design allows the creation of complex and optimized lattice structures with a high degree of
automation, which saves design time and resources. Today, there are a number of programs
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that allow the design of lattice structures, including nTopology, Triangulatica, Gen3D Sulis,
Autodesk Fusion 360, Siemens NX, and others [13].
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Figure 10. Sketch of heat exchanger sections.

The nTopology 4.18.2 program was used to create a heat exchanger with a gyroid
lattice structure in the outer loop. The periodicity cell size of the gyroid lattice was 40 mm
and the wall thickness was 1 mm.

The geometric models of both heat exchanger sections are shown in Figure 11.
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The geometric properties of the heat exchanger sections are presented in Table 1.
The material properties of the heat exchanger and the fluid (air) are shown in Table 2.

The table shows the parameters of the heat exchanger material and for air at temperatures
of 500 and 1000 K. When specifying the material properties in ANSYS CFX, temperature
nonlinearity was taken into account. The data array for each of the parameters was taken
at different temperatures with a small step for approximation by a fifth-order polynomial.
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Table 1. The geometric properties of the heat exchanger sections.

Parameter Units of Measurement Value

Inner diameter of the pipe mm 48
Outer diameter of the pipe mm 80

Thickness of all walls mm 1
Length of the heat exchangers sections mm 240

Length of the lattice section mm 80
Periodicity size of the gyroid lattice mm 40

Table 2. The material properties of the heat exchanger and the fluid.

Parameter Units of
Measurement

Value at Temperature

500 K 600 K 700 K 800 K 900 K 1000 K

Thermal
conductivity of the

air λ

W
m×K 0.041 0.048 0.054 0.058 0.064 0.071

Heat capacity of
the air cp

J
kg×K 1032 1053 1076 1097 1119 1141

Dynamic air
viscosity µ

Pa × s 26.8 × 10−6 30.6 × 10−6 33.8 × 10−6 37.0 × 10−6 39.9 ×10−6 42.5 × 10−6

Thermal
conductivity of the

steel λs

W
m×K 66.6 57.0 50.5 44.0 37.5 31.0

Heat capacity of
the air cps

J
kg×K 481 498 517 545 572 600

Steel density ρs kg/m3 7791 7755 7720 7681 7642 7605

The working body was formed by filling the space inside the pipes to create compu-
tational models.

Then the mesh was formed by finite volume method with the addition of densification
near the walls to model the boundary layer. In creating the computational mesh, a mesh
independence study was also conducted to determine the optimal number of computational
mesh cells at which the independence of the results obtained from the number of elements is
achieved. The grid independence study was performed for the flow regime with Re = 7500
for both sections of the heat exchanger. Thus, it was found that for the grid section,
27.5 million cells were sufficient to obtain a reliable result, further reduction of the cell size
did not affect the result. Similarly, 10.65 million cells were sufficient for the computational
grid without an integrated grid. A graph with the results of testing the mesh model for
mesh independence is shown in Figure 12.
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The total number of elements of the grid is 27,502,826 cells for a mesh for a section
with a lattice structure and 10,656,831 for a mesh for a section without a lattice structure.
The appearance of the mesh is shown in Figure 13.
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Figure 13. Mesh model: (1)—view from the flow inlet side; (2)—cross-sectional view.

The quality plot (Aspect Ratio) is shown in Figure 14. The mesh model for a heat
exchanger section with a lattice structure is more complex than the model for a smooth
section. When building the mesh for this model, it was important to make the correct
settings to obtain high quality. The quality of the mesh can be estimated by the Aspect
Ratio plot, ideally most of the elements should have this parameter in the region 1–3.

Energies 2024, 17, x FOR PEER REVIEW 11 of 18 
 

 

The total number of elements of the grid is 27,502,826 cells for a mesh for a section 

with a lattice structure and 10,656,831 for a mesh for a section without a lattice structure. 

The appearance of the mesh is shown in Figure 13. 

 

Figure 13. Mesh model: (1)—view from the flow inlet side; (2)—cross-sectional view. 

The quality plot (Aspect Ratio) is shown in Figure 14. The mesh model for a heat 

exchanger section with a lattice structure is more complex than the model for a smooth 

section. When building the mesh for this model, it was important to make the correct set-

tings to obtain high quality. The quality of the mesh can be estimated by the Aspect Ratio 

plot, ideally most of the elements should have this parameter in the region 1–3.  

 

Figure 14. Aspect Ratio: (1)—view from the flow inlet side; (2)—cross-sectional view. 

The graph of the distribution of percentages of the total number of elements is shown 

in Figure 15. As can be seen from Figure 15, more than 99.9 percent of the elements have 

an Aspect Ratio of no more than 3. 

 

Figure 15. Aspect Ratio graph. 

A similar analysis was performed when analyzing a simpler calculation mesh for a 

smooth section of the heat exchanger 

After that, computational models were created in ANSYS CFX preprocessor by cre-

ating domains, transfer boundaries (interfaces) considering heat exchange between 

Figure 14. Aspect Ratio: (1)—view from the flow inlet side; (2)—cross-sectional view.

The graph of the distribution of percentages of the total number of elements is shown
in Figure 15. As can be seen from Figure 15, more than 99.9 percent of the elements have an
Aspect Ratio of no more than 3.
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A similar analysis was performed when analyzing a simpler calculation mesh for a
smooth section of the heat exchanger

After that, computational models were created in ANSYS CFX preprocessor by creat-
ing domains, transfer boundaries (interfaces) considering heat exchange between different
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media, and setting the boundary conditions of the working bodies. Three domains were
created for each of the calculations: the domain of the coolant, the cooler, and the heat
exchanger walls. Customization of the calculation model implied the selection of the
turbulence model, energy equation, and interface parameters. For the working bodies,
the parameter for solving the heat transfer equation “Total Energy” was selected, which
takes into account the kinetic energy of the flow in heat transfer. For the body of the
heat exchanger walls the standard parameter “Thermal Energy” was chosen, exclud-
ing the possibility of using the separating walls of the heat exchanger as adiabatic. A
two-parameter SST k-ω Menter turbulence model was also selected, taking into account
the compressibility effect. This model combines the advantages of the standard k-ε and
k-ω models, allowing a sufficient level of point and physicality to perform calculations
both near the boundary layer and away from the walls. It is also possible to take into ac-
count the laminar-turbulent transition, and the Gamma-theta transition model was chosen
to take it into account. The General Grid Interface (GGI) model with the activated heat
transfer function was used for the possibility of interfacing the contacting boundaries of
different bodies.

It is worth noting that the object of research is thermally insulated from the environ-
ment. Ideal gas air was chosen as a working body and structural steel was chosen as the
heat exchanger material. In the settings of the working bodies, domains for both calculation
variants identical parameters were set for the heat transfer fluid and flow cooler which are
presented in Table 3. The velocity of the working bodies was the chosen characteristic for
different types of flows: laminar flow (Re = 1000) and turbulent (Re = 7500 и Re = 40, 000).

Table 3. Boundary Conditions.

Parameter Units of
Measurement Cold Fluid Hot Fluid

Inlet velocity vin m/s 0.87/6.5/34.7 0.87/6.5/34.7
Inlet temperature Tin K 500 1000
Outlet pressure Pout Pa 101,325 101,325

3. Results

Next, a coupled gas dynamic calculation was performed considering the heat trans-
fer between the coolants through the steel wall, and the results are presented below in
Figures 16–19.

Energies 2024, 17, x FOR PEER REVIEW 12 of 18 
 

 

different media, and setting the boundary conditions of the working bodies. Three do-

mains were created for each of the calculations: the domain of the coolant, the cooler, and 

the heat exchanger walls. Customization of the calculation model implied the selection of 

the turbulence model, energy equation, and interface parameters. For the working bodies, 

the parameter for solving the heat transfer equation “Total Energy” was selected, which 

takes into account the kinetic energy of the flow in heat transfer. For the body of the heat 

exchanger walls the standard parameter “Thermal Energy” was chosen, excluding the 

possibility of using the separating walls of the heat exchanger as adiabatic. A two-param-

eter SST k-ω Menter turbulence model was also selected, taking into account the com-

pressibility effect. This model combines the advantages of the standard k-ε and k-ω mod-

els, allowing a sufficient level of point and physicality to perform calculations both near 

the boundary layer and away from the walls. It is also possible to take into account the 

laminar-turbulent transition, and the Gamma-theta transition model was chosen to take it 

into account. The General Grid Interface (GGI) model with the activated heat transfer 

function was used for the possibility of interfacing the contacting boundaries of different 

bodies. 

It is worth noting that the object of research is thermally insulated from the environ-

ment. Ideal gas air was chosen as a working body and structural steel was chosen as the 

heat exchanger material. In the settings of the working bodies, domains for both calcula-

tion variants identical parameters were set for the heat transfer fluid and flow cooler 

which are presented in Table 3. The velocity of the working bodies was the chosen char-

acteristic for different types of flows: laminar flow (𝑅𝑒 =  1000) and turbulent (𝑅𝑒 =  7500 

и 𝑅𝑒 =  40,000). 

Table 3. Boundary Conditions. 

Parameter Units of Measurement Cold Fluid Hot Fluid 

Inlet velocity 𝑣𝑖𝑛 m/s 0.87/6.5/34.7 0.87/6.5/34.7 

Inlet temperature 𝑇𝑖𝑛 K 500 1000 

Outlet pressure 𝑃𝑜𝑢𝑡 Pa 101,325 101,325 

3. Results 

Next, a coupled gas dynamic calculation was performed considering the heat transfer 

between the coolants through the steel wall, and the results are presented below in Figures 

16–19. 

 

Figure 16. Temperature distribution in all domains of the heat exchanger for different calculation 

variants. 

 Without lattice With lattice 

R
e 

= 
10

00
 

  

R
e 

= 
75

00
 

  

R
e 

= 
40

00
0 

  
 
Figure 16. Temperature distribution in all domains of the heat exchanger for different calculation variants.
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Figure 18. Full pressure distribution in all domains of the heat exchanger for different calculation variants.
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After that, the CFX-Post was used to determine the flow parameters necessary for fur-
ther comparative analysis. Static parameters were averaged by area and volume; dynamic
parameters were averaged by mass flow rate.

Returning to the previously mentioned criteria for evaluating the efficiency of convec-
tive heat transfer, the classical formula for calculating the Nusselt number was used:

Nu =
h × l

λ
, (3)

where λ—thermal conductivity of the air, l—characteristic size (hydraulic diameter, for
annular channel dh = 4F

P = D − d), h—heat transfer coefficient, which in turn, according to
the Newton-Richman equation, is equal to:

h =
Q

A ×
(

tw − t f

) =
q

tw − t f
, (4)

where Q—heat flux, A—heat transfer area, tw—wall temperature, t f —fluid temperature.
Also, the coefficient of local pressure losses was determined (friction losses were not

taken into account in the study because local pressure losses play a major role):

ζ =
P∗

in − P∗
out

ρ × c2/2
. (5)

The parameters determined from the data obtained from the calculations are presented
in Table 4.

Table 4. Calculation results.

Parameter Unit

Variants

Re = 1000 Re = 7500 Re = 40,000

Without
Lattice

With
Lattice

Without
Lattice

With
Lattice

Without
Lattice

With
Lattice

Inlet temperature of the cold fluid Tin K 500.0 500.0 500.0 500.0 500.0 500.0
Outlet temperature of the cold fluid Tout K 539.4 549.4 516.2 517.7 506.8 510.6
Inlet velocity of the cold fluid vin m/s 0.87 0.87 6.50 6.50 34.67 34.67
Outlet velocity of the cold fluid vout m/s 1.00 1.33 6.88 9.53 35.52 49.74
Total inlet pressure of the cold fluid P∗

in Pa 101,326 101,331 101,346 101,484 101,856 105,006
Total outlet pressure of cold fluid P∗

out Pa 101,325 101,325 101,342 101,362 101,778 102,290
Wall temperature on the cooler side Twall cold K 678.6 542.9 667.2 531.8 612.6 538.3
Wall temperature on the hotter side Twall hot K 678.7 574.5 667.2 572.7 613.0 605.2
Average cold fluid temperature Tc f K 520.8 524.1 507.6 509.0 502.8 504.8
Average hot fluid temperature Th f K 913.2 893.5 961.3 958.9 978.1 980.5
Average cold fluid density ρ kg/m3 0.706 0.706 0.706 0.706 0.706 0.706
Characteristic size (hydraulic diameter) dh m 0.03 0.03 0.03 0.03 0.03 0.03
Specific heat flux q W

m2 1602.6 576.1 4321.3 1702.4 10,439 5378
Heat transfer coefficient h W

m2×K
10.16 30.72 27.08 74.65 95.1 160.7

Nusselt number Nu − 4.29 12.98 31.54 11.44 40.16 67.89
Local pressure loss coefficient ζ − 3.778 21.571 0.268 8.188 0.184 6.403
Nusselt number ratio Nu

Nusmooth
− 3.03 2.76 1.69

Ratio of local pressure loss coefficients ζ
ζsmooth

− 5.71 30.5 34.82
Ratio of Nusselt increment to local resistance
increment Nu/Nusmooth

ζ/ζsmooth

− 0.53 0.09 0.049

4. Discussions

Based on the obtained calculation results, a comparative analysis of the two variants
of the heat exchanger section was carried out. Figure 20 shows the dependences of tem-
perature change and the value of relative total pressure loss as the studied heat exchanger
section passes, calculated at different Reynolds numbers. Dashed lines on the graphs show
the boundaries of the section with a turbulent grid.
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Figure 20. Plots of temperature change and value of relative losses of total pressure as the heat
exchanger section passes through for heat exchanger sections with and without grids at different
Reynolds numbers.

Analyzing these graphs of dependence of parameters in the coolant flow along the
length of the studied section of the heat exchanger, it can be seen that the temperature
growth of total pressure loss on smooth straight sections is less intensive than on sections
with turbulent lattice and after it. It is possible to evaluate the influence of flow turbulization
by means of a lattice structure at the middle section and after it.

Figure 21 shows the dependence of the ratio of Nusselt number, hydraulic loss coeffi-
cient, and Nusselt increment to the increment of hydraulic losses.
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Figure 21. Plots of dependence of parameters Nu/Nusmooth, ζ/ζsmooth and Nu/Nusmooth
ζ/ζsmooth

of Re number
for the investigated model of the heat exchanger section with gyroid lattice.

The graphs show that the highest increase in convective heat transfer due to the
addition of a turbulator lattice is observed at lower Reynolds numbers. The increase in the
local pressure loss coefficient increases with increasing Reynolds number.

If we turn to a parameter that evaluates not the intensity of the heat exchange process,
but the efficiency of the heat exchanger, then such a parameter will be the degree of heat
exchanger recovery. In theory, this number can be from 0 to 100 percent, in practice, the
most efficient heat exchangers have this figure in the region of 95 percent. It is worth
taking into account that in this study small sections of heat exchangers were studied, so
the efficiency obviously cannot be high. However, this will give an idea of increasing
the efficiency of the heat exchanger itself when introducing lattice structures into it. This
coefficient shows the actual transferred amount of heat to the theoretically possible one
and is calculated using the following formula:

R =
Tcold out − Tcold in
Thot in − Tcold in

× 100% (6)

Thus, within the studied heat exchanger sector, the relative increase in the degree of
regeneration was up to 56 percent. Having proved its effectiveness in a small sector of the
heat exchanger, this modification can later be implemented in bigger heat exchangers.

5. Conclusions

Thus, this study was carried out to improve the efficiency of heat exchangers manu-
factured using additive technologies with the use of lattice turbulators. According to the
results obtained during numerical simulation, it was possible to compare a simple heat
exchanger section with and without a lattice structure acting as a flow turbulator. The
ratio of the Nusselt number obtained from the calculation with turbulator to the Nusselt
number obtained from the calculation of smooth pipes depending on the Reynolds number
varied in the range from 1.69 to 3.03 among the studied regimes. If we compare with
the classical flow turbulators considered earlier, this parameter is higher in the lattice
turbulator. However, the similar ratio of hydraulic resistance coefficients varies from
5.71 to 34.82 among the studied modes. This indicates that when using such turbulators,
the rate of heat transfer growth is slower than the rate of hydraulic resistance growth. It is
worth paying attention to the fact that the possibility of obtaining an advanced growth of
heat transfer relative to the increase in hydraulic resistance compared to a similar smooth
channel is of great scientific interest, but does not always lead to the most effective heat
transfer intensification [14].

It is also worth noting that the implementation of such turbulators in grid form does
not require additional operations during fabrication and can have a fairly high degree
of automation in design. Classical flow turbulators are often a separate body from the
heat exchanger itself, which means that the turbulator itself needs additional fabrication,
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or they are quite simple, which sometimes does not allow to achieve a balance between
high efficiency of heat transfer intensification and simplicity of fabrication. Unlike classical
turbulators, lattice structures have a complex shape and can be a single monolithic struc-
ture with a heat exchanger. Also, modern software allows their implementation in heat
exchangers with a high degree of automation.

Another advantage of using lattice structures is the improved strength character-
istics. Such lattices can act as stiffeners, thereby increasing both static strength and
vibration characteristics.

Thus, we can say that despite certain disadvantages such as increased hydraulic
resistance, possible difficulties in repair and operation, as well as high technological de-
velopment costs, turbulators have potential. They allow for high performance in heat
exchange intensification and optimize heat exchanger manufacturing because it does not
require additional separate operations.

Further research development in this area could include validation of the results
obtained using an experimental stand, which would confirm the effectiveness of such
modifications in the design and would provide a field for further research. After that, it
would be possible to investigate the influence of various parameters of different types
of grating on heat transfer intensification. Further research in this direction will allow
the use of these structures in heat exchangers, thereby increasing their effectiveness and
reducing the mass-dimensional characteristics in theory. In the future, with cheaper metal
printing technology, such heat exchangers will probably become cheaper than existing heat
exchangers. This will also affect the efficiency of energy machines that use heat exchangers,
such as gas turbines. This will reduce the cost of energy production, which will reduce the
production price as well as reduce emissions into the atmosphere.

Author Contributions: Conceptualization, N.K.; Methodology, N.K. and V.R.; Validation, N.K.;
Formal analysis, A.P. (Anton Pulin) and M.L.; Investigation, G.R. and P.N.; Resources, K.A. and A.P.
(Anatoly Popovich); Data curation, I.T.; Writing – original draft, A.P. (Anton Pulin); Writing – review
& editing, M.L.; Visualization, A.P. (Anton Pulin) and B.G.; Supervision, V.R. and A.P. (Anatoly
Popovich); Project administration, V.B.; Funding acquisition, V.B. All authors have read and agreed to
the published version of the manuscript.

Funding: The research was funded by the Russian Science Foundation (project No 23-29-00968).

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chernyakov, L.A.; Gavrilov, T.A. An Experimental Study of the Effect of Fluid Turbulence on Heat Exchanger Parameters; Notes of

Petrozavodsk State University: Petrozavodsk, Russia, 2014.
2. Gorobets, V.G. Comparative Analysis of Heat Transfer and Hydraulic Resistance of Bundles of Pipes with Fins of Various Types; Publishing

House of the Institute of Technical Thermophysics of the National Academy of Sciences of Ukraine: Kyiv, Ukraine, 2006.
3. Ningbo, W.; Congbo, L.; Wei, L.; Mingli, H.; Qi, D. Effect analysis on performance enhancement of a novel air cooling battery

thermal management system with spoilers. Appl. Therm. Eng. 2021, 192, 116932.
4. Evangelos, B.; Christos, T.; Dimitrios, T. Enhancing the performance of parabolic trough collectors using nanofluids and

turbulators. Renew. Sustain. Energy Rev. 2018, 91, 358–375.
5. Jamal-Eddine, S.; Tarik, Z.; Alami, M.A.; Merzouki, S.; Najim, S. Numerical investigations of the impact of a novel turbulator

configuration on the performances enhancement of heat exchangers. J. Energy Storage 2022, 46, 103813.
6. Bioprotece and Fit 3D Make Significant Strides in Custom Prosthesis Production with Eplus 3D’s Latest Printer. Available

online: https://www.etmm-online.com/bioprotece-and-fit-3d-make-significant-strides-in-custom-prosthesis-production-with-
eplus-3ds-latest-printer-a-c7ea1f2d2d9647b2a4fb137316f02c4d/ (accessed on 19 February 2024).

7. Anton, P.; Razavi, N.; Benedetti, M.; Murchio, S.; Leary, M.; Watson, M.; Bhate, D.; Berto, F. Properties and applications of
additively manufactured metallic cellular materials: A review. Prog. Mater. Sci. 2022, 125, 100918.

8. Popovich, A.A. Advanced Materials and Technologies of Additive Manufacturing; POLYTECHNIC PRESS: St. Petersburg, Russia, 2023;
Volume 1.

https://www.etmm-online.com/bioprotece-and-fit-3d-make-significant-strides-in-custom-prosthesis-production-with-eplus-3ds-latest-printer-a-c7ea1f2d2d9647b2a4fb137316f02c4d/
https://www.etmm-online.com/bioprotece-and-fit-3d-make-significant-strides-in-custom-prosthesis-production-with-eplus-3ds-latest-printer-a-c7ea1f2d2d9647b2a4fb137316f02c4d/


Energies 2024, 17, 3333 18 of 18

9. Fei, C.; Xin, J.; Chenxi, L.; Yangwei, W.; Pin, W.; Quiang, S. Heat transfer efficiency enhancement of gyroid heat exchanger based
on multidimensional gradient structure design. Int. Commun. Heat Mass Transf. 2023, 149, 107127.

10. Kirttayoth, Y.; Yu, R.; Chao, X.; Yueliang, Z.; Su, X. Turbulent Flow Heat Transfer and Thermal Stress Improvement of Gas Turbine
Blade Trailing Edge Cooling with Diamond-Type TPMS Structure. Aerospace 2023, 11, 37. [CrossRef]

11. Ahmet, D.; Melih, C.; Feridun, K. An innovative methodology to design gyroid heat exchangers for metal additive manufacturing.
Int. J. 3D Print. Technol. Digit. Ind. 2023, 7, 478–484.

12. Dalia, M.; Mostafa, Y.; Mohamed, E.; Shekhar, R.S.T.; Fabrizio, M. Enhancement of heat exchanger performance using additive
manufacturing of gyroid lattice structures. Int. J. Adv. Manuf. Technol. 2023, 126, 4021–4036.

13. Porous and Lattice Structures, Filling and Materials in 3D Printing—3DRadar. Available online: https://3dradar.ru/post/55650/
(accessed on 11 March 2024).

14. Dreitzer, G.A. On Some Problems of Creating Highly Efficient Tubular Heat Exchangers; Heat Supply News; Moscow Aviation Institute
(State Technical University): Moscow, Russia, 2004; Volume 5.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/aerospace11010037
https://3dradar.ru/post/55650/

	Introduction 
	Methodology and Methods 
	Results 
	Discussions 
	Conclusions 
	References

