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Abstract: This article presents the possibility of evaluating the efficiency of the heat exchange element
with a special stamping plate, which is based on the results of computer simulation. The method is
based on a comparative analysis of convective heat transfer models implemented in ANSYS using a
k-ε turbulence model. To conduct the study, 3D models of three different types of cavity geometry
formed between two heat exchange plates (flat plate, chevron plate, and plate with conical stampings)
were built. Simulation was performed by finite element analysis in ANSYS for channels formed by
the three types of plates, one of which is a new configuration. The results of hydrodynamic and
heat exchange parameters allowed for establishing the efficiency of convective heat exchange for
plates of known structures and to compare them with the proposed one. It was found that the plates
with conical stamping form the smallest channels through which the fluid moves. The velocity of
the coolant is uniform throughout the cross section of the channel and equal to 0.294 m/s; the value
of the heat transfer coefficient is the largest of the three models and is 5339 W/(m K), while the
pressure drop is 1060 Pa. Taking into account the simulation results, the best heat transfer parameters
were shown by the channel formed by plates with conical stamping and the highest pressure drop.
To increase the efficiency, indicated by the ratio of heat transfer coefficients to hydraulic resistance,
the geometry of the plate with conical stamping was optimized. As a result of optimization, it was
found that the optimal geometric parameters of the heat exchange plate with conical stamping were
achieved at a 55◦ inclination angle and 1.5 mm height for the cone. The results of this study can be
used in the design of heat exchange elements of new structures with optimal parameters for highly
efficient heating of liquid coolants.

Keywords: heat exchange plate; fluid flow; ANSYS; modeling; hydrodynamics; heat transfer
coefficient

1. Introduction

Plate heat exchangers are currently among the most widespread in the industry. This
is due to several advantages that they have relative to their counterparts, where tubes
are used as heat exchangers [1,2]. The main advantage of plate heat exchangers is their
compactness with a sufficiently large heat exchange surface under moderate hydraulic
resistance [3,4].

However, along with several advantages, there is a certain limitation, which is con-
nected with the need to corrugate heat exchange plates [5,6]. This is necessary to minimize
deposits on plate surfaces and to create local flow turbulizations, which increase heat
transfer coefficients [7–11]. The intensity of heat transfer directly depends on the geometry
of the corrugation on the surface of the plates. Jiang et al. [12] investigated the effect of
geometric dimensions of the capsule-type plate heat exchanger on the efficiency of the
heat exchanger. They found that the number of longitudinal vortices decreases and the
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size of the longitudinal vortices increases with increasing Re or decreasing length-to-width
ratio of the capsule. In addition, the Nusselt number and friction factor decrease with
increasing length-to-width ratio of the capsule. Savvin et al. [13] compared the efficiency of
shell-and-tube and plate heat exchangers on an experimental stand “independent heating
system of a residential building” and drew conclusions about the advantages of the plate
heat exchanger. Arsenyeva et al. [14] conducted numerical modeling of the plate heat
exchanger and compared the results with experimental data. The authors established
that for a specified pressure drop, temperature program, and heat load, the geometric
parameters of the plate and its corrugations, which are able to make PHE with minimal
heat transfer area, can be found.

Selection of the optimal geometry, in which the increase in heat transfer coefficients is
achieved, is usually carried out experimentally, and by using the theory of similarity the
criterion equations that allow the calculation of heat transfer parameters are obtained [15–17].

However, in terms of economic costs, this is a very costly solution, so this opti-
mization problem benefits from the use computer modeling and CAD (computer-aided
design) [18,19]. Rauber et al. [20] used hybrid numerical–experimental analysis to obtain
the thermal and hydraulic performances to determine the efficiency of plate-finned heat
exchangers. They found that larger holes in the fins increase the efficiency of the heat
exchanger. The simulation was performed using ANSYS-Fluent® software. To validate the
results, a comparison of the Nusselt number obtained in the simulation with data from the
literature was used. Payambarpoura et al. [21,22] studied the effect of wetness level of the
fin surface on heat and mass transfer by using 2D modeling. The results obtained show that
the increase in surface wetness leads to a decrease in the efficiency of the heat exchanger.
The authors note that the use of 3D simulations can be a way to increase the accuracy of the
evaluations and the efficiency of the heat exchanger. Aljubaili et al. [23] also used numerical
methods to solve the problems of flow around ribbed surfaces, namely the spectral element
code, Nek5000. Baran et al. [24] used a numerical method for acoustically driven streaming
flow for different frequencies of the acoustic wave and different temperature gradients
between hot and cold surfaces. All of these studies confirm the feasibility of choosing
numerical simulation methods for the study of hydrodynamics and heat transfer in heat
exchangers. Lisowski et al. [25] used numerical analysis to find the influence of the number
of fins and frost accumulated within the fin surface on the heat transferred through the
aluminum finned tubes of ambient air vaporizers. For this purpose, the finite element
thermal analysis within ANSYS software was used.

The classical technique of determining the coefficients of convective heat transfer
between the coolant and the surface consists of the following stages [3]:

1. Determination of average useful temperature difference of heat transfer fluids
and surfaces.

2. Determination of the mode of movement of heat transfer fluids in the channel by
using Reynolds number:

Re =
w · d

ν
=

ρ · w · d
µ

, (1)

where

w—Linear speed of the coolant in the channel (m/s);
d—Determining size of the channel through which the coolant moves (m);
ν—Kinematic viscosity of the coolant (m/s2);
ρ—Density of the coolant (kg/m3);
µ—Dynamic viscosity of the coolant (Pa/s).

3. On the basis of the theory of similarity, we select the criterion Nusselt equation for a
certain mode of motion of the coolant in the channel between corrugated plates [3]:

Nu = C · Ren · Prm ·
( Pr f

Prw

)0.25

, (2)
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where

Nu—Nusselt number:

Nu =
α · d

λ
, (3)

Re—Reynolds number (1);
Pr—Prandtl number:

Pr =
µ · c

λ
, (4)

Prf, Prw—Prandtl number at fluid flow temperature and at plate wall temperature,
respectively;
C, n, m—Coefficients selected depending on the mode of motion of the coolant and
the surface of the plate;
α—Heat transfer coefficient (W/m2 K);
c—Specific heat capacity of the coolant (J/kg K);
λ—Thermal conductivity coefficient (W/m K).

4. The value of the Nusselt number from Equation (2) is substituted in (3) to determine
the heat transfer coefficient between the coolant and the plate:

α =
Nu · λ

d
, (5)

Thus, the efficiency of the heat exchange surface can be expressed due to the value of
the heat transfer coefficient. The higher the value, the higher the heat flow and the higher
the heat transfer efficiency. It was proved via experiment that the change in the geometry of
the corrugated plate of the heat exchanger affects the change in the heat transfer coefficient,
due to local turbulization of the flow and the destruction of laminar layers. The creation
and development of a new geometry of corrugated heat exchange surfaces to ensure high
heat transfer coefficients is an actual task.

The scientific novelty of this study is the possibility of studying convective heat transfer
in channels of complex shape using the finite element method. The research presented
in this article allows for evaluating qualitatively and quantitatively the efficiency of the
new design of the heat exchange plate with conical stamping and its further optimization
through modeling.

In this article, an example is proposed for a new geometry of a corrugated heat
exchange plate, which is used to demonstrate the possibility of evaluating its thermal
potential at the stage of computer model development, without the need to create and
research experimentally a manufactured plate. This approach is already described in
articles that are devoted to the simulation of physical processes in the equipment [26,27].

To achieve this goal, it is necessary to complete the following tasks:

1. Construct the geometry of the internal cavity of the heat exchanger;
2. Build a computer model of the process of the convective flow between plates for

different designs of the surfaces;
3. Analyze the influence of the geometry of the heat plates on the efficiency of heat transfer.

2. Materials and Methods

This research was implemented in the universal software system of finite element
analysis ANSYS in the Fluid Flow CFX module.

The simulation was carried out to analyze the influence of plate geometry on heat
transfer coefficient and the selection of optimal parameters. Optimization and efficiency
testing is based on the comparative analysis of computer models of different heat exchange
plate designs:

1. Simulation of heat exchange when moving a liquid in a flat wall channel.
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2. Simulation of heat exchange during fluid movement in the channel formed by
chevron plates.

3. Simulation of heat exchange when moving fluid in a channel formed by plates with
conical stamping.

4. Optimization of heat exchange plate design with conical stamping.

For research, 3D models were built for three different types of cavity geometry formed
between two adjacent plates (Figure 1):

• Flat heat plate;
• Chevron plate;
• Plate with conical stamping.

The dimensions of the design areas for each model are indicated in the example
of geometry with flat plates (Figure 2): the parameters are height H = 5 mm; length
L = 100 mm; and width D = 30 mm.

Characteristic dimensions for chevron heat exchange plate (Figure 3): the parameters
are stamping step t = 21 mm; rounding radius R = 10 mm; smallest distance between the
plates h = 2.5 mm; and height H = 5 mm.

To determine the influence of parameters of heat exchange plate geometry with conical
stamps, modeling is carried out for the following parameters (Figure 4): larger cone
diameter d = 5 mm; cone height h acceptance values 2.5, 2, 1.5, and 1 mm; stamping step
t = 6 mm; stamping placed on the vertices of regular triangles; tilt angle of the twisted cone
α varies in the range 50–65◦, with a 5◦ step; and height H = 5 mm.
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Material used as a coolant is «Water» built-in library with the following thermophysical
parameters at temperature t = 20 ◦C [28]: density ρ = 998.2 kg/m3; kinematic viscosity
coefficient ν = 0.001 m2/s; specific heat capacity c = 4183 J/kg K; and thermal conductivity
coefficient λ = 0.599 W/m K.
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To implement the finite element method, the design areas are divided into elements
of the main determining dimensions using the module Mesh (Figure 5). The Grid Setup
Options that are applied follow [29,30]:

• Mesh consists of tetrahedra (function Method control: Tetrahedrons);
• When constructing a grid, the function is included «Use Adaptive Sizing» setting the

parameter «Resolution» equal to 7.
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The average number of elements in the resulting grid is equal to 69,000 and the number
of nodes is 14,500.

Boundary conditions of the process:

• Water enters through the front end with speed w = 0.5 m/s and temperature t = 20 ◦C,
boundary condition «Inlet» (Figure 6, position 1);

• The water output is located on the opposite side of the volume, boundary condition
«Outlet», pressure at the exit of the volume P = 105 Pa (Figure 6, position 2);

• For the side ends, the border type is set to «Symmetry» to reduce the resources and
time for modeling (Figure 6, position 3);

• The upper and lower surfaces of the volume model contact with heat exchange plates
having temperature tw = 60 ◦C and boundary condition «Wall» (Figure 6, position 4).
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Modeling is carried out for a stationary problem. An option is activated to simulate
heat exchange «Total Energy» in domain settings [26,31,32].

3. Validation

Validation of solutions is a very important step in FEM simulation research. In order to
validate the results, it is necessary to compare the present model simulation with a definite
and correct result. In this study, an analytical solution for a flat plate is used to ensure
numerical accuracy. The analytical solution is made by using empiric formulas (1)–(5) with
the same parameters as used in 3D modeling. Thus, the heat transfer coefficient for the
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flat plate is 3193 W/m2 K for modeling and 3279 W/m2 K (Re = 5000, Nu = 54.7) for the
analytical solution. The maximum error between the numerical results and the analytical
solution is about 3%.

Mesh independence was examined to ensure the reliability of the simulation results.
For the chevron plate and plate with conical stamping, a series of research tests were
performed to determine the influence of mesh quality on modeling accuracy. A sizing
resolution from 1 to 7 was used to create the mesh and calculate the heat transfer coefficient.
The number of elements in the chevron plate for sizing resolution 6 was 52,613 and the
average heat transfer coefficient was 3340 W/(m2 K); for sizing resolution 7, the number
of elements was 93,748 and the average heat transfer coefficient was 3281 W/(m2 K). The
difference of the average heat transfer coefficient between the results for the 52,613 and
93,748 element mesh systems was less than 2%. A further increase in the number of mesh
elements to 189,654, performed by reducing the minimum element size, led to a change in
the heat transfer coefficient of less than 0.5%, although the simulation time increased by
more than 3.5 times. This indicated the inexpediency of further increasing the number of
elements. Therefore, the sizing resolution 6 was validated and employed in this research.
The same level of accuracy was obtained for the plate with conical stamping.

4. Results and Discussion

The influence of plate geometry on heat transfer coefficient was investigated. Figure 7
presents the temperature distribution circuits along the heat exchange plate for the three
types of plate geometry.
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The temperature of the coolant along the flow varies evenly. For flat geometry plates
and chevron plates, the temperature in the middle of the flow at the inlet and outlet are
almost unchanged. When using plates with conical stamps, the temperature in the middle
of the outlet flow increases by 8 ◦C.

Figure 8 presents trajectories of fluid particles along the plate for the three types of
plate geometry.
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Fluids between plates move along clearly defined trajectories. The movement of the
coolant between the flat plates is stationary and is mostly laminar, and the trajectory is
almost straight. For this plate, the highest flow rate is almost two times less than the
maximum speeds for other plates, and there are no stagnation zones because the movement
of particles does not interfere with the flow. In this case, the liquid almost does not
become warm.

For the chevron plate, the trajectory has the form of large waves with minor transition
zones. The speed of the coolant in this case decreases and there is a chance of a stagnant
zone due to a change in the cross section of the channel. Here, as in the previous case, the
liquid in the middle of the stream almost does not become warm.

For the plate with conical stampings, the particle motion trajectory is small waves
with significant areas of turbulent flow. The speed of the coolant is much less, as the plates
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form much smaller channels for fluid movement than in the previous cases. However,
the liquid in this case warms more intensively in the middle of the stream. This can
be explained by observing that longitudinal vortices are formed, which increase heat
transfer [12]. The structure of the vortex system is strongly influenced by the channel
geometry and Reynolds number.

Figure 9 presents vectors of fluid velocity in the middle section of the volume. The
speed of the coolant depends on the configuration of the channel through which it moves.
In the case of flat plates, the geometry of the channel is the simplest; the speed is the
same throughout the length and takes the value w = 0.511 m/s. In the channel formed by
chevron plates, the maximum speed w = 1.127 m/s. Owing to changes in the cross section
of the channel, the speed is distributed unevenly and varies in different areas. Plates with
conical stampings form the smallest channels through which the liquid moves. The speed
of the coolant is uniform throughout the cross section of the channel and takes the value
w = 0.294 m/s.
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The highest value heat transfer coefficient takes for the case of plates with conical
stamping is α = 7988 W/m2 K. For flat plates, it is α = 3193 W/m2 K. For chevron plates,
the largest coefficient value is α = 6299 W/m2 K. The data obtained show that the more
complex the configuration of the channel, the higher the heat transfer coefficient. This
is due to the fact that the characteristic of turbulent motion is the pulsation of pressures
and speeds. The complex configuration of the plate stamping forms a channel of variable
cross section in which the fluid constantly changes the module and direction of the velocity
vector, in accordance with Bernoulli’s law; this affects the local pressure change. The
data obtained confirm the fact that during the transition from laminar to turbulent flow
there is an increase in heat transfer coefficients. The heat transfer coefficients are large
at the windward sides of the stamping, where the vortices generate and at the bottom
of stampings. Furthermore, at the backside of the conical stamping, the heat transfer
coefficient is low owing to flow stagnation and separation of the wake region. The same
trends are shown by Jiang et al. [12].

Average values of the heat transfer coefficient from the wall to the liquid follow:
α = 2472 W/m2 K for the flat heat exchange plate; α = 3340 W/m2 K for the chevron heat
exchange plate; and α = 5339 W/m2 K for the heat exchange plate with conical stamping.
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The results of the research were combined into one module, “Results”. This allows
for displaying temperature changes and pressure drop for each model, as shown in shared
graphs (Figures 11 and 12).

Energies 2022, 15, x FOR PEER REVIEW 12 of 20 
 

 

The results of the research were combined into one module, “Results”. This allows 
for displaying temperature changes and pressure drop for each model, as shown in 
shared graphs (Figures 11 and 12). 

 
Figure 11. Temperature change: red—plate with conical stamping; blue—flat heat exchange plate; 
green—chevron heat exchange plate. 

The graphs in Figure 11 show that the highest temperature was achieved in the heat 
exchange plate with conical stamping, t = 27.8 °C. Temperatures in the two other cases 
change almost equally: t = 22.2 °C for flat heat exchange plate and t = 22.4 °C for chevron 
heat exchange plate. 

From the graph in Figure 12, note the drop of pressure when fluid is moving along 
the plate, which is expressed in a change in pressure. In the flat heat exchange plate and 
the plate with conical stamps, the pressure changes linearly. In the chevron heat ex-
change plate, pressure pulsations occur, and the graph indicates vibration. This results 
from the change in the transverse area between the heat exchange plates. 

 

Figure 11. Temperature change: red—plate with conical stamping; blue—flat heat exchange plate;
green—chevron heat exchange plate.

Energies 2022, 15, x FOR PEER REVIEW 13 of 20 
 

 

 
Figure 12. Graph showing pressure drop: red—plate with conical stamping; blue—flat heat ex-
change plate; green—chevron heat exchange plate. 

The pressure drop of the coolant is determined as the pressure difference between 
the inlet pressure and the outlet pressure: P = 40 Pa for the flat heat exchange plate; P = 
250 Pa for the chevron heat exchange plate; and P = 1060 Pa for the heat exchange plate 
with conical stamps. The data obtained show that the largest pressure drop occurs for the 
plate with conical stamps, P = 1060 Pa; for the flat heat exchange plate it is the smallest, P 
= 40 Pa; and for the chevron plate it is P = 250 Pa. 

By analyzing the results, it can be argued that the channel formed by the flat plates 
gives the worst heat transfer coefficients, but the value of the hydraulic resistance of this 
channel is the smallest of the three. In turn, the channel formed from plates with conical 
stamps gives the highest value of heat transfer coefficients, but the greatest drop of 
pressure is observed. In terms of maximum design efficiency, it is worth highlighting the 
chevron structure of the plates, since high values of heat transfer coefficients are ob-
served in the channel without high hydraulic support. However, in the case of plates 
with conical stamps, the largest heat transfer coefficients are observed and the highest 
fluid temperature is achieved. Therefore, it is necessary to consider for each case which 
option is the most effective. If an important parameter is the minimum pressure drop on 
the movement of fluid in the channel, then it is rational to choose chevron plates. In the 
case when it is necessary to carry out rapid heating in a limited volume, then choose the 
plate with conical stamps as the correct configuration. 

Thus, the proposed technique for evaluating the efficiency of the heat exchange plate 
of a new design by conducting computer modeling can be used to optimize new struc-
tures of heat transfer plates, without the need for their manufacture and experiment. The 
simulation allows for estimation of not only the hydromechanical characteristics, but also 
to obtain average values of heat transfer coefficients, which are usually obtained during 
an actual experiment. Thus, it is possible to calculate the heat flow for the whole heat 
exchanger, at the stage of designing its heat exchange elements. The proposed technique 
allows for optimizing the design and provides rational parameters, until the creation of a 
pilot installation, which certainly affects the minimization of time, resources, and funds. 
Next, described below are the results of optimization and selection of most favorable 
geometric parameters for the heat exchange plate with conical stamps. 

Figure 12. Graph showing pressure drop: red—plate with conical stamping; blue—flat heat exchange
plate; green—chevron heat exchange plate.

The graphs in Figure 11 show that the highest temperature was achieved in the heat
exchange plate with conical stamping, t = 27.8 ◦C. Temperatures in the two other cases
change almost equally: t = 22.2 ◦C for flat heat exchange plate and t = 22.4 ◦C for chevron
heat exchange plate.
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From the graph in Figure 12, note the drop of pressure when fluid is moving along
the plate, which is expressed in a change in pressure. In the flat heat exchange plate and
the plate with conical stamps, the pressure changes linearly. In the chevron heat exchange
plate, pressure pulsations occur, and the graph indicates vibration. This results from the
change in the transverse area between the heat exchange plates.

The pressure drop of the coolant is determined as the pressure difference between the
inlet pressure and the outlet pressure: P = 40 Pa for the flat heat exchange plate; P = 250 Pa
for the chevron heat exchange plate; and P = 1060 Pa for the heat exchange plate with
conical stamps. The data obtained show that the largest pressure drop occurs for the plate
with conical stamps, P = 1060 Pa; for the flat heat exchange plate it is the smallest, P = 40 Pa;
and for the chevron plate it is P = 250 Pa.

By analyzing the results, it can be argued that the channel formed by the flat plates
gives the worst heat transfer coefficients, but the value of the hydraulic resistance of this
channel is the smallest of the three. In turn, the channel formed from plates with conical
stamps gives the highest value of heat transfer coefficients, but the greatest drop of pressure
is observed. In terms of maximum design efficiency, it is worth highlighting the chevron
structure of the plates, since high values of heat transfer coefficients are observed in the
channel without high hydraulic support. However, in the case of plates with conical
stamps, the largest heat transfer coefficients are observed and the highest fluid temperature
is achieved. Therefore, it is necessary to consider for each case which option is the most
effective. If an important parameter is the minimum pressure drop on the movement of
fluid in the channel, then it is rational to choose chevron plates. In the case when it is
necessary to carry out rapid heating in a limited volume, then choose the plate with conical
stamps as the correct configuration.

Thus, the proposed technique for evaluating the efficiency of the heat exchange plate of
a new design by conducting computer modeling can be used to optimize new structures of
heat transfer plates, without the need for their manufacture and experiment. The simulation
allows for estimation of not only the hydromechanical characteristics, but also to obtain
average values of heat transfer coefficients, which are usually obtained during an actual
experiment. Thus, it is possible to calculate the heat flow for the whole heat exchanger,
at the stage of designing its heat exchange elements. The proposed technique allows
for optimizing the design and provides rational parameters, until the creation of a pilot
installation, which certainly affects the minimization of time, resources, and funds. Next,
described below are the results of optimization and selection of most favorable geometric
parameters for the heat exchange plate with conical stamps.

The aim of optimization is to establish the stamping parameters of the plates with
conical stamping, which is the design that provides the maximum value of the heat transfer
coefficient and a large temperature difference at low values of pressure drop. To establish
the optimal parameters of stamping, the height of the cone is changed from 1 to 2.5 mm and
the angle of inclination of the cone from 50◦ to 65◦. Initially, calculations were performed to
establish the optimal value of the angle, after which the height of the cone was optimized.

The optimization procedure is started by using common settings for modeling (Figure 13).
Then the first value of the angle of inclination is set and calculation of heat transfer coef-
ficient, pressure drop, and temperature is made according to the flowchart. Because of
changing cross section of the channel, where the fluid is flowing, it is necessary to have
not only the value of variables, but the chart of their distribution. Then after increasing the
inclination angles and calculating all variables, the comparative analysis is made. Based
on the results, an optimal angle of inclination is chosen. A further step is to use the same
algorithm and determine how changes of cone height can affect efficiency of the heat plate.
By changing height from the smallest to the largest value, the set of variables is obtained.
Finally, results are compared and the optimal cone height is found.
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Modeling for cone height values was carried out for 2.5, 2, 1.5, and 1 mm, and the
angle of inclination of the cone created was 50◦, 55◦, 60◦, and 65◦.

The graphs in Figure 14 show changes in temperature of the coolant when moving the
liquid in the channel between the plates for different inclination angles of the cone created.

Graphs show that the highest temperature (28.7 ◦C) can be achieved at the angle of
inclination of the cone tilt equal to 65◦. The slightest temperature change (25.3 ◦C) is ob-
served at an angle 50◦. Temperatures for selected angles are presented in Table 1. This trend
can be explained by the angle of attack, in the angle between the direction of the velocity
vector of the flow, and the characteristic longitudinal direction. In this case, increasing the
angle of inclination of the cone tilt leads to decreasing angle of attack. Thermodynamic
characteristics decrease with increasing angle of attack, which was confirmed by Deeb [33].

Figure 15 presents graphs of pressure drop when the liquid in the channel is moving
between the plates, given for different inclination angles of the cone created.
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Table 1. Temperature value.

№ Angle of Inclination for
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1 50 20 25.3 5.3
2 55 20 27.1 7.1
3 60 20 27.9 7.9
4 65 20 28.7 8.7
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The pressure drop value for the different angles of the tilt cone is equal: for the angle
50◦, P1 = 1050 Pa; for angle 55◦, P2 = 870 Pa; for angle 60◦, P3 = 950 Pa; and for angle 65◦,
P4 = 1320 Pa. From the data obtained, it can be seen that the largest pressure drop occurs
when the angle of inclination for the concave is equal to 65◦.

Having analyzed data from the graphs (Figures 14 and 15), it can be seen that the
optimal angle of inclination of the tilt cone for a plate with a conical stamp is the angle 55◦.

The average values of the heat transfer coefficient from the wall to the liquid are shown
in Table 2.

Table 2. Average values of heat transfer coefficient.

№ Angle of Inclination for the
Concave, ◦

Average Values of Heat
Transfer Coefficient, W/m2 K

1 50 4922
2 55 5722
3 60 5207
4 65 5216

The table shows that the highest value of the heat transfer coefficient can be obtained
at an angle 55◦ and the lowest value at 50◦.

Figure 16 presents graphs of temperature changes of moving coolant in the channel
between the plates with different values of cone height.

Graphs show that the highest temperature (26 ◦C) can be achieved at a cone height
equal to 2.5 mm. The slightest temperature change (22.8 ◦C) is observed at a height equal to
1 mm. The temperature difference for the values of the height of the cone at 2 and 2.5 mm
is only 0.2 ◦C, which indicates the inefficiency of further increasing height.

Temperature values for selected cone heights are presented in the Table 3.
Figure 17 presents pressure drop graphs for fluid moving in the channel between the

plates for different cone heights.
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Table 3. Temperature value.

№ Cone Height,
mm

Inlet
Temperature, ◦C

Output
Temperature, ◦C

Temperature
Difference, ◦C

1 1 20 22.8 2.8
2 1.5 20 24.5 4.5
3 2 20 25.8 5.8
4 2.5 20 26 6
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The pressure drop values for different cone height values are equal: for height 1 mm,
P1 = 250 Pa; for height 1.5 mm, P2 = 480 Pa; for height 2 mm, P3 = 630 Pa; and for height
2.5 mm, P1 = 680 Pa. From the data obtained, it can be seen that the largest pressure drop
occurs when the height of the cone is 2.5 mm.

After analyzing data from Figures 15 and 16, it can be seen that the optimum cone
height for a plate with conical stamps is 1.5 mm.

Average values of heat transfer coefficient from the wall to the liquid when changing
the height of the stamping are shown in Table 4.

Table 4. Average values of heat transfer coefficient.

№ Cone Height, mm Mean Heat Transfer Coefficient, W/m2 K

1 1 3720
2 1.5 4366
3 2 5026
4 2.5 5993

The table shows that the highest value of the heat transfer coefficient can be obtained
at height 2.5 mm, and the least when the height is 1 mm.

As a result of optimization, it is found that optimal geometric parameters of the heat
exchange plate with conical stamps are achieved when the angle of inclination of the tilting
cone is 55◦ and the cone height is 1.5 mm.
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5. Conclusions

The research provides the opportunity to make the following conclusions:

1. For each case, the change in temperature and pressure in the middle flow between
the plates and the average values of heat transfer coefficients from the wall to the
liquid were determined. Temperature, pressure drop, and heat transfer coefficients
follow for three types of stamping: flat heat exchange plate—t = 22.2 ◦C, P = 40 Pa,
α = 2472 W/m2; chevron heat exchange plate—t = 22.4 ◦C, P = 250 Pa, α = 3340 W/m2;
and plate with conical stamps—t = 27.8 ◦C, P = 1060 Pa, α = 5339 W/m2. After
analyzing the data, a heat exchange plate with conical stamps was selected, which
has the highest parameters of heat transfer and temperature difference.

2. The peculiarities of the process of convective heat transfer in the channel formed by
plates with conical stamping are established. The trajectory of the particles is small
waves with significant areas of flow turbulence. The velocity of the coolant is much
lower because the plates form much smaller channels for fluid movement than in the
case of other plates. However, the liquid in this case is heated more intensely in the
middle of the stream. Stagnant zones occur closer to the coolant outlet.

3. The more complex the configuration of the channel, the greater the heat transfer
coefficient. This is due to the fact that the characteristic of turbulent motion is the
pulsation of pressures and velocities. The complex configuration of the stamping
plates forms a channel of variable cross section, in which the fluid constantly changes
the modulus and direction of the velocity vector and, according to Bernoulli’s law, it
affects the local pressure change.

4. Optimization of heat exchange plate design with conical stamps was carried out for
the following parameters: the angle of inclination of the tilt changed in the range from
50◦ to 65◦ with a 5◦ step and the height of the stamping ranged from 1 to 2.5 mm with
a 0.5 mm step. A heat exchange plate with conical stamps with a cone height of equal
to 1.5 mm and an angle of inclination of the tilting cone of 55◦ was selected.
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