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Abstract: The supply of energy with the correct parameters to electrical appliances is possible with
the use of energy converters. When a direct current is required, rectifier bridges are needed. These
can be made using rectifier diodes. The problem of excessive junction temperatures in power diodes,
which are used to build rectifier bridges and power converters, was recognized. For this reason, research
work was carried out to create a model of a rectifier diode placed on a heat sink and to analyze the heat
dissipation from the junction of this diode under forced convection conditions. The results obtained
from the simulation work were compared with the results of thermographic temperature measurements.
The boundary conditions chosen for the simulation work are presented. A method is also presented
that determined the convection coefficient under forced convection conditions. The difference between
the simulation results and the results of the thermographic measurements was found to be 0.1 °C,
depending on the power dissipated at the junction and the air velocity around the diode.

Keywords: diode; energy converter; FEM; heat sink; rectifier diode; rectifier bridge; thermal conductivity;
temperature distribution thermography

1. Introduction

Power converters are used in renewable energy sources [1,2], in the electric vehicle
industry [3,4], and wherever electricity must be supplied along with voltage adjustment to
meet the needs of the device [5]. When a device requires a direct current, rectifier bridges
are used [6]. One solution to provide a DC current to a device is to bridge four power
diodes. Examples of such diodes are D61-200-22-N0O-ABG [7], SCDR0240N12M [8], and
D00-250-10 [9]. Diodes of this type can be used, for example, in the construction of a rectifier
bridge used in electrical traction [10]. In [11,12], the problem associated with the excessive
junction temperature of a semiconductor diode was pointed out.

The rise in temperature of a semiconductor diode is related to the power dissipated
there [13]. The correct dissipation of heat from a semiconductor diode increases its useful
life and the trouble-free operation time of the device in which it is installed [14]. The
verification of the selection of the heat sink is possible based on the correct measurement of
the junction temperature of a semiconductor diode. When the junction temperature is low,
it means that little power has been dissipated in the junction or that the cooling system
has been selected correctly. In these situations, it is possible that the cooling system has
been oversized, and too much cost has been incurred as a result. Keeping the junction
temperature of a semiconductor diode low indicates good heat dissipation from the junction
and enables a device in which the diode is placed to be miniaturized.

On the other hand, when the junction temperature of a semiconductor diode is too
high, it means that a lot of power has been dissipated at the diode junction. This is a
situation that may not be safe due to the possibility of damage to the semiconductor diode.
It also means that the wrong cooling system has been selected [15].

Appl. Sci. 2023, 13, 4440. https:/ /doi.org/10.3390/app13074440

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app13074440
https://doi.org/10.3390/app13074440
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-7877-4116
https://orcid.org/0000-0001-9342-7430
https://orcid.org/0000-0003-3021-6024
https://doi.org/10.3390/app13074440
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13074440?type=check_update&version=1

Appl. Sci. 2023, 13, 4440

20f17

There are three ways to measure the junction temperature of a semiconductor diode:

- Methods based on thermal sensitive parameter (TSP);
- Methods which use contact sensors;
- Methods which use non-contact sensors.

Electrical methods (based on TSP) involve determining the junction temperature of a
semiconductor diode from the relationship between the temperature of the diode Tj and the
conduction voltage VE. This is a method that is difficult to use. The relationship Tj = f(VF) is
specific to the junction in question [16]. In order to designated this relationship, it is necessary
to put the diode in the measurement circuit (outside the device containing this diode) and
determine the characteristics. Because of this, the use of this method is troublesome.

Contact methods (which use contact sensors) require the temperature sensor to be
applied to the case. Several temperature sensors are commonly used. Among the simplest
of these are the thermocouple [17], the thermistor [18], and the thermoresistor [19]. The
use of a thermocouple requires a device to compensate for the cold junction. This device
can be found on a multimeter [20]. The thermistor has nonlinear characteristics that make
it difficult to make a measurement. The use of any contact temperature sensor has an
important disadvantage: the thermal conductivity relationship between the sensor case and
the diode case is unknown. In addition, this conductivity depends on the temperature of
the diode case. The result of the measurement of the contact temperature also depends on
the contact force of the sensor case to the diode case [21]. Another significant disadvantage
is the risk of electrical shock.

These disadvantages can be avoided by using thermographic measurements. Such
a measurement involves determining the temperature of a diode case by analyzing the
optical radiation reaching the radiation detectors in the thermal imaging camera. The
thermal imaging measurement is not free of disadvantages. Its value depends on the
emissivity factor value [22], the reflected temperature [23], the distance between the camera
lens and the object under observation [24], the ambient temperature [25], the temperature
of the external optical system [26], the transmission of the external optical system [27],
and the relative humidity [28]. In addition, the result of a thermographic temperature
measurement depends on the fuzziness of the recorded thermogram [29] and the location
of the observation.

The thermographic measurement of the temperature of the diode case does not allow
for the direct measurement of the semiconductor junction temperature. A measurement
on the surface of the case is possible. The difference between the temperature of the
semiconductor junction and the case temperature is due, among other things, to the thermal
conductivity of the individual layers inside the case [30].

In the literature, many methods were described that can determine the difference
between both the value of temperature of the diode case and the junction of a semiconductor
diode. One of these methods designates the difference in temperature between the case
temperature and the junction temperature based on a one-dimensional (1D) heat flow
model. When a heat flow in a single component layer is analyzed, it is possible to compare
the analyzed heat flux path to the one branch of the electrical circuit. The comparison is as
follows: the electric potential can be compared to the temperature value of the one-sided
analyzed layer, and the electrical resistance to the thermal resistance and the electric current
flowing in the electrical branch can be compared to the heat flux in the analyzed path. For
more layers in analyzed material, the thermal resistance of an individual material layer can
be compared to the electrical resistance, which is connected in series in single branch [31].
When heat flow is analyzed for transient state, the thermal capacitance is also necessary to
take into account. In this case, the model of heat flow shown as a series-connected resistance
chain in one branch is replaced by a model shown as a chain of RC quadruples. In the
literature, Foster’s [32] and Cauer’s [33] methods for the analysis of these RC quadruples
were described. The Fourier equation was also used to determine the difference between
the junction temperature of the diode and the temperature of the diode.
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One-dimensional modeling does not allow the temperature distribution inside the
semiconductor diode case to be determined. This is possible using the Finite Element
Method. An additional advantage of using this method is the simple modeling of the effect
of energy transfer via thermal radiation and by convection.

In the event that air flows around the diode under analysis at a speed greater than
0.5 m/s, forced convection must be taken into account. This is the case, for example, when
the device containing the diode is in an open space. For this reason, it was decided to
analyze the possibility of making an indirect thermal imaging measurement of a semicon-
ductor diode on the basis of a thermogram and using an FEM. The diode was placed in a
heat sink, and forced convection was taken into account.

Section 2.1 describes the diode used and the test rig constructed, while Section 2.2
describes the selection of boundary conditions for the simulation work carried out. Section 3
presents the results obtained. Section 4 comments on the results obtained. Section 5 presents
the conclusions of the work carried out.

2. Materials and Methods
2.1. Measurement System and Equipment

In this work, a D00-250-10 power diode (Lamina, Piaseczno, Poland) (Ir = 250 A,
Vr =1.5 V) was used. The design of this diode is similar to that of the D61-200-22-N0-ABG
diodes (Poweralia, Barcelona, Spain) and SCDR0240N12M diodes (Poweralia, Barcelona,
Spain). The diode D00-250-10 is shown in Figure 1.
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Figure 1. D00-250-10 diode dimensions in millimeters.

The diode was placed in a heat sink. The dimensions of the heat sink and the placement
of the diode are shown in Figure 2.
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Figure 2. Diode D00-250-10 mounted in a heat sink. Dimensions in millimeters.

The diode, together with the heat sink, was placed in a measurement system that
allowed the measurement of the power dissipated in the diode. The value of the Ir current
that flowed through the observed diode was forced with the use of a CSU 600 A power
source (Megger, Dover, England). The voltage drop across the terminals of the diode was
measured using a UT55 voltmeter (UNI-T, Dongguan, China). In the work carried out, the
temperature at the surface of the diode case was measured with an Optris Xi 400 thermal
imaging camera (Optris, Berlin, Germany) with a telephoto lens (Instantaneous Field of
View = 0.9 mrad). The accuracy of measurement was equal to 2 °C or 2%. The parameters
of this thermographic camera were described in reference [34]. A schematic diagram of
the part of the measurement system that allowed for forcing the current through the diode
under test, measuring the power, and performing the measurement system is shown in
Figure 3.

Pipe
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ﬁUT201§

Figure 3. Schematic diagram of a section of the measurement system that allowed the current to be

forced through the diode under testing, the measurement of the power dissipated at the junction, and
the thermal imaging of the diode case temperature.
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To force the air flow around the observed diode, the diode, together with the heat
sink, was placed in a tube. The tube was made of stainless steel, a material that has
a low emissivity value . For this reason, the inside of the tube was lined with black
polyurethane-made foam.

The structure of the foam used was porous. There is a similarity between the single
pore foam and the black body model. Therefore, the walls of the chamber that was prepared
were characterized by a high emissivity value of € = 0.95 [35]. Additionally, the value of
their reflectance p was low. For this reason, part of the measuring system, placed inside the
chamber, was optically isolated.

The tube was mounted in a vertical orientation. A holder for a thermal imaging camera
was placed inside the tube. Below this, a diode holder with a heat sink was placed. A
fan was placed at the bottom of the resulting test rig to force air flow. The speed of the
fan was controlled by a stepper motor controller, which in turn was controlled by a PLC
(programmable logic controller) (Siemens S7-1200, 1215 DC/DC/DC). An HMI (Human
Machine Interface) panel was attached to the PLC. A section of the measurement system
that was responsible for the air flow around the diode under testing is shown in Figure 4.
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Figure 4. Schematic diagram of a section of the measurement system that allowed air to be forced
around the diode under testing. The diagram does not include the existing connection of the diode to
the rest of the measurement system shown in Figure 3.

The air velocity in the tube was measured using GM 8903 (Benetech, Kalisz, Poland).
By analyzing the system shown in Figure 4, it can be seen that the top of the tube was open.
The heat sink and parts of the diode case were made of low-emissivity material. For this
reason, markers were applied to the diode and the heat sink case using Velvet Coating
811-21 paint. The value of the emissivity coefficient of the paint used is known and is in the
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range of 0.970 to 0.975 when the temperature is between —36 °C and 82 °C. The uncertainty
of the value of the emissivity coefficient is also known, and it is equal to 0.004 [36]. The
arrangement of the markers placed on the diode case and their numbering are shown in
Figure 5.

.\‘Y'\ _4H7 —J1] O
w

Figure 5. Placement of markers made with Velvet Coating 811-21 paint and numbers given to each marker.

In order to eliminate the error associated with the observation angle, the observed
diode surface was placed perpendicular to the lens of the thermal imaging camera.

2.2. Determining Convection Coefficients and Simulation Boundary Conditions

Determining the temperature distribution in a semiconductor diode case is possible
after using the FEM method. This method consists of dividing the analyzed section of the
case into a finite number of smaller solids of a specific shape. The nodes are located at
the vertices of the resulting solids. Temperature information is stored at the node. The
temperature values at certain nodes (e.g., those located on the section of the diode case that
has been split) are set as a boundary condition. Knowing the heat flow equation that the
software uses, the thermal properties (e.g., thermal resistance) of the material of the case
fragment being analyzed, and the distances between nodes, the temperature distribution in
the case can be determined.

The Solidworks 2020 SP05 software (Dassault Systemes, Vélizy-Villacoublay, France)
was used in the research carried out. The software allowed the necessary simulation
work to be carried out through the use of FEM. The created model was subdivided into
tetrahedral finite elements. The number of these elements can be specified by the user.
Note that the more complex the model is, the more finite elements and nodes it will
contain. Consequently, the greater the number of nodes (and finite elements), the more
time is needed to calculate the values at the nodes and obtain the temperature distribution
sought [37].
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The equation that describes the transient heat conduction in a three-dimensional
element can be written as follows (1) [38]:

T(x,y,z,t) °T 0°T 9T
d044445¥444— (kg kg e 5) (1)

where c is the specific heat; d is the density (kg/ m?); ky, ky, and k; (W/(m-K)) are the
thermal conductivities in the x, y, and z directions, respectively; T (K) is the temperature;
and ¢ (s) is the time.

In a steady state, when the heat flow in a single direction in a homogeneous environ-
ment is considered, Equation (2) can be used instead of Equation (1) [39]:

oT
—k— 2
J= kS @
where ] is a radiative heat flux (W-m~2).
After separating the variables contained in Equation (2), the time constant can be
obtained from the boundary conditions with Equation (3) [39]:

forx=0—=T=T 3)
forx=x, - T=1T,
where x, is the end point of the analyzed heat flow path (m), T; is the temperature at the
starting point of the analyzed heat flow path (K), and T is the temperature at the end point
of the analyzed heat flow path (K).

After separating the variables, integrating both sides and determining the time con-
stant, Equation (2) takes the form of Equation (4) [39]:

I -Th= (4)

P,
Sk
where P, is the total power, which was applied to the wall (W), and S is the area of the flat
wall, which was penetrated by J.

Using Equation (4), the temperature difference between two points can be determined.
In practice, the temperature distribution obtained in one line (1D model) might not provide
enough data. For this reason, a 3D model is used to obtain more information. In each
tetrahedral element (into which the semiconductor diode case is divided), the temperature
field is interpolated based on the temperature at the nodes of that element and the linear
shape function, Equation (5) [40]:

T(x,y,z,t) = ZH Ti(t (5)

where T;(t) is the nodal temperature at node i, and H; is the linear shape function.

Determining the correct temperature distribution in the semiconductor diode case
requires the determination of the radiation coefficient /. In the Solidworks software used
in the work carried out, the h, coefficient is determined from the value of ¢. If the value of
the h; coefficient is required, Equation (6) [41] can be used:

hpwmmn+nmﬁ+ﬁ) ®)

where 0, is the Stefan—-Boltzmann constant equal to 5.67 X 1078 (W-m~2.K™%), Ts is the
surface temperature (K), and T} is the air temperature (K).
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In addition to the value of the h, coefficient, the value of the coefficient /. must be
determined. This coefficient can be determined from Equation (7) [42]:

Nu -k
he =~ )

where J is the convection coefficient of flat surfaces, Nu is the Nusselt number (-), and L is
the characteristic length in meters (for a vertical wall, it is the height).
The Nusselt number for forced convection is described by Equation (8) [43]:

Nu = C-Re®-Pr? (8)

where Nu (-) is the Nuselt number, Pr (-) is the Prandtl number, Re (-) is the Reynolds

number, and C, 4, b are coefficients that depend on surface orientation (horizontal /vertical).
The values of C, 4, and b coefficients are also dependent on the type of airflow. For flat

horizontal surfaces, for laminar flow, Equation (8) takes the form of Equation (9) [44]:

Nu = 0.664-Re’>.pr!/3 )
Instead, for turbulent flow, Equation (8) takes the form of Equation (10) [44]:
Nu = 0.0369-Re’8.Pr!/3 (10)

The Prandtl number can be obtained using Equation (11) [45]:
p =<1 (11)

where c is the specific heat of air equal to 1005 (]-kg_1 K1) in 293.15 (K), and 1 is the
dynamic air viscosity equal to 1.75 x 107> (kg:m~!-s71) in 273.15 (K).
The Reynolds number can be obtained from Equation (12) [46]:
V-p-L
U

Re = (12)
where V (m/s) is the average linear velocity of the fluid flow, and p is the air density equal
to 1.21 (kg:m~3) in 273.15 (K).

The roller surface value of the convection coefficient h. can be obtained from
Equation (13) [47]:

05- V2 981 0%
_l’_

T )
d o, +05

hey=5.9-d%0.( (13)

where d (m) is the dimension of the roller.

3. Results

In order to carry out reliable simulation work, the size of the mesh element was
selected at the outset, and it was performed in such a way as to achieve convergence
of results. The duration of the simulation was also recorded. The results obtained are
presented in Table 1. As a representative point, an octagonal surface above the diode thread
was selected.

Obtaining correct temperature distributions required the selection of correct values
for the convection coefficients. This was conducted using Equations (7)—(13). The observed
surface was oriented perpendicular to the direction of air flow. It was the rear surface of the
solid that was hit by airflow. For this reason, the equations for turbulent flow were chosen.
The selected materials, as well as the convection and thermal conductivity coefficients, are
summarized in Table 2.
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Table 1. The dependence of the convergence of the result and the simulation duration on the size of
the mesh element.

Mesh Element Size (mm) Tsym (°O) T, (°C) Duration of the Simulation (s)
1.0 63.2 64.5 980
2.5 63.1 64.5 280
5.0 51.5 64.5 12

Table 2. Assigned material and selected values for the convection coefficients h./hcr (-) and the
thermal conductivity coefficients k (W/(m-K)). The k-factor values were assigned to the selected
materials by the software manufacturer.

No. Material k W/(m-K))
1 Cast steel 80
2 Cast steel 80
3 Aluminum 100
4 Epoxy 0.2
5 Aluminum 100
6 Silicon 150
7 Aluminum 100
8 Aluminum 100
9 Copper 400

10 Aluminum 100
11 Porcelain 2.5

Points referenced in Table 2 are shown in Figure 6.

Figure 6. Points with assigned properties, described in Table 2.
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Using the test rig presented in Figure 4, thermograms were taken, as shown in Figure 7.
Pj powers of 46.23 W, 74.48 W, and 111.75 W were dissipated at the diode junction. For
each power, measurements were taken at air speeds of 0.75m/s, 1 m/s, and 1.5 m/s. The
thermograms are presented in Figure 7.

Figure 7. Thermograms recorded for (a) Pj =46.23 W and v =0.75m/s, (b) Pj =4623Wandv=1m/s,
(c) P;j=4623 W and v =15m/s, (d) Pj=7448 W and v =0.75m/s, (e) Pj=7448 W andv=1m/s,
(f) Pj=7448 Wand v=15m/s, (g) P;=111.75Wand v=075m/s, (h) P;=111.75Wand v =1 m/s, and
(i) Pj=11175Wand v=15m/s.

The temperature distributions obtained from the simulation work are shown in Figure 8.
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Figure 8. Temperature distributions obtained for (a) P;=4623 W and v =0.75m/s, (b) P;=4623W
andv=1m/s, (c) P;=46.23 Wandv=15m/s, (d) P; =7448 Wand v =0.75m/s, (e) P; = 7448 W
andv=1m/s, (f) P;=7448 Wand v=15m/s, (g) P; =111.75 W and v =0.75m/s, (h) P; = 111.75 W
and v =1m/s, and (i) Pi=111.75Wand v =15 m/s.

The values of the convection coefficient for the cylinder /.- and the convection co-
efficient for the flat surface hy for different values of P; and v used in the simulation are
presented in Tables 3-5.

Table 3. The values of the convection coefficient for the cylinder /., and the convection coefficient for
the flat surface hcf used in the simulation for v =0.75m/s, v =1 m/s, and v = 1.5 m/s; when the value
of the power dissipated at the junction, Pj was 46.23 W (as marked in Figure 5).

. . Ber, hef IW/(m*K)]
The Number of the Measuring Point
v =0.75m/s v =1.00 m/s v =150 m/s
3 63.2 64.5 980
4 63.1 64.5 280

5 51.5 64.5 12
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Table 4. The values of the convection coefficient for the cylinder /icr and the convection coefficient
for the flat surface hcf used in the simulation for v=0.75m/s, v=1m/s, and v = 1.5 m/s; when the
value of the power dissipated at the junction, Pj was 74.48 W (as marked in Figure 5).

. . Ber, Bef IW/(m*K)]
The Number of the Measuring Point
v =0.75m/s v =1.00 m/s v =1.50 m/s
3 23.2 38.4 53.3
4 12.4 25.9 38.6
5 31.1 45.9 61.7

Table 5. The values of the convection coefficient for the cylinder /icr and the convection coefficient
for the flat surface hcf used in the simulation for v=0.75m/s, v=1m/s, and v = 1.5 m/s; when the
value of the power dissipated at the junction, Pj was 111.75 W (in marked in Figure 5).

her, hep IWI(m2K)]
The Number of the Measuring Point o 7ef
v =0.75 m/s v =1.00 m/s v =150 m/s
3 38.6 58.4 79.1
4 27.7 46.9 67.6
5 36.7 56.9 76.7

A comparison of the results obtained from the T, simulation and the results obtained
from the Tc measurements is shown in Table 6. The difference between T, and T; is shown
in Tables 6 and 7.

Table 6. Comparison of the results obtained from the TSym simulations, and the results obtained from
the T¢c measurements.

No. P; (W) Measurement Point Number v (m/s) Tsym (CC) T. Q) Tc — Tsym (°C)

0.75 52.3 52.6 0.3
2 1 48.5 48.4 —-0.1
1.5 439 424 —-1.5
0.75 53.2 54.8 1.6
1 46.23 1 1 50.3 51.3 1.0
1.5 459 452 -0.7
0.75 40.8 39.2 -1.6
3 1 38.5 37.1 —1.4
0.75 67.4 67.6 0.2
1 60.3 59.4 -0.9
2 1.5 57.3 56.9 —-0.4
0.75 70.1 71.9 1.8
1 63.1 64.5 1.4
2 74.48 1 1.5 60.0 61.5 15
0.75 50.1 48.2 -1.9
1 441 425 -1.6
3 1.5 40.0 38.2 —-1.8
0.75 67.4 67.6 0.2
0.75 93.3 92.4 -0.9
2 1 73.3 72.8 -0.5
1.5 67.9 66.6 -1.3
0.75 96.4 98.4 2.0
3 111.75 1 1 78.9 80.3 14
1.5 73.2 74.0 0.8
0.75 67.0 65.1 -19
3 1 49.9 479 —-2.0

1.5 45.1 43.4 -1.7
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Table 7. Comparison of the results obtained from the T measurements and the junction temperatures
T; determined.

No. P; (W) v (m/s) T (°C) T, °O) T, - T. (°C)

0.75 52.6 56.3 3.7

1 48.4 53.5 5.1

15 424 50.8 8.4

0.75 54.8 56.3 1.5

1 46.23 1 51.3 53.5 22
1.5 45.2 50.8 5.6

0.75 39.2 56.3 17.1

1 37.1 53.5 16.4

1.5 33.3 50.8 17.5

0.75 67.6 77.5 9.9

1 59.4 70.5 11.1

15 56.9 67.4 10.5

0.75 719 77.5 5.6

2 74.48 1 64.5 70.5 6.0
15 61.5 67.4 59

0.75 48.2 77.5 29.3

1 425 70.5 28.0

1.5 38.2 67.4 29.2

0.75 92.4 107.5 15.1

1 72.8 91.2 18.4

15 66.6 86.4 19.8

0.75 98.4 107.5 9.1

3 111.75 1 80.3 91.2 10.9
15 74.0 86.4 12.4

0.75 65.1 107.5 42.4

1 479 91.2 43.3

1.5 43.4 86.4 43.0

4. Discussion

The convergence of the measured temperatures of the diode case (the heat sink in which
the diode is mounted) with the temperature obtained from the simulation work depends on
the accuracy of the measurement and the accuracy of the simulation work. The accuracy of
the results obtained from the simulation work depends, among other things, on the accuracy
with which the values of the convection coefficients k. and hcf were determined.

In the work carried out, the method of similarity to physical phenomena was used.
This method makes it possible to obtain approximate values of the convection coefficients.
In order to obtain more accurate values for the convection coefficients, they should be
determined experimentally. The accuracy of the temperature distribution obtained from
the simulation work also depends on the chosen size of the mesh element.

Figure 8 shows the heat dissipation with forced convection. Forced convection im-
proves heat dissipation, and it can be seen that the diode case was colder. We can observe
the heat dissipation on the diode case only.

The time shown in Table 1 is the simulation time for an illustrative size of the mesh
element. Before starting the measurements, a preliminary study should be made to check
the relationship between mesh element size, simulation time, and result accuracy. A mesh
size should be chosen for which the simulation accuracy is satisfactory and the simulation
time is not long. In the work carried out, the edge of the mesh element was 2.5 mm.

5. Conclusions

Energy converters make it possible to supply electricity with the appropriate parame-
ters. When a direct current needs to be supplied, rectifier diodes are used in their design.
Thermographic diagnostics of rectifier diodes make it possible to extend their service life,
adjust the operating location to the design assumptions, verify the choice of heat sink, and
even prevent failure. Consequently, it is possible to reduce operating costs.

The smallest difference between the temperature obtained from the simulation work
and the experimental work was obtained at point 3-0.1 °C (Figure 5, Table 6). On the
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contrary, the smallest difference between the temperature of the case and the temperature
of the junction was obtained at point 1-1.5 °C (Figure 5, Table 4).

On the basis of the experimental work carried out, the effectiveness of thermographic
diagnostics under forced convection conditions can be confirmed. It was confirmed that,
for air velocities not exceeding 1.5 m/s, it is possible to carry out an indirect thermographic
measurement of the junction temperature of a semiconductor diode, i.e., a measurement
whereby the junction temperature of the semiconductor can be determined from the mea-
sured temperature of the case. To perform this, it is necessary to monitor point 1 shown in
Figure 5.

The value of the convection coefficient increases with increasing air velocity and
decreases with increasing surface temperature. In the work carried out, the value of the
convection coefficient ranged from approximately 21 to approximately 77. This value
depends on the shape of the surface, on the orientation of the surface, and on the speed of
the air that flows around the surface.

By analyzing the thermograms shown in Figure 7, it can be seen that, as the airflow
velocity increases for the same Pj power values that were discharged at the junction, the
recorded temperatures of the heat sink and the diode case are lower. This indicates an
improvement in heat dissipation from these surfaces. This trend can be seen for all the
power values of Pj that were discharged.

The temperature distributions that were determined from the simulation work
(Figure 8) confirm the thermographic measurements. Consequently, it is possible to con-
clude that the recorded thermograms are reliable. It can also be concluded that, for air
velocities of no more than 1.5 m/s, the thermographic measurement of the surface tempera-
ture of the power diode and the heat sink (on which it is placed) is reliable.

By analyzing the data in Table 6, it can be seen that the temperature obtained on
the surface Tc differed from the joint temperature Tsym, which was determined from the
simulation work. The smallest differences can be observed for point 2 (shown in Figure 5).
The largest difference that was recorded for this point did not exceed 1.5 °C.
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junction temperature
forward voltage
forward current
wavelength
emissivity factor
reflectance factor
specific heat
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ky, ky and k;  thermal conductivities in the directions x, y, and z directions

T temperature

t time

] radiative heat flux

P. total power

S the area of the flat wall, which was penetrated by |

i node number

H; linear shape function

hy radiation coefficient

o Stefan—Boltzmann constant

T, air temperature

Ts surface temperature

he convection coefficient of flat surfaces

Nu Nusselt number

L characteristic length

Pr Prandtl number

Re Reynolds number

Coab coefficients depend on surface orientation (horizontal /vertical)

7 dynamic air viscosity

\%4 average linear velocity of fluid flow

her convection coefficient for roller surface

d dimension of roller

0 air density equal

k thermal conductivity

Tsym results obtained simulation

Tc results obtained from thermographic measurement
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