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Abstract: Thermionic energy converters, based on the phenomenon of electron thermionic emission, directly convert thermal energy into
electrical energy. They are characterized, among other things, by high output power density and potential for integration with
high-temperature heat sources. This paper presents a model of a vacuum thermionic energy converter for numerical studies and presents
temperature distributions of key components of the converter, including the dispenser cathode, mounting base and ceramic cathode pad,
manipulator core, anode, mounting base and ceramic anode pad. The tests were performed in the Ansys 2024 environment in the dispenser
cathode temperature range up to 1473,2 K for three electrode mounting base designs made of steel (316L), molybdenum, and copper,
respectively. Based on the results obtained, the permissible operating temperature of the cathode mounted on a steel base was determined,
at which the emission of toxic vapors from the steel is negligible. The anode temperature values for the three anode mounting base materials
and the theoretical limit of energy conversion efficiency were determined. The work emphasizes the need to optimize the selection

of materials and mechanical design to improve the durability and efficiency of thermionic energy converters.
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1. INTRODUCTION

Thermionic energy converters (TECs) directly convert thermal
energy into electrical energy based on the phenomenon of electron
thermionic emission. They are characterized by high output power
density, compact design, compatibility with high-temperature heat
sources, and theoretically high energy efficiency. These ad-
vantages stimulate research into their commercialization. However,
the key challenge is to improve the energy efficiency of practical
implementations of converters. Research conducted in many re-
nowned scientific centers is focused on obtaining materials for cath-
odes and anodes with relatively low electron work function and high
apparent Richardson constant for the cathode material [1, 2].
Another challenge is to mitigate the negative space charge in the
inter-electrode area and to reduce the negative impact of electron
reflection from the electrodes [3, 4]. In terms of the mechanical de-
sign of the converter, an important issue is to obtain high-tempera-
ture and mechanically stable insulators separating the converter
electrodes [5]. In order to improve the energy efficiency of convert-
ers [6], a number of studies focus on the use of photovoltaic
and thermoradiative phenomena in the design of hybrid
converters [5, 7, 8, 9].

Dispenser cathodes are efficient sources of electrons that are
used in experimental research on thermionic energy conversion.
The emission layer of this cathode is sensitive to the influence of
metal vapors, including Ag, Au, Ni, Fe (Steels), Pt, Zr [10, 11],
whose presence causes an increase in the cathode electron work
function and a drastic reduction in the electron thermionic current,
an effect known as cathode poisoning. The higher the melting point
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of the metal, the higher the temperature at which the cathode is
poisoned by vapors of that metal. The normalized electron thermi-
onic emission current as a function of temperature and vapor pres-
sure for selected metals is shown in Figs. 1 and 2.

Therefore, it is important to select the right materials for com-
ponents that come into direct contact with the cathode, in particular
the cathode mounting base, the wires connecting the tungsten mi-
croheater to the power supply, and the wires connecting the cath-
ode to the load.

The principle of operation of a thermionic energy converter is
based on the phenomenon of electron thermionic emission. A sche-
matic diagram of the converter is shown in Fig. 3.
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Fig. 1. Normalized electron thermionic emission current of a dispenser
cathode operating at 1373.2 K as a function of metal tempera-
ture (based on [10, 11])
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Fig. 2. Normalized electron thermionic emission current of a dispenser
cathode operating at 1373.2 K as a function of metal vapor pres-
sure (based on [10, 11])
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Fig. 3. Schematic diagram of a thermionic energy converter

The electrodes are placed in an ultra-high vacuum chamber
and are connected to the load R by means of electrical feed-
throughs. The cathode is thermally connected to the heat source,
and the anode to the heat receiver. Under the influence of thermal
energy supplied to the cathode, electrons are emitted from the cath-
ode surface, then reach the anode by ballistic motion and return to
the cathode through the load R. The electrode materials should be
selected so that the electron work function ¢c of the cathode is
greater than the electron work function ¢ of the anode.

Fig. 4 shows a schematic distribution of the potential energy of
an electron in the cathode-anode region for an ideal converter.
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Fig. 4. S. Distribution of potential energy of an electron in the cathode-
anode region for an ideal converter (based on [12, 13])

Based on the given potential energy distribution, the load cur-
rent intensity / can be written as follows [12, 13]:
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I =A.T2S, exp (— ,;"—TCC) (1)
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for v > %04 ;(f"‘

where (¢ — ¢4)/e is the cathode-anode contact potential,
e is the elementary charge.

The model /(V) dependence in graphical form for an ideal con-
verter is shown in Fig. 5 as a solid line. The calculations were based
on the sample data shown on the right side of Fig. 5. For compari-
son, the /(V) characteristic is also shown as a dashed line for a real
converter, taking into account the influence of negative space
charge, which was determined based on the algorithm [12, 13].
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Fig. 5. Model of current-voltage characteristics for an ideal converter and
a real converter, taking into account the influence of negative
space charge in the cathode-anode area. d is the mutual distance
between the cathode and the anode

As can be seen in Fig. 5, the load current for the real converter,
in the shown output voltage range, is lower than for the ideal con-
verter. In general, for real converters, the load current decreases
with increasing cathode-anode distance [14]. Therefore, striving to
achieve a small distance between the cathode and anode under
conditions of their potentially large temperature difference is a sig-
nificant technological challenge.

There are many inspiring articles on thermionic energy conver-
sion. However, based on a review of the available literature, it must
be noted that there is a lack of studies comparing the effect of elec-
trode base materials on temperature distribution in TECs.
Knowledge of the temperature distribution allows the theoretical
conversion efficiency limit to be determined, which may justify the
selection of appropriate electrode base materials. This paper pre-
sents a method for preparing a model for numerical testing and the
results of thermal analyses using Ansys 2024 software. The simu-
lation used an energy flow module, a laminar fluid model, a radial
temperature propagation model, and a heat exchange model. The
tests were carried out for cathode temperatures ranging from
873.2 K to 1473.2 K. Temperature distributions were determined
for key converter components in designs using steel, molybdenum,
and copper electrode mounting bases, the results were discussed,
and the theoretical energy conversion efficiency limit was deter-
mined.
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2. RESEARCH MODEL

In experimental studies conducted at the Department of Auto-
mation and Metrology of the Lublin University of Technology in the
field of thermionic conversion of heat into electricity, it is planned to
use a dispenser cathode model 311M (HeatWave Labs Inc.) as an
electron emitter. A model of the vacuum thermionic energy con-
verter test stand is shown in Fig. 6. The vacuum chamber (Instru-
ment Technology Limited) consists of segments connected by ro-
tary joints, with numerous inter-section contacts and seals, and to-
gether with a pump system ensures a vacuum pressure
of p=10-6 Pa. The interior of the structure is equipped with a precise
electrode positioning system, dispenser cathode Model 311M
(HeatWave Labs) and a single-axis manipulator Model PMZ-275-2
(Huntington Mechanical Labs, Inc.) for adjusting the width of the
interelectrode gap, which allows for precise positioning of the elec-
trodes relative to each other. The cathode, integrated in a molyb-
denum housing with a tungsten microheater operating in the range
of 1173 K-1473.2 K, is characterized by a relatively high electron
emission current density of up to 5 Alcm? at 1473.2 K. The chamber
has a flange for connection to an ionization vacuum gauge and
flanges with vacuum electrical feedthroughs for connecting tung-
sten microheaters and thermocouples to a temperature controller
and data acquisition system.

Fig. 6. Model of a vacuum thermionic heat-to-electric energy converter
test stand. 1 — manipulator, 2 — vacuum electrical feedthroughs,
3 — vacuum chamber, 4 — viewing window, 5 - vacuum gauge,
6 - test stand frame

The geometric model of the chamber was developed in a CAD
environment and then imported into the Ansys Workbench 2024
platform, where the subsequent stages of preparing the model for
thermal analysis were carried out. The cylinder of the test chamber
has a diameter of 0.16 m, and the geometric volume of the chamber
is 0.01 m®. Due to the characteristics of the finite element method
and the need to ensure convergence of calculations in the Space-
Claim module, the geometry was simplified. To this end, roundings,
chamfers, technological openings, and other details irrelevant to
heat conduction were removed. Component assemblies were re-
placed with homogeneous solids with equivalent thermal proper-
ties. Elements made of different materials were defined as separate
geometric domains, which made it possible to assign individual
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thermal conductivity parameters and emissivity coefficients to
them. Particular attention was paid to the correct mapping of con-
tact surfaces, eliminating gaps and wall penetration (so-called co-
incident faces), which could interfere with the analysis of heat con-
duction and radiation. The geometric model was verified using the
Repair Geometry and Detect Gaps tools, removing topological er-
rors and preparing the model for the discratization process. A cross-
sectional view of the prepared model is shown in Fig. 7. In the upper
part of the structure, the following can be distinguished: the manip-
ulator core (1) made of 316L stainless steel, a ceramic cathode pad
(2) made of Al20s , the cathode mounting base with mounting ele-
ments (3), the 311 M cathode dispenser in a molybdenum housing
(6), inside which an insulating section (4) and a heating section (5)
with a tungsten microheater were separated. The microheater is
embedded in a structure filling the interior of the electrode with alu-
minum oxide. The lower part of the drawing shows the 311M elec-
trode forming the anode, the mounting base (8) of the anode and
the ceramic spacer (10). Between the cathode (6) and the anode
(7) there is a gap with adjustable width.

Fig. 7. Virtual model of the chamber in a semi-cross-section view, adapted
for numerical analysis. 1 — manipulator core, 2 — ceramic cathode
pad, 3 - cathode mounting base, 4 — internal cathode insulation
(half-cross-section view), 5 — cathode heater, 6 — cathode front
surface, 7 — anode, 8 — anode mounting base, 9 — borosilicate
glass of the viewfinder,10 — ceramic anode pad

The model was discretized in the Ansys Meshing module. Tet-
rahedral elements were used, with a particularly dense mesh in ar-
eas where large temperature gradients were expected, especially
near the heater and at the boundaries of material contacts. A hybrid
approach was adopted, in which the global element size was set to
5 mm, while locally Face Sizing and Body Sizing functions were
used with a maximum element size of 0.2 mm. In these areas, five
inflation layers were added with a gradual increase in mesh density,
in accordance with the recommendations for mesh sensitivity under
vacuum conditions [15]. The total number of elements was approx-
imately 1.25 million, which allowed a compromise to be reached
between the accuracy of the geometry representation and the cal-
culation time (Fig. 8). The generated mesh was evaluated in terms
of element quality. The minimum element quality value was 0.08,
and the maximum skewness reached 0.95, which falls within the
acceptable range for steady-state thermal analyses. The average
skewness value for all elements was 0.28, indicating good mesh
uniformity. The skewness distribution histogram shows that more
than 75 % of the elements have skewness values below 0.5.
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Fig. 8. Discrete model of the test chamber

The interior of the high-vacuum chamber was modeled as a
space filled with as a vacuum region with zero density and thermal
conductivity, which means that there is no convection. The inner
walls of the chamber, electrodes, electrode bases, insulators, and
other components were defined as surfaces participating in radia-
tion exchange. The model uses the Surface to Surface Radiation
(S2S) method [16], which allows for the consideration of thermal
radiation between ("visible") surfaces without the involvement of an
intermediate medium. The S2S model assumes that radiation oc-
curs between gray bodies and does not take into account scattering
or absorption by the medium, which makes it ideal for vacuum con-
ditions [17]. Energy exchange is described by an equation, in ac-
cordance with the literature [18, 19]:

q; = &o(T = N FyT}*) (3)

where: gi — heat energy flux radiated from surface i, & — emissivity
coefficient of surface i, o — Stefan-Boltzmann constant, Ti, Tj-sur-
face temperatures i, j, Fj — visibility coefficient between surfaces
iand j, N - number of all surfaces participating in energy exchange
by radiation.

For external walls, the phenomenon of free convection with the
surrounding air was taken into account. A convection boundary
condition was applied, assuming an ambient temperature of 298.0
K and atmospheric pressure of 101325 Pa. A convection coefficient
of 5 W/(m?K) was adopted, in accordance with the literature [23],
which allows for a realistic estimation of heat losses to the environ-
ment. In addition, the chamber is equipped with a liquid cooling sys-
tem for the manipulator core, which limits the change in the gap
width due to thermal expansion of the manipulator components.
The thermal properties of the materials used were taken from spe-
cialist literature [20-25]. The thermal conductivity, specific heat,
density, and emissivity of the individual materials are summarized
in Tab. 1. Energy fluxes associated with electron transport between
the cathode and anode, as well as the effects of temperature-de-
pendent material properties, were not included in this model.
Extending the model will be considered in future work.

Tab. 1. Thermal and physical properties of materials used in the model

Thermal | Specific | Density | Emis-
Material Conduc- heat sivity
tivity
Wim-K)] | [J(kgK)] | [kg/m?] | [-]
Stainless Steel 316L 16.2 500.0 8000 0.28
Molybdenum (Mo) 138.0 250.0 10200 0.05
Copper (Cu) 398.0 385.0 8960 0.03
Aluminum Oxide
30.0 880.0 3960 0.25
(Al205)
Pyrex 7740 114 | 8300 | 2230 | 092
borosilicate glass

acta mechanica et automatica, vol.19 no.4 (2025)

The simulations were carried out for cathode temperatures in
the range 873.2 K - 1473.2 K. A relatively low initial temperature
was chosen in order to illustrate trends in temperature distributions.
The maximum operating temperature of the 311M dispenser cath-
ode is 1473.2 K. This temperature was adopted as the boundary
condition in the model tests. The heat source was defined by setting
the temperature of the tungsten microheater of the cathode.

3. RESULTS OF NUMERICAL ANALYSES

The temperature distribution in the vacuum chamber of the con-
verter, in which the temperature of the tungsten microheater of the
cathode is 1473.2 K and the electrode bases are made of stainless
steel, is shown in Fig. 9.

A: Steady-State Thermal
Temperature
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Fig. 9. Temperature distribution in the test chamber model

The detailed temperature distribution of the cathode is illus-
trated in Fig. 10. The minimum temperature, recorded at the mount-
ing base, is significantly lower and reaches 780.4 K, which indicates
a strong temperature gradient along the electrode.

)

Type: Temperature
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Fig. 10. Temperature distribution in the cathode model

The temperature distribution of the anode, shown in Fig. 11,
shows its heating in the front part to a temperature of 817.8 K. The
temperature along the electrode decreases towards the mounting
base, reaching a minimum value of 662.2 K.
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Fig. 13. Temperature distribution in the anode mounting base model

The temperature distribution for the ceramic cathode pad made
of aluminum oxide (markings 2 and 10 in Fig. 7) is shown in Fig. 14.
The maximum temperature of the pad is 446.6 K.
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Fig. 11. Temperature distribution in the anode model

Fig. 12 shows the temperature distribution in the cathode e

446.6 Max

mounting base. The area where the steel base makes contact with oo
the cathode is noteworthy. In this region, the base temperature )
reaches 1359.1 K, causing steel vapor to contaminate the cathode e
emission surface. Due to the constituents of 316L stainless steel, i
particularly its relatively high nickel content, contamination of the 014

cathode surface decreases the thermionic emission current.

As can be seen from the nickel curves in Fig. 1 and Fig. 2, the
normalized thermionic emission current will significantly decrease
at a base temperature of 1359.1 K and a pressure below 1.3-107°

Pa 0000 5.000 10.000 (mm)

2500 7500

Fig. 14. Temperature distribution in the model of the cathode ceramic pad
surface
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The manipulator core, which remains in contact with the ce-
ramic pad, reaches a temperature of 425.5 K, as illustrated in
Fig. 15.

Type: Temperature
Unit: K
Time: 15

425.5 Max

0,000 5000 10.000 (mm)
I . ) 373.1 Min
2.500 7.500

Fig. 12. Temperature distribution in the cathode mounting base model

On the anode side, as can be seen in Fig. 13, the temperature
of the mounting base in the area of direct contact with the anode
reaches 764.8 K and the evaporation effect of the steel base is neg- Oy ey — 22700 ()

ligible. o 1o
Fig. 15. Temperature distribution in the manipulator core model
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On the anode side, according to Fig. 16, the temperature of the
ceramic pad is 608.6 K. The lower temperature of the cathode pad
and the manipulator core compared to the anode temperature is
due to the liquid cooling of the manipulator core.

Type: Temperature
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Fig. 16. Temperature distribution in the model of the anode ceramic
pad surface

In the analyzed system, a significant temperature gradient was
observed along the vertical axis of the cathode base at a height of
15 mm. For the element made of steel, the temperature decreases
from a maximum value of 1359.1 K to a minimum of 417.8 K, cor-
responding to a difference of AT = 941.3 K. The temperature varia-
tion propagates from the inner edge toward the outer surface. Po-
tential areas of thermal stress concentration are located on the wall
in the immediate vicinity of the cathode. For the base made of mo-
lybdenum, the temperature decreases from 978.6 K to 543.1 K
(AT = 435.5 K), while for copper, the corresponding values are
806.2 K and 596.7 K (AT = 209.5 K). Compared to the steel base,
the temperature gradient is reduced by approximately 53.7% for
molybdenum and 77.7% for copper. The obtained results clearly
indicate that an increase in the thermal conductivity of the material
leads to a distinct reduction in the temperature gradient within the
analyzed region. Consequently, the use of materials with high ther-
mal conductivity, such as molybdenum and copper, promotes
a more uniform temperature distribution and limits the formation of
thermal stresses within the structural components of the electrode
assembly.

To avoid potential contamination of the cathode emission sur-
face by 316L stainless steel component vapors, particularly toxic
nickel vapor, under high temperature conditions (Fig. 12), the tem-
perature limit for the steel cathode base was determined based on
the arbitrary criterion of a 5% permissible decrease in electron
emission current. Based on the curve for nickel shown in Figure 1,
the temperature at which the electron emission current drops by 5%
was estimated to be 1133.2 K. In order to determine the maximum
cathode temperature under these conditions, the temperatures of
the cathode, cathode base, anode, and anode base were deter-
mined as a function of the tungsten microheater temperature in the
range from 873.2 K to 1473.2 K, which are presented in Tab. 2.

acta mechanica et automatica, vol.19 no.4 (2025)

Tab. 2. Temperature values of key converter components as a function
of tungsten microheater temperature in a design with bases made

of 316L steel
T heater [K] 873.2) 973.z| 1073.z| 1173.2| 12732 1373.2| 1473.2
ey 839.7 932.8 1025.8 1118.7 1211.4 1304.0 1396.4]
Cathode Vi 873.2 973.2 1073.2 1173.2 1273.2 1373.2 1473.2]
T min 555.7 592.1 628.4 664.6 700.7 736.6 780.4
U 540.1 573.4 606.6: 639.6 672.6 705.5 738.2)
Cathode
base Vs 817.3 905.7 993.8 1081.5 1169.0 1255.9 1359.1]
T min 393.4 397.5 401.6 405.8 409.9 414.0| 417.8
T average 4203 465.9 517.9 576.2 640.0 709.3 783.6
Anode [T, 424.8 472.8 528.0 590.4 659.4 735.1 817.8
Utn 403.4, 440.1 480.1 523.0 567.9 614.5 662.2]
T average 402.2 438.2 477.4 519.3 562.9 607.9 653.8)
T mox 417.9 462.2 512.5 568.5 629.5 695.3 764.8
Vit 394.8 426.9 461.0 496.5 532.2 567.9 603.2

The above data show that in order to limit the cathode base
temperature to 1133.2 K, the permissible microheater temperature
should not exceed 1223.2 K. This limit is presented only as a safety
constraint and not as a practical operating point since emission cur-
rent densities are relatively low at such temperatures. Under these
conditions, the anode temperature is approximately 623,2 K. The
specified cathode and anode temperatures allow the energy con-
version efficiency to be estimated. Converter efficiency is defined
as the ratio of output power density to total input heat flux to the
cathode [1] and it takes into account all real heat loss mechanisms,
including those resulting from radiation from the cathode to the an-
ode, thermal conductivity through the cathode base material and
lead wires, backward emission of electrons from the anode to the
cathode. In our research, in order to compare the impact of elec-
trode base materials on the temperature distribution of converter
components and, consequently, on conversion efficiency, we used
the theoretical conversion efficiency limit determined based on the
Carnot engine formula [1]:

Nearnoe = (1= 7224 - 100% @

hot
where: T4 and Ty, are hot and cold reservoir temperatures, re-

spectively.

For a design with 316L steel electrode bases, the maximum
theoretical energy conversion efficiency is approximately 49%
at a tungsten microheater temperature of 1223.2 K.

Limiting the temperature of the tungsten microheater
to 1223.2 K ensures suitable operating conditions for the cathode,
eliminating the effect of steel vapors poisoning the emitting surface.
However, in this case, the full operating temperature range of the
cathode, i.e up to 1473.2 K| is not utilized. As a result, the range of
electron thermionic emission current, which is the output current of
the converter, is also limited. In order to achieve a cathode temper-
ature of 1473.2 K, the electrode bases should be made of materials
whose vapors do not poison the cathode emission surface at
a given temperature, such as molybdenum or copper [10, 11]. Us-
ing the developed research tool, temperature distributions were de-
termined for key converter components in designs with molyb-
denum and copper bases, respectively. Table 3 shows the results
for the converter design with molybdenum bases.
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Tab. 3. Temperature values of key converter components as a function
of tungsten microheater temperature for design with molybdenum

bases
T heater [K] 873.2 973.2 1073.2] 1173.2 1273.2) 1373.2) 1473.2]
T average 795.5|  879.9| 964.2| 10486 1132.8| 1217.0/ 1300.7
Cathode [T .., 873.2 973.2 1073.2 1173.2 1273.2 1373.2 1473.2
Viath 520.9 550.4 579.9 609.3 638.7 668.0 697.2
T average 516.4| 5449 5735 6020 6305 6589  687.2
Cathode
base |Tmor 649.4| 7045 759.6| 8145 869.4| 9242| 9786
T min 450.6 466.1 481.5 497.0 512.4 527.8 543.1
T average 3979 4321| 4688 507.7| 5486 590.8|  633.6
Anode |T .. 408.0 447.6 491.8 540.5 593.7 651.4 713.1
T min 404.0 441.5 482.7 527.6 575.9 627.5 681.6)
T average 397.8| 4320 4686 507.4| 5482 590.3] 6329
Vs 400.1 435.5 473.8 514.9 558.5 604.0 650.9
Toin 396.7|  430.3|  466.1 503.8 5433 583.7|  624.3

In this design solution, the maximum temperature of the micro-
heater can be 1473.2 K and then, as can be seen in the above
summary of results, the maximum temperature of the anode is
713.1 K. The theoretical limit of heat-to-electric energy conversion
efficiency, based on the Carnot engine equation, is 51.6%. It is
worth noting the comparison of the base temperatures of steel and
molybdenum. Assuming a hypothetical microheater temperature of
1473.2 K in both designs, the maximum temperature of the steel
cathode base would be 1359.1 K (Tab. 2), and that of the molyb-
denum base would be 978.6 K (Tab. 3). The significant difference
in temperature values results from the relatively high thermal con-
ductivity of molybdenum (Tab. 1).

Table 4 presents the results for the converter design with cop-
per bases.

Tab. 4. Temperature values of key converter components as a function of
tungsten microheater temperature for design with copper bases

Theater [K] 873.2| 973.2| 10732 11732| 1273.2] 1373.2] 1473.2]

Toverage 779.4|  860.6|  941.8| 1022.9| 1104.0 1185.0| 1266.0)

Cathode |T,.. 873.2 973.2 1073.2 1173.2 1273.2 1373.2 1473.2]

Wit 509.1 536.3 563.5 590.6 617.7 644.7 671.7

evamme 509.1 536.2 563.3 590.4 617.5 644.5 671.5
Cathode

base Uiess 570.4 609.8 649.2 688.5 727.8 767.0 806.2

- 474.9 495.3 515.6 535.9 556.2 576.4 596.7]

Toversge 402.3| 4389 4790 5223| 5687 6180  669.7

Anode |T,.. 406.3 445.1 488.0 535.2 586.6 642.0| 701.4]

i 397.4 431.3 467.7 506.2 546.5 588.2 630.5

Toverage 397.4| 4313 467.6| 506.1| 5465 588.1| 6304

Trmax 398.2 432.5 469.5 508.8 550.1 593.0 636.9

Wi 396.9 430.6 466.6 504A7| 544.4 585.3 626.9

For a microheater temperature of 1473.2 K, the maximum tem-
perature of the copper cathode base is 806.2 K. The maximum
anode temperature is 701.4 K. The theoretical limit of thermal
energy conversion efficiency, determined based on the Carnot en-
gine relationship, is 52.4%. In this case, the higher energy efficiency
compared to the efficiency for design with molybdenum bases re-
sults from the nearly three times higher thermal conductivity of cop-
per compared to molybdenum (Tab. 1), and consequently lower an-
ode temperature.

For practical TEC operation, our results for the temperature dif-
ferences between the cathode and anode are approximately
613.7 K-653.3 K for stainless steel 316L, 679.4-760.0 K for molyb-
denum and 686.6 K-771.7 K for copper. These are in agreement
with the experimental ranges reported for thermionic energy con-
verters [1, 26-29], where the typical cathode temperatures within
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the effective operating range are 1273.2 K-1473.2 K and the anode
temperatures are 573.2 K-773.2 K. The agreement between the
modelled and measured temperature gradients confirms the use-
fulness of the developed numerical model.

To compare the test results for the three cathode base materi-
als, Fig. 17 illustrates the relationship between maximum cathode
base temperature and heater temperature.
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Fig. 17. A comparative graph of the maximum cathode base temperature
for three materials as a function of heater temperature

For a complete comparison, the upper range of the heater tem-
perature was assumed to be the same for all three materials. The
significant temperature differences observed in the tested materials
are the result of varying heat dissipation. Mounting the cathode on
a base causes heat loss because a significant amount of heat is
transferred from the microheater through the base and into the vac-
uum chamber support. From a heat balance and energy efficiency
standpoint, this is an unfavorable design. In this context, and con-
sidering the sensitivity of the dispenser cathode to contamination,
molybdenum is the preferred material for its base.

Figure 18 shows the maximum anode temperature in relation
to the heater temperature for three base anode materials.

850

Steel
800
750
Mo
700
Cu
650
600
550
500
450

400
800 900 1000 1100 1200 1300 1400 1500
T, K

heater/

Fig. 18. A comparative graph of the maximum anode temperature for three
materials as a function of cathode temperature
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The temperature differences between the anodes are also
caused to a significant extent by the heat dissipation from the an-
ode through the anode base to the vacuum chamber supports. The
anode mounted on a copper base reaches the lowest temperature,
while the anode mounted on a molybdenum base reaches a slightly
higher temperature. From the perspective of the theoretical energy
efficiency limit (formula (4)), a low anode temperature is advanta-
geous, so it can be assumed that copper is the preferred material
for the anode base.

In practical prototype designs of thermionic energy converters,
the distance between the cathode and anode is usually less than
100 pm, so the thermal expansion coefficient of the material should
also be taken into account when selecting the electrode base ma-
terial. In this context, the preferred material is molybdenum, which
has low thermal expansion, high strength at elevated temperatures
and reduced thermal deformation.

4. CONCLUSIONS

Thermionic energy converters are essential for working with
high-temperature energy sources, as well as for potential applica-
tions in hybrid energy technologies and space systems. This article
presented the development and numerical analysis of a vacuum
thermionic energy converter model using the ANSYS 2024 simula-
tion environment. The study focused on the temperature distribu-
tion within key internal components — namely the cathode, anode,
mounting bases, ceramic insulating pads, and the manipulator core
for various electrode base materials, including stainless steel
(316L), molybdenum, and copper, across a cathode heater temper-
ature range of up to 1473.2 K. The obtained results confirmed that
the choice of electrode mounting base material significantly affects
the thermal characteristics of the system. Stainless steel, despite
its favorable mechanical properties and ease of processing, causes
a substantial temperature increase in the cathode base, which can
lead to the release of metal vapors and degradation of the emitter
surface. This phenomenon, known as cathode poisoning, directly
reduces emission efficiency and long-term operational stability.
Based on the analysis, a safe operating limit was established for
the steel mounting base. The results indicate that the microheater
temperature should not exceed 1223.2 K to prevent excessive
heating of the cathode base and ensure stable emission parame-
ters. In contrast, molybdenum and copper bases demonstrated sig-
nificantly better thermal behavior. Due to their higher thermal con-
ductivity, both materials effectively reduce the temperature in the
cathode base region, enabling safe operation at elevated cathode
temperatures. The maximum theoretical energy conversion effi-
ciency, calculated based on Carnot cycle assumptions, was
achieved for the copper-based design (52.4%), attributed to the sig-
nificantly lower anode temperature. Based on the results, molyb-
denum should be assumed to be the preferred material for the cath-
ode base and copper for the anode base. Future research will in-
volve optimization of component geometry to minimize thermal re-
sistance, experimental validation of numerical results, and evalua-
tion of alternative structural materials suitable for operation in high-
temperature vacuum environments. Additionally, the mechanical
behavior of mounting materials under cyclic thermal loading should
be investigated. The findings emphasize that material selection and
thermal design play a decisive role in determining the operational
efficiency, durability, and applicability of thermionic energy convert-
ers in high-temperature energy systems. The results provide
a foundation for further optimization aimed at improving thermal

acta mechanica et automatica, vol.19 no.4 (2025)

stability and energy conversion efficiency in next-generation ther-
mionic devices.
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