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ARTICLE INFO ABSTRACT

Handling Editor: Huihe Qiu A thermoelectric system should be designed in such a way that it harvests as large water heat as
Keywords: possible while using the least modules. To seek an optimal module number, the present study
Thermoelectric generation investigates the effect of source temperature, mass flow rate, turbulator, module number and
Number of modules layout on performance of a thermoelectric generator (TEG) system. The experimental results
Layout of modules show the optimal module number isn’t a fixed value and turbulator has a significant influence on
Power distribution the whole performance of the thermoelectric system. For compact configuration of TEG, using six

modules is the best choice without a turbulator, while using eight modules has the best perfor-
mance with turbulator. The study shows that module layout has a great effect on the thermo-
electric system performance. Compared to compact configurations, all separate ones can harvest
more power from the hot air except for 32 modules, enhancing by 10-50% whether the turbulator
exists or not. In this situation, eight modules are optimal number. The net output power achieves
a maximum value of 16.93W and the maximum net efficiency is 3.85% under present experi-
mental parameters. Meanwhile, a new index called power uniformity coefficient is introduced to
assess the distribution of output power among TEGs.

Nomenclature

I Load current (A)

MPO Maximum power output

N Number

OCVv Open-circuit voltage

Poyt Output power (W)

Pr Power loss owing to inserting turbulator (W)
Phet Net output power (W)

Prrg Output power of TEG (W)

qw Volume flow of water (m3/s)

Py Pumping power of the cooling water (W)
Q Mass flow rate (kg/h)
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Q; Heat transfer rate (W)

R Resistance (Q)

T,t Temperature (OC)

vuc Voltage uniformity coefficient
Greek symbols

a Seebeck coefficient of TEG, V/K
y Uniformity coefficient

n Efficiency

Subscripts

L Load

mean Average value

p Power

S Open

TEG Thermoelectric generation

U Voltage (V)

1. Introduction

Due to numerous advantages such as the absence of moving parts, compactness, silent operation, and high reliability, Thermo-
electric Generators/Modules (TEGs/TEMs) applications have become increasingly popular across various industries. A TEG system
consists of a heat source, a heat sink, and a TE module positioned between them. This system generates electrical energy through the
Seebeck Effect [1]. It occurs when there is a temperature difference across the TEGs.

TEGs can harness electric energy from a wide range of heat sources, including industrial waste heat [2], automotive systems [3],
solar energy [4], body heat [5], household stoves [6], geothermal energy [7], and ocean thermal energy [8]. However, it is important
to acknowledge that thermoelectric generator systems have certain drawbacks, including low energy efficiency and high cost.

Enhancing energy conversion efficiency and promoting wider adoption of thermoelectric generators have been the focus of
numerous studies. These studies aim to address both experimental and theoretical challenges associated with TEG technology. These
studies primarily revolve around three key areas: the application of maximum power tracking (MPPT), improving heat-transfer rates at
the side of heat source or heat sink of a TE module and optimization of thermoelectric geometry and structure.

MPPT is a method which is used for optimizing the power output of a TEG by ensuring working condition operate at their maximum
power point under varying temperature differences and load resistances. The principle of MPPT involves utilizing an adjustable pulse-
width modulation (PWM) to control the switching of a MOSFET in a DC-DC converter. This helps to achieve a match between the inner
resistance of the TEG and the load resistance [9,10]. The key aspect of MPPT lies in the design of the control algorithm. Various MPPT
methods have been developed and applied in TEG systems. A comprehensive review concerning MPPT methods specific to TEGs was
presented by Mamura et al. [11] in 2022. The authors have summarized 62 MPPT methods that have been employed in TEG systems
and have recommended several methods that are suitable for TEG applications. Except for MPPT, significant efforts have been devoted
to achieving higher temperature differences between hot and cold sides of a TEG. The goal is to enhance the heat energy harvesting
capability.

In gas-to-gas TEG heat transfer systems, low convective heat transfer rates can be improved by implementing additional en-
hancements on the hot gas side. Some methods include adding blocks [12], incorporating stuffing foam metal [13,14], and inserting
winglet vortex structures [15,16]. These techniques aim to increase the heat transfer area, disrupt the flow pattern, and enhance
convective heat transfer, thereby improving the performance of the TEG system. In liquid-to-liquid TEG systems, varied temperature
conditions [17] and flow rates [11] are commonly used in experimental setups. These factors have been extensively studied to optimize
the performance of the TEG system. The high output power obtained from these systems has contributed to their potential for
commercialization.

Indeed, there have been significant theoretical contributions focused on optimizing the geometry and structure of thermoelectric
modules [18]. In the context of hybrid PV-TE (photovoltaic-thermoelectric) systems, researchers have investigated various aspects to
improve their performance and efficiency. Cui et al. [19] conducted studies on hybrid PV-TE systems and found that the optimum
height of the thermoelectric module decreased with the height ratio of the upper to lower thermoelectric leg. They also observed that
the length of the thermoelectric leg had little influence on the optimized height of the module. Furthermore, they discovered that the
optimized height of the thermoelectric module decreased with increased concentrated solar radiance. Shittu et al. [20] utilized the
Finite Element Method to investigate the optimum geometry for maximum efficiency of a hybrid PV-TE uni-couple. Their results
demonstrated that a symmetrical thermoelectric leg geometry yielded better performance for the hybrid PV-TE system. Lakeh et al.
[21] mathematically modelled and simulated a novel integrated TE-PV cell. They determined optimum ranges for factors such as the
number of thermoelectric couples and the cross-sectional area, aiming to maximize the system’s performance. Xuan et al. [22] con-
structed a thermal-electric coupled model of thermoelectric generators to investigate the thermoelectric performance under
nonuniform solar radiation. These findings highlighted the importance of considering the concentration ratio and nonuniformity in the
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design and optimization of solar thermoelectric generators. Considering the Thomson effect, Lamba et al. [23] developed a thermo-
dynamic model for an extensible thermoelectric cooler. They optimized the cooling capacity and energy efficiency using a genetic
algorithm. He et al. [24] investigated the effect of gas parameters on the optimal thermoelectric performance to maximize the total
output power in an exhaust system. They found that optimizing the module area played a crucial role in achieving the maximum
thermoelectric performance. Additionally, they discovered that the optimal module areas were significantly influenced by the flow
rate of the exhaust gas, but not by the gas temperature. These studies contribute to the understanding and optimization of various
factors pertaining to the geometry, structure, and performance of hybrid PV-TE systems, offering valuable insights for enhancing their
efficiency and output power.

The output voltage and current are typically small for a thermoelectric module. To increase the output power, it is common to
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Fig. 1. Experimental system of thermoelectric generator.
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connect multiple TE modules in series or parallel configurations. The optimization of multi-TEG systems has been a central focus in
numerous research works. Jin et al. [25] conducted experimental investigations to optimize the geometry of thermoelectric modules.
They used three modules with different geometries and proposed improvements based on their experimental results. Negash et al. [26]
performed experiments to investigate the effect of the electrical array configuration of TEGs on thermoelectric power generation. They
formed eight different array configurations using 10 TE modules connected in series, parallel, and combination connections. They
concluded that an array configuration with a minimized number of junctions and a balanced number of modules was recommended for
maximizing the TEG power output. Jang et al. [27] studied the optimization of TEG module spacing and spreader thickness in a waste
heat recovery system. They developed numerical models and validated them with experimental data. The predicted numerical data
were in good agreement with the experimental results. Favarel et al. [28] developed a computer model to study the influence of TEG
position on optimizing electrical power. Their simulation showed that each thermoelectric fabrication had an optimal occupancy rate
for maximizing power output. Alvaro et al. [29] conducted a computational study to optimize the configuration of a TEG for waste heat
recovery from hot fumes. They validated their computational model by building an optimized TEG configuration. The potential power
harvested using the validated computational model was estimated to be up to 30.8 MWh throughout the year. Rattner et al. [30]
developed a model to predict the behavior of TEG arrays with varying module counts at low and high fluid thermal capacity rates. The
model could identify the optimal number of TEGs for designing a waste heat recovery system. Miguel et al. [31] combined two
computational models to optimize TEGs at a stone wool manufacturing plant. The results indicated that the occupancy ratio of the
TEGs had a significant effect on the output power. A low occupancy ratio resulted in small power generation, while a high occupancy
ratio could lead to reaching the outlet temperature limit. Zhao et al. [32] proposed a model for an exhaust thermoelectric generator
(TEG) and made an energy and exergy analyses to assess its performance. According to the results, the primary exergy losses were
attributed to convective heat transfer and PN junction thermal conductivity. These findings help in understanding the thermodynamic
characteristics of the TEG system and provides a foundation for developing high-efficiency exhaust power generators. Patricia et al.
[33] proposed the use of TEGs for geothermal energy using phase-change heat exchangers. They conducted laboratory experiments by
varying the number of TE modules and the temperature of the heat source. The results showed that using more modules decreased the
efficiency per module, but the total power increased for the number of modules tested. He et al. [34] explored the influence of circuit
layout on TEG performance in an exhaust system. They focused on addressing TEG power output performance and optimal structure
scales under different circuit layouts. They recommended applying a multi-stage series current mode for large-scale TEG systems due to
the significant enhancement in power. Ge et al. [35] experimentally investigated the effects of hot air temperature, flow rate, and the
number of modules on thermoelectric performance. The results showed that power harvested increased with the number of TEG
modules under high-flow conditions. These studies highlight the importance of optimizing the configuration, geometry, and array
layout of TEG systems to maximize their power output and overall performance. By understanding these factors, researchers can
improve efficiency of thermoelectric energy conversion.

There is indeed a wealth of literature focusing on the recovery of waste heat from automotive exhausts, which typically have high
temperatures(>350 °C) and large flow rates(>80 kg/h) [36]. However, there is relatively less attention given to the utilization of waste
heat from domestic sources where temperatures may not be high and flow rates may not be large. Furthermore, in most studies, the
number and position of thermoelectric elements are fixed, without taking into account the influence of turbulators on the optimal
number of thermoelectric elements in a system.

In our study, an experimental setup is designed and constructed to investigate the power distribution characteristics, and the
impact of various factors on the performance of the thermoelectric system. The experiments were conducted under different exper-
imental conditions, including a range of hot air temperatures (150-350 °C), mass flow rates (12-48 kg/h), module numbers (3-32) and
different module arrangements (6 types) with or without a turbulator.

2. Thermoelectric generation experimental system

2.1. Experimental system

The experimental system consists of several components: a hot air supply source, a test section, thermoelectric generators, a cooling
water tank, and data acquisition equipment. The schematic diagram and system setup are illustrated in Fig. 1(a) and (b) (The upper left
part is a partially enlarged photo of the test section), respectively. The hot air supply source is responsible for providing heated air to
the test section. It utilizes a high-precision heater with a power range of 0-6 kW and an accuracy of +1 °C. The heater is controlled by a
thyristor, which allows for precise adjustment of the hot air temperature. By adjusting the thyristor, a specific temperature value can be
set and maintained automatically. The air flow in the system is regulated by a blower, which is controlled by an inverter. The inverter
enables the adjustment of the blower’s rotational speed, thereby controlling the air flow rate through the system. This feature allows
for flexibility in setting the desired air flow rate during the experiments. In the test section, the heated air enters the hot side channel,
where it comes into contact with the TEGs. The TEGs are responsible for converting the temperature difference between the hot air and
the ambient environment into electrical power. As the hot air passes through the TEGs, it releases heat, which is converted into
electrical energy. After passing through the TEGs, the air flows out into the ambient environment.

In the TEG test section, the main components include a copper square duct, four rectangular copper ducts, TE modules, heat ex-
changers, insulation cotton, thermocouples, a thermal type gas flowmeter, a turbine flowmeter, and a pressure differential transmitter.
The test section consists of a copper square duct with specific dimensions. It has a length of 550 mm, a cross-section of 50 mm x 50 mm,
and a wall thickness of 2 mm. This duct serves as the main channel for the hot air flow. There are four rectangular copper ducts used as
heat sinks. Each duct has a length of 400 mm and a cross-section of 20 mm x 40 mm. These ducts help dissipate the heat absorbed by
the TEGs. Thermoelectric modules, specifically the TG 12-6 model from Marlow Industries Inc., are used in the experiment. These
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modules are sandwiched between the hot-side and cold-side heat exchangers symmetrically on each side of the copper square duct. The
specifications of the TG 12-6 module can be found in Table 1. Heat exchangers are used on both the hot side and cold side of the TE
modules. These exchangers facilitate heat transfer between the hot air and the TEGs on the hot side and between the TEGs and the
cooling water.

on the cold side. To minimize heat loss, 5 cm thick insulation cotton is wrapped around the electric heating pipes and the inlet pipe.
This insulation helps maintain the desired temperature gradient and prevents unnecessary heat dissipation. Four thermocouples are
used to measure the inlet and outlet air temperatures (Fig. 1(c)). These thermocouples provide temperature data that is essential for
calculating the conversion efficiency of the TEG system. A thermal type gas flowmeter (MIK-MF) with a range of 0-70 kg/h and an
accuracy of 1% is employed to monitor the rate of the air flow through the system. It measures the mass flow rate of the hot air. A
turbine flowmeter (LWGY) with a range of 0.2-1.2 m3/h and an accuracy of 0.5% is used to monitor the flow rate of the cold-side
cooling water. It measures the volumetric flow rate of the cooling water. A pressure differential transmitter (HALO-FY-WG) with a
range of 0—400 Pa and an accuracy of 0.2% is deployed to measure the air pressure difference in the test section. This transmitter helps
monitor and analyze the air pressure distribution within the system. These components, along with the data collected from the
thermocouples and flowmeters, enable the measurement and analysis of important parameters necessary to evaluate the performance
of the TEG system, including temperature differentials, air flow rate, and cooling water flow rate.

2.2. The TEG electrical layout type

To comprehensively assess the effect of the number of TEGs on the thermoelectric performance. A wide range of TEG numbers
ranging from 32 to 3 have been chosen for experimental investigation. The experimental setup allows for various configurations of TEG
layouts based on the number of modules. The TEG modules can be assembled on four, two, or one side of the copper square duct, while
the remaining region is carefully covered with insulating material to minimize heat loss. Considering the performance differences
among the TEGs and the experimental conditions, six specific TEG numbers are determined to study this issue. The layouts of the TEGs
are illustrated in Fig. 2. Each configuration is designated by a number followed by "N," representing the TEG number. The "C0"
configuration refers to an intimate arrangement among the TE modules, distinguishing it from non-intimate configurations.

2.3. Flow turbulator inserts

To investigate the impact of a turbulator on the heat transfer characteristics of the air within the system. Specifically, a Twisted
Tape turbulator is selected for this purpose. The Twisted Tape turbulator consists of a strip made of stainless steel with a pitch of 50
mm, a strip width of 47 mm, and a thickness of 3 mm, as shown in Fig. 3. This turbulator can be easily inserted into the duct to enhance
heat transfer. The use of a turbulator in the duct is known to increase heat transfer rates by promoting turbulence and enhancing fluid
mixing. This improvement in heat transfer comes at the expense of additional pressure drops within the system. The increased pressure
drops result in additional energy losses, which can impact the overall power generation of the thermoelectric system.

2.4. Experimental procedure and data reduction

Our experiment investigates the output power of the TEGs in relation to the load resistance or load current. To conduct this study,
certain experimental conditions have been selected, including variations in the inlet air temperature and mass flow rate. The specific
experimental conditions and their corresponding numbers are listed in Table 2 and Table 3, respectively. The inlet air temperature
ranges from 150 °C to 350 °C and the mass flow rate varies from 12 kg/h (0.0033 kg/s) to 48 kg/h (0.0133 kg/s). These variations in
temperature and mass flow rate allow for a comprehensive analysis of their impact on the TEGs’ output power. This system enables the
recording and monitoring of the current and voltage values as the load resistance is adjusted. Additionally, we also measure the mass
flow rate of the air and monitor the pressure drop in the duct.

In the experiment, we follow these procedures: (1) Set desired temperature and mass flow rate of the inlet air before starting the
experiment. (2) Once the desired temperature and mass flow rate are set, turn on the heater to start heating process within the system.
(3) When the inlet air temperature is close to the set value turn on the cooling water. This helps maintain the desired temperature and
prevents overheating. (4) After the inlet air temperature has reached a stable state, the data acquisition system starts recording data at
regular intervals of 5 s. This includes measurements of various parameters such as current, voltage, mass flow rate, and pressure drop.
Throughout the experiment, the rate of cooling water from the chiller is maintained at 6.7 L/min, and its temperature is kept at 290 K.
By following these procedures, we ensure that the system reaches a steady state before data collection begins.

The pumping power is defined as:

Table 1

The specification of TG 12-6.
Parameter Value
Model TG 12-6
Dimensions (cm) 45 x 4 x 0.4
Hot side temperature ©c) 230
Cold side temperature (°C) 50
Open circuit voltage (V) 9.51
Max Power (W) 6.16
Efficiency, n (%) 5.03
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Insulation layer

/ / /

Fig. 2. TEG allocation Arrows indicate a ring of TEG.

S0mm

47mm

Fig. 3. Removable flow twisted tape turbulator (D1).

Table 2

Main experimental parameters.
Type Unit Value
Air inlet temperature T °c 150, 250, 350
Air flow Q kg/h 12, 24, 36, 48
Number of module N - 3,4,6, 8, 16, 32
With turbulator or not D - 0 (without), 1 (with)
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Order number Working conditions

Order number

Working conditions

Order number

Working conditions

1 T150Q12D0 9 T250Q12D0 17 T350Q12D0
2 T150Q24D0 10 T250Q24D0 18 T350Q24D0
3 T150Q36D0 11 T250Q36D0 19 T350Q36D0
4 T150Q48D0 12 T250Q48D0 20 T350Q48D0
5 T150Q12D1 13 T250Q12D1 21 T350Q12D1
6 T150Q24D1 14 T250Q24D1 22 T350Q24D1
7 T150Q36D1 15 T250Q36D1 23 T350Q36D1
8 T150Q48D1 16 T250Q48D1 24 T350Q48D1

Py =qwlAp

where qy is the volume flow rate of cooling water and Ap is the pressure drop in the test section.

@

Increasing the rate of cooling water results in a higher power output from the waste heat. However, it is important to note that
higher flow rates also require more pumping power to maintain the desired flow rate. Therefore, there exists an optimum flow rate that
maximizes the output power while considering the pumping power consumption. Based on previous experiments, the optimum flow
rate for the system is 6.7 L/min. The corresponding pumping power is 0.21W from Eq.(1).

The efficiency of the TEG is:

_ P

2
0 (2)

where 7 is the efficiency of the TEG, Q is the heat transfer rate through the contact interface, Pygg is the total output power of the TEG.
The net power output is defined as:

Pyt =Prgg — Pw — Pr 3)
Where Py is power loss owing to inserting the turbulator in the test section.
The net efficiency of the total TEG is:
Py
e =y ©

For examining the distribution of the TEG performance, an index, the voltage uniformity coefficient (VUC) of the TEGs yy, was

proposed to evaluate the uniformity of the generator voltage distribution [35], the formula is as follows:

YUZI_%Z

i=1

(Un,[ - Ummn) :
Unnean

Where Uy, is the circuit terminal voltage of all modules, Upeqn is the average voltage of modules.
An uncertainty analysis is done according to Kline and Mclintock [37], and the results show that uncertainties for the power output

(5)
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Fig. 4. Electric power output against load resistance/current for different air temperature.
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of 1% and for the net power output of 4.02%.

3. Result and discussion

The arrangement of TEG can be classified into intimate and non-intimate configuration in our study. So, we discuss experimental
results from two parts in the following. The effect of inlet air temperature, mass flow rate and insert on output power are briefly
introduced before discussion.

3.1. The effect of inlet air temperature, mass flow rate and insert on output power

Based on the comparison of experiments using different inlet air temperatures, it is evident that the temperature has a significant
influence on the characteristics of the TEG. The findings are presented in Fig. 4, which depicts the load resistance (left) and current
(right) as functions of the output power for inlet air temperatures of 150 °C, 250 °C, and 350 °C, respectively. The results clearly
demonstrate that higher temperatures lead to a substantial improvement of the output power of the TEG. Regardless of the particular
temperature, the curves consistently exhibit the same trend. In the absence of a turbulator, the peak power values are 1.71 W, 4.87 W,
and 9.63 W for inlet air temperatures of 150 °C, 250 °C, and 350 °C, respectively. This indicates a relative variation rate of 184% and
97% between the lowest and highest temperatures.

Fig. 5 presents the effect of mass flow rate on the output power of the TEG, and the experimental results demonstrate that the mass
flow rate has a significant impact on TEG performance. The findings likely indicate that higher mass flow rates lead to improved heat
transfer and larger temperature differences, resulting in higher output power.

In the experiment, the insertion of a turbulator in the duct creates turbulence in the core flow, leading to disturbances near the duct
wall. This turbulence generates vortex motion, resulting in enhanced convective heat transfer near the heated wall. The experimental
results, as shown in Fig. 6, support the fact that the turbulator improves convective heat transfer. To further analyze the impact of the
turbulator, the Reynolds number (Re) is calculated and presented in Fig. 6. The results indicate that the insertion of the turbulator
increases the Re number by nearly three times under the same operating conditions.

3.2. The power uniformity coefficient

For examining the distribution of the TEG performance in series, the voltage uniformity coefficient (VUC) is calculated using Eq. (5)
for two cases: open circuit and maximum power output, as shown in Fig. 7. The figure illustrates the VUC as a function of the module
number under six different conditions. The left picture shows the VUC for the open circuit case and the right figure represents the VUC
for the maximum power output (MPO) case. The VUC quantifies the uniformity of the voltage distribution among the modules of the
thermoelectric system. According to the figure, both yocy (VUC for the open circuit) and yppo (VUC for the maximum power output)
decrease as the module number increases. This suggests that larger systems with more modules tend to exhibit less uniform voltage
distribution. For a given module number, the VUC increases with increasing air mass rate and the addition of a turbulator. This means
that higher air mass rates and the presence of a turbulator contribute to a more even voltage distribution among the modules. Spe-
cifically, the VUC has the highest value when the circuit is open, indicating the most uniform voltage distribution. As the load current
increases, the VUC decreases, implying a decrease in voltage uniformity. A VUC value equal to one indicates complete uniformity,
where every module has the same voltage [35].

Regarding the power uniformity coefficient (yp), it is introduced as a new index to assess the difference in output power distribution
within a TEG system. The power uniformity coefficient quantifies the variation in power generation among the individual modules
within the system.

The power uniformity coefficient, yp, can be calculated using the following equation:
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In the equation, all the power terms represent the maximum output power. While the voltage uniformity coefficient (yy) and the power
uniformity coefficient (yp) have the same value in a series circuit, yp is considered to be more comprehensible and intuitive for the TEG
system. It provides a measure of the disparity in power output among the modules.

To illustrate this, let’s consider an example with N = 32 modules. The lowest mass rate without the turbulator will have the
minimum power uniformity coefficient, indicating the maximum discrepancy in power output among the modules. As the mass flow
rate increases, the deviation in output power among the TEGs gradually decreases. When the turbulator is added to the channel, it
intensifies the turbulence, resulting in a more uniform distribution of power among the modules.

In summary, yp has close association with the module number and experimental condition, when the number of thermoelectric
elements is reduced, and the temperature and flow rate are increased while maintaining strong turbulence, the deviation between the
power output of each thermoelectric element and the average power output will be minimized.

3.3. Intimate arrangement of thermoelectric generators

3.3.1. The effect of number module on output power without insert

In Fig. 8, the maximum output power of the TEG system is depicted under different experimental conditions, taking into account
varying numbers of modules. The aim of determining the number of modules is to optimize the output power and achieve the highest
possible economic efficiency.
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Fig. 8. MPO of different number modules under different experimental conditions.

By examining Fig. 8, it is evident that the output power increases as the inlet temperature and the mass flow rate of the air increase.
This indicates that higher inlet temperatures and higher mass flow rates result in greater power generation within the TEG system. For
instance, considering an inlet air temperature of 350 °C, when the number of modules is 32, 16, 8, 6, and 4, and the air flow rate
ranging from 12 kg/h to 48 kg/h, the output power increases by factors of 6.1, 5.8, 5.3, 4, 3.5, and 3.6, respectively. This demonstrates
that increasing mass flow rate leads to a significant increase in output power. However, it’s worth noting that a larger number of
modules does not necessarily translate to greater electric energy harvested from waste heat. In the case of 32 and 16 modules,
especially 32 modules, the experimental parameters indicate that these scenarios are not acceptable. Interestingly, as the number of
TEG modules decreases, the output power gradually increases until reaching a maximum at six modules. After that point, the power
begins to decrease. This suggests that there is an optimal number of modules that maximizes the output power, and exceeding or falling
short of this optimal number leads to a decrease in power generation. From above research, determining the appropriate number of
modules within the TEG system is crucial for achieving the highest output power while considering economic efficiency.

3.3.2. The effect of number module on output power with insert and optimal TEG number

Adding a turbulator in the channel is indeed an effective method to enhance heat transfer, resulting in increased power generation
from hot air. Comparing the output power with and without a turbulator from Fig. 8, it is evident that the presence of a turbulator leads
to higher output power. To illustrate this, let’s consider an example where the temperature (T) is 350 °C, and the number of modules
(N) is 8. When the air flow rate ranges from 12 kg/h to 48 kg/h, the output power increases by factors of 2.76, 2.64, 2.31, and 2.15,
respectively, compared to the case without a turbulator.

Additionally, the optimal module number changes from six to eight when a turbulator is added. However, it is important to note
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that the presence of a turbulator also introduces additional pressure drop from the inlet to the outlet of the duct. This results in a
decrease in effective electronic power, which can be calculated using Eq. (3). The decrease in effective electronic power is attributed to
the presence of the turbulator and the associated pumping power required. To improve the cooling effect, a larger cooling water flow
rate is necessary. However, beyond a certain point, further increases in the cooling water flow rate have minimal contributions to
increasing the output power. Moreover, a higher cooling water flow rate leads to higher energy consumption. As mentioned in section
2.4, a cooling water flow rate of 6.7 L/min is confirmed as the optimum value. At this flow rate, the corresponding pressure drop
measured results in a pumping power of 0.21 W.

When adding a turbulator in the channel, the situation is different. With the addition of a turbulator, it is found that eight modules
are the optimal choice in terms of maximizing the power harvested from hot air compared to other scenarios. The phenomenon is
attributed to the low heat transfer and heat capacity of the air, which ultimately affects the system’s performance.

When a higher number of modules are connected in series, the internal resistance increases, which may lead to that the load current
is less than the short-circuit current of the TEGs. Therefore, the power generated by the TEGs cannot meet the power consumption of
the internal resistance, resulting in some TEGs acting as loads and causing power loss. Another factor is the rapid drop in wall tem-
perature along the direction of air flow, causing the TEGs in the downstream to compete for heat with the TEGs in the upstream. This
competition decreases the temperature difference across the TEGs in the upstream, impacting their power generation capability [38].
Considering these factors, it is evident that the optimal number of modules and the presence of a turbulator can significantly affect the
power generation and efficiency of the TEG system.

3.3.3. Performance index for some experimental conditions
Turbulators have a significant impact on various aspects of the thermoelectric system, including the temperature difference (TD) in
the channel, output power, efficiency, and other parameters. Table 4 provides detailed information on specific experiments,

Table 4
Summary of performance index.

Table.4 Summary of performance index

Experimental N TD Prgg Ap Py Py P, VP —
condition ‘o) W) @) W) (W) wOW) (W) n et
32 1134 0.82 0 0.21 0 061 003 002 053 040
16 10.41 1.50 0 0.21 0 129 009 008 105 091
T150Q48D0 8 8.43 1.56 0 0.21 0 135 019 017 137 118
6 776 1.72 0 0.21 0 151 029 025 165 144
4 7.65 1.53 0 0.21 0 132 038 033 149 128
3 5.16 1.04 0 0.21 0 0.83 035 028 149 1.19
32 3415 228 2523 021 3.0 0.07 005 049 -0.35
16 3224 364 2489 021 3.6l 023  -001 083 -0.04
T150Q48D1 8 3060 373 2494 021  3.66 047 002 089 -0.03

6 20.79 3.52 190.0 0.21 2.86 0.45 0.59 0.07 125  0.16
4 17.03 2.70 122.6 0.21 1.84 0.65 0.68 0.16 1.18  0.28

3 16.46 1.71 91.3 0.21 1.36 0.14 0.57 0.05 0.78  0.06
32 42.08 1.01 0 0.21 0 0.80 0.03 0.03 035 0.28
16 32.09 1.90 0 0.21 0 1.69 0.12 0.11 085 0.75
T250Q24D0 8 26.01 2.14 0 0.21 0 1.93 0.27 0.24 1.19  1.07
6 20.62 2.56 0 0.21 0 2.35 0.43 0.39 199 1.83
4 20.08 2.39 0 0.21 0 2.18 0.60 0.54 1.73 1.58
3 12.75 1.70 0 0.21 0 1.49 0.57 0.50 1.93 1.69

32 82.37 3.00 42.73 0.21 0.73 2.06  0.09 0.07 053 037
16 76.29 5.57 4231 0.21 0.72 4.64 035 0.29 1.04 0.87
T250Q24D1 8 73.71 5.96 40.46 0.21 0.70 5.06 0.73 0.63 1.17 1.0
6 61.35 5.76 30.06 0.21 0.53 5.02 0.96 0.84 138 1.20
4 54.19 2.73 20.39 0.21 0.36 1.38 0.49 0.34 052 037
3 50.60 3.48 15.23 0.21 0.27 3.00 1.16 1.00 099 0.86

32 57.90 0.80 0 0.21 0 0.59  0.02 0.02 039 0.29
16 56.31 1.55 0 0.21 0 1.34  0.10 0.08 0.77  0.66
T350Q12D0 8 30.95 1.93 0 0.21 0 1.72 0.24 0.21 1.84 1.64
6 31.60 3.09 0 0.21 0 2.88 0.51 0.48 261 243
4 31.99 2.49 0 0.21 0 2.28 0.62 0.57 212 194
3 2245 1.87 0 0.21 0 1.66  0.62 0.55 234 208

32 145.43 2.40 10.92 0.21 0.19 2.00  0.08 0.06 047  0.39
16 131.87 4.48 10.57 0.21 0.19 4.08 0.28 0.25 094  0.86
8 98.06 5.59 10.20 0.21 0.19 5.18 0.67 0.65 1.55 151
6 81.81 5.32 7.61 0.21 0.15 4.97 0.93 0.83 198 1.77
4 83.03 5.27 5.06 0.21 0.10 4.97 1.32 1.24 1.83 1.72
3 82.44 3.76 3.76 0.21 0.07 3.48 1.25 1.16 1.21 1.12

T350Q12D1
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highlighting the effects of the turbulator. The information provided in Table 4 allows for a detailed analysis of the effects of the
turbulator on various parameters and power losses within the thermoelectric system. From Tables 4, it is evident that regardless of the
module number, the presence of a turbulator results in higher electrical power compared to the case without a turbulator. Additionally,
the TD in the channel generally increases with the module number. This indicates that, all else being equal, the presence of a turbulator
leads to a greater temperature difference across the channel.

There are two types of power losses to be considered: pumping power (Py) and pressure drop in the channel (P7). The pumping
power, determined by the optimum cooling water flow rate, remains constant in all experiments. However, the pressure drop (Pr) is
closely associated with the air flow rate and module number. In cases where the inlet temperature is low and the mass flow rate is high,
the power loss cannot be significant enough to surpass the output power of the TEGs. As a result, the total power system becomes a load
rather than a source of power generation as mentioned before. These scenarios are highlighted in Table 4 using red boxes to indicate
the cases where power losses outweigh the output power. It is important to note that when working with different numbers of modules,
high efficiency does not always correspond to a higher power recovery. The primary objective is to maximize output power while using
as few modules as possible. In this context, the net output power becomes more meaningful in practical terms than the power generated
by the TEGs alone. By considering the net output power, one can evaluate the system’s efficiency in terms of power recovery, ac-
counting for factors such as power losses due to the presence of a turbulator, pressure drop, and other considerations.

3.4. Non-intimate arrangement of thermoelectric generators

3.4.1. Non-intimate arrangement methods
In the subsequent section, the study shifts focus to the layout of the TEGs and its effect on output power. By exploring different TEG
layouts, the study aims to investigate how the arrangement of TEGs impacts the output power of the system. Fig. 9 illustrates a new

/s d

Fig. 9. TEG allocation with space for different number.
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configuration of TEGs, where five different module numbers (16, 8, 6, 4, and 3) are chosen. The distance between modules in this
configuration is equal to the width of a single TEG. In this arrangement, the remaining space between the TEGs is filled with insulating
material, as depicted by the purple color in Fig. 9. This layout is referred to as C1 for convenience in subsequent discussions.

3.4.2. The effect of number module on output power and optimal TEG number

Fig. 10 illustrates the maximum net output power achieved with different numbers of modules when the inlet air temperature is
250 °C, both without a turbulator (left) and with a turbulator (right). In the absence of a turbulator, all new configurations, except for
the one with 32 modules, show an improvement in power generation compared to the reference case. For instance, at an air flow rate of
24 kg/h, the output power increases by 22%, 12%, 29%, and 49% for the configurations with 16, 8, 6, and 4 modules, respectively. This
indicates that these configurations can harvest more power from the hot air compared to the intimate configuration.

When considering the effect of the mass flow rate, the electric power output generally increases with an increase in the flow rate.
Therefore, at a mass flow rate of 48 kg/h, the configuration with 8 modules yields the highest power output compared to other module
numbers. However, the situation changes when a turbulator is introduced into the system. The results for configurations with a
turbulator are somewhat different. The impact of the turbulator on power generation may alter the optimal module configuration for
maximizing power output.

Although increasing the mass flow rate generally has advantages in terms of promoting power system performance and increasing
power output, it is important to consider the balance between power generation and resistance power consumption in the channel. As
the mass flow rate increases, the power output tends to increase until it reaches a maximum value. Beyond this point, further increases
in the mass flow rate can lead to an increase in resistance power consumption, which can offset the additional power gained from the
increased flow rate. Consequently, the total net power may start to decrease. This phenomenon occurs when the incremental power
gained from the higher mass flow rate is not sufficient to compensate for the increased resistance power consumption. The net power
output is then reduced due to the unfavorable balance between power generation and power consumption. Therefore, there exists an
optimal mass flow rate that maximizes the net power output of the system. Operating the system at this optimal point ensures the most
efficient utilization of the available heat source and minimizes power losses due to resistance power consumption.

3.4.3. Performance index for some experimental conditions

Based on the discussion, it is determined that the configuration with eight modules and the C1 layout demonstrates the best
performance. To further investigate the characteristics of this configuration, additional experiments are conducted at an inlet air
temperature (T) of 350 °C, as presented in Table 5. Table 5 reveals that the net output power and efficiency increase with an increase in
the mass flow rate, regardless of the presence of a turbulator. However, the effect of the mass flow rate on the net power varies
depending on whether a turbulator is present or not. The last two columns of Table 5 display the relative variation rates of the mass
flow rate and net output power. It can be observed that the increase in net power becomes progressively slower, especially when a
turbulator is present. For example, when the mass flow rate varies from 12 to 48 kg/h, the corresponding variation rates are 100%,
50%, and 33.3%. However, the variation rates of net power are 117.6%, 28.8%, and 5.3%. This indicates that the increase in net power
becomes less significant as the mass flow rate increases, especially when a turbulator is involved. The variation tendency of the two
variation rates suggests that the net output power may decrease once the mass flow rate reaches a certain value, similar to the
observation at an inlet air temperature of 250 °C. Furthermore, the maximum net output power (16.93 W) and net efficiency (3.85%)
are achieved at two different experimental conditions: T350Q48N8C1 and T350Q48N8CO0. These values represent the peak perfor-
mance observed in the experiments. For the CO layout, the net output power reaches 14.1 W under the same experimental condition
(T350Q48N8D1), indicating a 20% enhancement compared to the reference case. These results highlight the importance of carefully
selecting the layout and operating conditions to optimize the net output power and efficiency of the thermoelectric system.

To analyze the reasons for the increase in output power with a non-compact arrangement, we conducted a simulation study of the
temperature field inside the square duct. In the study, we assumed an inlet air temperature of 350 °C, an air flow rate of 48 kg/h, and a
convective heat transfer coefficient between the hot air and the wall of 30 W/(m?K). The number of thermoelectric elements was set to
3.

The simulation study, as depicted in Fig. 11, reveals distinct temperature characteristics between the compact and dispersed ar-
rangements of thermoelectric elements. In the compact arrangement (left), the hot surface temperature remains relatively low and
gradually decreases along the flow direction. However, in the dispersed arrangement (right), although the hot surface temperature is
not high, the temperature of the walls in the gaps between the thermoelectric elements increases. Consequently, the average tem-
perature of the subsequent thermoelectric elements’ hot surfaces rises, leading to an increase in the output power. It is important to
note that this simulation assumed a constant heat transfer coefficient. If we consider that the heat transfer coefficient is higher for the
dispersed arrangement compared to the compact arrangement, the temperature distribution differences between the two arrange-
ments will become even more pronounced.

4. Conclusion

The study conducted a series of experiments to investigate the performance of thermoelectric generator (TEG) modules and the
impact of various factors on their performance. The following are the key findings of the study.

1. A new index called the power uniformity coefficient was introduced to assess the distribution of output power among TEGs. It was
observed that as the mass flow rate increases and the number of modules decreases, the power uniformity coefficient increases. This
indicates that the deviation of output power among TEGs gradually decreases under these conditions.
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Fig. 10. Maximum net output power of different number modules for CO and C1 layout.

Table 5
Summary of performance index (N = 8, T = 350 °C).
D Q D PTEG 4 p PW PA Pnet Pper Pper,net n n Al’b An’I’\Et
(kg/h)  (°C) (W) (Pa) W) (W) W w) (W) et (%) (%)

12 3277 230 0 0.21 0 209 029 026 197 179

24 26.73 545 0 0.21 0 524 068 065 288 277 100

36 2366 8.54 0 0.21 0 833 107 1.04 349 340 50
0

48 2098 11.28 0.21 0 11.07 141 138 392 385 333

12 100.79  6.10 88 021 016 573 076 072 172 161
24 82,02 1344 378 021 076 1247 168 156 236 219 100
36 7994 1897 1326 021 270 1607 237 201 234 198 50
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48 5922 2275 2706 021 561 1693 284 212 297 221 333
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Fig. 11. The temperature field distribution for close and separate layout of TEG.
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2.

The optimum module number is found to be dependent on the working conditions, influenced by air temperature, mass flow rate,
turbulator, etc., i.e. When the module layout is DO (without a turbulator), six modules were found to be the best choice. However,
when a turbulator is present, eight modules were determined to be the optimal configuration.

. The layout of the TEG modules was found to have a significant effect on the performance of the thermoelectric system. The C1

layout, where the module number varies from 16 to 3, was observed to harvest more power from the hot air compared to corre-
sponding CO layout. This enhancement in power ranged from 10% to 50% and was observed regardless of the presence of a tur-
bulator. Among the different module numbers, eight modules were consistently found to be the optimal configuration.
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