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Abstract

Enhancement in heat transfer of the cold side is vital to
amplify the performance of a thermoelectric generator
(TEG). With enriched thermophysical properties of
nanofluids, significant improvement in heat transfer
process can be obtained. The current study concerns the
performance comparison of an automobile waste heat
recovery system with EG-water (EG-W) mixture, ZnO,
and SiO, nanofluid as coolants for the TEG system. The
effects on performance parameters, that is, circuit
voltage, conversion efficiency, and output power with
exhaust inlet temperature, the total area of TEG,
Reynolds number, and particle concentration of nano-
fluids for the TEG system have been investigated. A
detailed performance analysis revealed an increase in
voltage, power output, and conversion efficiency of the
TEG system with SiO, nanofluid, followed by ZnO and
EG-W coolants. The electric power and conversion
efficiency for SiO, nanofluid at an exhaust inlet
temperature of 500K were enhanced by 11.80% and
11.39% respectively, in comparison with EG-W coolants.
Moreover, the model speculates that an optimal total
area of TEGs exists for the maximum power output of
the system. With SiO, nanofluid as a coolant, the total
area of TEGs can be diminished by up to 34% as
compared with EG-W, which brings significant conve-
nience for the placement of TEGs and reduces the cost
of the TEG system.
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1 | INTRODUCTION

The internal combustion engine has a modicum efficiency of around 30 percent.' A major
component of this energy is wasted in the form of heat from the exhaust gas. Numerous
studies' ™ have been done to recover part of this waste heat by using the thermoelectric
generator (TEG). The TEG is a solid-state energy converting device, which produces voltage
when the temperature difference is applied across its ends. The absence of moving parts, long
service life* and compact built makes it a reliable device for converting heat to electricity.
Despite its advantages, its large-scale use is subdued by its low efficiency. But TEG is still
regarded as an environment-friendly device for waste heat harvesting. The performance of a
TEG depends on several factors, that is, material selection, temperature difference, hot-side and
cold-side heat transfer, and so on. Development under each of these has rendered an
improvement in overall efficiency of TEGs and made them competent with other waste heat
recovery methods.

Widespread research on TEG is being done to improve its figure of merit (ZT), which is a
measure of its efficiency. The two most important parameters governing the figure of merit,
ZT are the thermal conductivity and power factor of the material. Although the two
parameters are interdependent, they are in conflict with each other. The various materials
used for power generation within 500 to 900 K are Bi,Te; PbTe, PbSe, SnTe, and so on.’ The
most common material used for waste heat recovery applications is bismuth telluride
(Bi,Tes) because its operating temperature coincides with a temperature of typical
automobile exhaust. Bi,Te; composition is uniform and the figure of merit remains more
or less constant (~1) within the operating range. This is also because carrier concentration
and hence properties can be fine-tuned by alloying it with other alloys like antimony
telluride (Sb,Te;).” It is observed that enhancement of the Seebeck coefficient without a
reduction in thermal conductivity often involves the use of heavy metals that are toxic.®
Rabari et al’ developed a numerical model evaluating the performance of TEG comprising a
p-type nanostructured material of BiSbTe and an n-type Bi,Te; with 0.1 vol.% silicon carbide
nanoparticles. Liu et al® analyzed the performance on a prototype vehicle and obtained a
maximum power of 944 W (1.85% conversion efficiency) during the revolving drum test mode
when the temperature difference was 240°C. Another material of practical interest with ZT
greater than 1 around 450 to 670K is Zn,Sb;.” With the advent of new materials, the
challenge still remains to strike a good balance between ZT and the power factor. To further
improve in efficiency, segmentation of TEGs have also been developed and the study
involved TEG in two configurations: “U shaped” and “multi-pass.” It is observed that the
efficiency of “multi-pass” was more than twice (3.01%) compared with “U shaped” (1.3%).'°
Studies have also been reported,'"'* where a combination of heat pipes and TEG is used for
waste heat recovery, which was able to produce 10.39 W of power for Bi,Te; and also
simulated a unique combined heating cooling and power production (CHCP) unit based on
TEG, which runs on waste heat of a 16-kW internal combustion engine. The results showed
that the primary energy efficiency of the system was 0.944, while the primary energy and cost
saving ratios were 0.304 and 0.417, respectively.
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Although extensive research has been done, the nominal efficiency of TEG is a hindrance to its
practical application. The nominal efficiency of TEG can be further improved by increasing the
temperature difference applied across its end, but there is a practical limit. The efficiency can also be
improved by either increasing the heat transfer on the hot side or the cold side.'*'* It has been found
that the cold-side temperature and the cold-side flow rate play crucial roles in the power output of the
TEG. Studies have been conducted to enhance the cold-side heat transfer of TEG using traditional
coolants like water.'> But there is a need to search for a new class of coolants with better heat transfer
capabilities. Nanofluids seem to be an excellent choice as coolants. Various experiments have been
conducted. Nanofluids have higher thermal conductivity than conventional heat transfer fluids like
ethylene glycol and water. Nanofluids, on the other hand, offer higher thermal conductivity than base
fluids because of the presence of metal oxides. Because of improved thermophysical properties,
nanofluids have been extensively used for waste heat recovery of automobiles.’®'” Yi et al'® studied
the performance of a TEG system with a graphene-water nanofluid as a coolant for cold-side heat
transfer and reported an increase of 11.29%, 21.55% and 3.5% in the voltage, power output, and
conversion efficiency respectively, with 5% vol. concentration. Also, a similar performance analysis
reported an increase in output power by 12.65%, with the use of Cu-EG nanofluid and Cu-EG/W
nanofluid."

Large-scale experimentation has been done for various oxide nanofluids. Xie et al® concluded that,
among all the various samples, EG-MgO nanofluid possess a higher thermal conductivity of 40.6%
and low viscosity at 5% vol. concentration. Also, it has been observed that thermal conductivity
dropped up to 5% of the initial value when nanofluid was kept for 24 hours, which indicates its
stability. The enhanced thermal transport properties of the EG-MgO nanofluid are because of
nanoparticle interactions and its lower viscosity.> MgO nanoparticles with water and propylene
glycol as base fluids have also shown improved heat transfer properties.**** Most of the studies use
Maxwell’s equations for predicting thermal conductivity. At lower concentration, the model holds
true but an anomaly was seen at higher concentrations of the nanofluid®** and it was concluded that
the anomaly was due to different particle size, particle clustering, nano layering, and Brownian
motions, which are neglected in Maxwell equations. The effect of particle shape on the thermal
conductivity and viscosity of ZnO nanofluid at 5% vol. fraction results in an increase of 12%, 14% in
thermal conductivity for spherical ZnO nanoparticles, with the particle size between 18 to 23 nm by
using ZnO-EG nanofluid for the heat pipe.”**’ Apart from thermal properties in base fluids, MgO
nanostructures have been investigated for antibacterial properties,® and the optical properties of ZnO,
especially core-shell structures, are under intensive research.” Assael et al** while working with
carbon nanotubes (CNT) and water reported a 34% increase in thermal conductivity at 0.6% volume
fraction. Lee et al*"** studied the effect of particle concentration with CuO, Al,O; nanoparticles with
water as base fluid and found 23%, 34%, and 50% increase in thermal conductivity at 5%, 10% and 15%
vol. factions, respectively. A similar enhancement was obtained with TiO, nanoparticles at 5%
concentration with water as the base fluid.>* It is evident that by an appropriate choice of
nanoparticles, particle concentration, particle size, and base fluids, enhancement in thermal
conductivity can be tailored. Heat transfer coefficient is a more practical indicator of improved heat,
and researchers**** have analyzed that by the employment of nanofluids, heat transfer properties
improved and experimentally confirmed significant enhancement in the heat transfer coefficient.

In the present study, a TEG-based waste heat recovery system is studied with EG-water
(EG-W) (50/50), ZnO, and SiO, nanofluids in EG-W (50/50) base fluid as coolants. The
governing equations have been formulated and solved using (EES). Various performance
parameters, the temperature distribution of the TEG modules, with different inlet temperatures
of exhaust gas, the concentration of nanofluid, mass flow rate variation (Reynolds number), and
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the total area of TEGs have been analyzed. A further comparative study analysis between ZnO,
SiO, nanofluids and EG-W has been discussed for maximum performance and optimum total
area of TEG.

2

| MATHEMATICAL MODELING AND SIMULATION

The configuration of the TEG system with Bi,Te; material properties and its dimensions for P
and N-type are shown in Table 1. Conservation of energy forms and the basis of the model have
been developed with the following assumptions.

Heat transfer attains a steady state on both sides of TEG.

Heat rejected from exhaust gas is equal to the heat gained by the hot side of TEG.
Heat transfer due to thermal radiation is neglected

The contact resistances between the TEG—exhaust gas and TEG—coolant is neglected.
Heat transfer in the ducts is neglected

The fluid flow for hot and cold fluid the TEG system is in a parallel configuration.
All the TEGs are assumed to be divided into N, and N, computational units. The
X-direction has N, rows, which are marked by the letter i [0, N,], and the Y-direction has
N, rows, marked by the letter j [0, N,]. On the basis of the above nomenclature, a
computing unit can be represented by the coordinates in the same plane as (i, j) as shown
in Figure 1.

The governing equations for the heat transfer process using basic laws of thermodynamics
are as follows:

2

Qi,h = Ny

Rpn

1
ocpnIE, nt kpn(ﬂ, h _E,l) - (1)

|
]_

2an

I
ocpnITl:,l + kpn(Ti,h - E,l) + (2)

TABLE 1 Parameters of thermoelectric material

Semiconductor Parameters

Seebeck coefficient of P-type leg
Seebeck coefficient of N-type leg
Resistivity of P-type leg

Resistivity of N-type leg

Length of P- and N-type leg
Width of P- and N-type leg

Height of P- and N-type leg
Thermal conductivity of P-type leg
Thermal conductivity of N-type leg

Value

2.037 x 107*V/K
1.721 x 10~*V/K
1.314 X 10™°Qm
1.119 X 10~°Qm
5 mm

5 mm

5 mm

1.265W/m K
1.011 W/m K
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FIGURE 1 Mathematical model and arrangement of the TEG system. TEG, thermoelectric generator

Equations (1) and (2) were taken into account the Joule effect, the Peltier effect, and the heat
conduction loss of TEGs. The various electrical properties of the P-N junction are defined as follows:

Olpn = Olp — Oy, (3)
where
1b(Ay-21
o= % @
h(p, - pPn)
Ropn = % (5)

Newton cooling law describes the heat flux for the hot and cold side of TEGs by
Qin =Nyhy Ar(T; fav - T ) (6)
Qi = NyhcAr(E,l =T cav)- (7

Because of the steady-state assumption, the heat gained by the hot side of TEGs Q;j, has to be
equal to the heat lost by the exhaust. A similar phenomenon occurs with the cold side of TEGs
Q;; and the coolant. Mathematically,

Qi = Cpemy (Tiy — Tyry) (8)

Qi1 =Cpe Me(Tire— Tie)- 9)
The initial and boundary conditions are

T} = 500K (10
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T} = 298 K. amn

All the thermoelectric modules in the system are connected in series. Thus, the output
voltage provided by all TEGs in a column is given by

Vi= Nyapn(ﬂ,h - T (12)

The total output voltage of the system thus can be calculated as

N,

Viotal = Nyatpn D (Tip — T). 13)
1

Total electrical resistance in the circuit is the addition of resistance of P-N junction and load
resistance.
Req = NeNyRpn + Ry 14)

Total current is then given by Ohm’s law
I.= Vtotal/Req (15)

The suitable hot-side heat transfer coefficient has been taken as 80 W m? K 1.3¢ The heat
transfer coefficient for cold side of TEGs and nanofluid coolants can be calculated by evaluating
the Nusselt number of nanofluid for laminar or turbulent conditions®’

Nuy¢(laminar) = 0.4328Re?*Prof (1 + 11.285¢"74Pej ') (16)
Nuy¢(turbulent) = 0.0059Re; ;75 Prik (1 + 7.6286¢%836Pe{") 17)
Nuys = h D/knf (18)
Pt Cpnf = (1-9) Pfcpf+ ?PCpd (19)
kq + 2kpr) 20 (kps - k

knf:kbf[( d bt) =2 (Kot d):| (20)

(ka + 2kpp) +¢ (ko — kq)

_ Myt

Mnr = (1 _ ¢)2.5 (21)
Pat = Ppr(1 — @) + p;0. (22)

The inlet condition of the hot fluid and cold fluids (EG-W, ZnO, and SiO, nanofluids) are 500 and
298 K, respectively. The mass flow rate and the other fluid properties are listed in Table 2. Using the
above-mentioned conditions, the model was solved using engineering equation solver (EES). The
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iterative method shown in Figure 2 has been implemented to find the current I and was used to solve
the problem in which an initial current I, was assumed to obtain the temperature distribution of the
TEG system.

Power output, a critical parameter to evaluate the performance of TEG can be calculated as

N,
P=)" (Tin— T (23)

Thermoelectric conversion efficiency, an equally important parameter, is defined by the ratio
of total power output and heat captured at the hot side of the TEG system.

p

— (24)
o (Qin)

7JCOHVS. =

The numerical code has been verified with the theoretical result.*® With the comparison for
temperature gradient of hot- and cold-side fluid of the TEM system, for same geometry and operating
conditions (T = 500K, T; = 298 K, m. = m, = 0.03 kg/s, 1% vol. concentration of nanofluids), a similar
trend has been observed, and maximum 3% and 2% deviations were observed between the predicted
and theoretical data.

3 | RESULTS FOR PERFORMANCE TEG SYSTEM

3.1 | Effect of temperature distribution of coolants

The hot-side and cold-side temperature distributions, voltage, total power output and heat transfer
rate of TEGs for various coolants (1% vol. fraction ZnO, SiO, nanofluids and EG-W) are shown in
Figures 3 and 4. The inlet temperature of the exhaust is 500 K, and the coolant mass flow rate is
0.03kg/s. A gradual decrease in the hot-side TEG temperature is observed for all coolants, due to
continuous heat transfer between the exhaust gas and the hot side of the TEGs. However, for coolants
with the same mass flow rate, the SiO, nanofluid has a higher cold-side heat transfer coefficient as
compared with other coolants, which results in lowering the cold-side temperature of TEGs. Also, the
temperature gradient between the hot side and cold side of TEGs for SiO, nanofluid is higher and
followed by ZnO nanofluid and EG-W. The temperature gradient across TEGs is directly proportional
to the power and voltage developed. Thus, from the analysis, it is observed that SiO, nanofluid has

TABLE 2 Coolant properties

Parameters Value

Inlet temperature of cold fluid 298 K

Inlet temperature of hot fluid 500K
Specific heat capacity of EG-W 3340J/kg K
Specific heat capacity of exhaust gas 1020J/kg K
Heat transfer coefficient of exhaust gas 80Wm? K™
Mass flow rate of exhaust gas 0.03 kg/s

Mass flow rate of cold fluid 0.03kg/s
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FIGURE 2 Flowchart for iterative calculation

11.80%, 11.39% higher power output, and voltage, respectively, compared with EG-W and followed by
ZnO nanofluid and EG-W. However, Figure 5 shows that the heat transfer rate of the hot and the cold
side of TEGs gradually decreases for all coolants because of a decrease in temperature difference. It is
observed that SiO, nanofluid has 1.76% higher heat transfer rate compared with EG-W and followed
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FIGURE 3 Variation of hot- and cold-side temperature of TEMs, thermoelectric material. [Color figure can
be viewed at wileyonlinelibrary.com]



224 KARANA anp SAHOO

WILEY
L]
Ay =— P, EG-W{50/50)
154 Ao * P, Si0ynf
_ " 4P, ZnOnf
2 = a : ¥V, EG-W(50/50)
5 = e + -V, 5i0, nf
n
F107 ¢ . Ae <V, Zn0 nf
= | n A_w
[ - : : L} h B
a v ™ L h W
z gt < e = a .
g v s : * . a a *
E ¥ it 2 i
o ¥ v 4 * = e
v 4 | T
L , 1 3
4
u T T T
0 5 10 15
Rows(i))

FIGURE 4 Variation of voltage and power of TEMs, thermoelectric material. [Color figure can be viewed at
wileyonlinelibrary.com|

by ZnO nanofluid. Therefore, SiO, nanofluid as a coolant would yield better performance of TEG
amongst all the above-considered coolants.

3.2 | Effect of exhaust inlet temperature

Variations in power output, conversion efficiency and circuit voltage with different exhaust inlet
temperatures, for the same mass flow rate of SiO,, ZnO nanofluids, and EG-W coolants are shown in
Figures 6 and 7. It is observed that the power output increases with exhaust inlet temperature for all
mentioned coolants. This is because with increasing exhaust inlet temperature, the heat transferred
on the hot side of TEGs increases, which results in a higher temperature gradient across TEG
modules. It is observed that at an exhaust inlet temperature of 650 K, the increase in power output
and voltage for SiO, nanofluid are 5.48% and 5.37% respectively, compared with EG-W coolants. The

180 -
3 #— Q,hot EG-W(50/50)
2 * Q,hot SiO2 nf
. a 4 Q,hot ZnO nf
ok ] v Q,cold EG-W({50/50)
- L H - 4+ Q,cold Si02 nf
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=2 L : n L]
B 140 M T Ae
£ RS N
E ¥ v ! ! i w
- = b ! ! A w
120 -] ; i ;., .
+ =
100 T T
0 5 10 15
Rows(iy)

FIGURE 5 Variation of heat transfer rate of TEMs, thermoelectric material. [Color figure can be viewed at
wileyonlinelibrary.com]|
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FIGURE 6 Variation of voltage and power for the TEG system [Color figure can be viewed at
wileyonlinelibrary.com]

conversion efficiency follows a similar trend, and SiO, nanofluid has 3.76% higher conversion
efficiency compared with EG-W coolants.

3.3 | Effect of the concentrations of nanofluid

The effects of different concentrations on the power output, circuit voltage, and conversion
efficiency performance of the TEG system at exhaust inlet temperature 500 K with a coolant
mass flow rate of 0.03 kg/s have been shown in Figures 8 and 9. The present theoretical
analysis revealed that power output, conversion efficiency, and circuit voltage for different
concentrations of nanofluids are higher than that of EG-W. However, variation in heat
transfer with particle volume fraction showed that the performance parameters gradually
increase with an increase in the concentration of the nanofluid as shown in Figure 10. Also,
SiO, nanofluid at 3% vol. fraction has 21.16% higher power output, 0.81% higher conversion
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oy rg
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e
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FIGURE 7 Variation of conversion efficiency for the TEG system. [Color figure can be viewed at
wileyonlinelibrary.com]|
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FIGURE 8 Variation of power for the TEG system. [Color figure can be viewed at wileyonlinelibrary.com]

efficiency and 20.33% higher circuit voltage, compared with EG-W coolants and followed by
ZnO nanofluid. SiO, nanofluid has an enhanced heat transfer coefficient than EG-W, which
results in a higher temperature difference with higher performance for the TEG system.

3.4 | Effect of the Reynolds number of the coolants

The distribution of power output, conversion efficiency, and circuit voltage of the TEG system with
the Reynolds number (coolant mass flow rate range 0.016-0.1 kg/s) at an inlet exhaust temperature of
500K and 1% vol. fraction of nanofluids have been shown in Figures 11 and 12 and it has been
observed that with an increase in Reynolds number, power output, conversion efficiency, and circuit
voltage gradually increase. At a Reynolds number of approximately 2200, SiO,nanofluid has 3.66%
higher power output, 3.62% higher voltage, and 0.22% higher conversion efficiency compared with
EG-W coolant and followed by ZnO nanofluid for the TEG system. The possible reason for this may
be the enhanced thermal conductivity and the viscosity of the fluid by addition of nanoparticles
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FIGURE 9 Variation of voltage and conversion efficiency for the TEG system. [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 10 Variation of hot and cold-side heat transfer rate of the TEG system. [Color figure can be
viewed at wileyonlinelibrary.com]

because of their large aspect ratio. The increase in thermal conductivity results in higher heat transfer,
which further results in increased performance of the TEG system.

3.5 | Optimization of total area for power output

The effect on the total area of TEMs with power output has been shown in Figure 13 at an exhaust
inlet temperature of 500 K and mass flow rate of exhaust and coolant at 0.03 kg/s. The optimal total
area of TEGs exists for the maximum output of the TEG system, which is 0.43 m* for EG-W, and
0.2856 and 0.2925 m? for SiO,, ZnO nanofluids respectively, with 1% vol. concentration. Thus, with
the application of nanofluid, the optimal area of the TEG system decreases by 33.58% in comparison
with EG-W coolants for waste heat recovery through the TEG system. A possible reason is that due
to the enhanced heat transfer coefficient by using the nanofluid coolant, the TEGs tend to recover

T T T T 250
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FIGURE 11 Variation of power and voltage of the TEG system. [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 12 Variation of the conversion efficiency of the TEG system. [Color figure can be viewed at
wileyonlinelibrary.com]

more waste heat energy as compared with EG-W. Thus, the optimal value of the TEG area shrinks
as compared with the EG-W as the coolant. Because of the decrease in total area, a smaller number
of TEMs are required to obtain the peak power output. This would result in a lower number of
TEGs and their appropriate placement, and thus save the cost of the system. Also, it is observed that
for the same total area of the TEG system, the enhancement in power output for the system is
approximately 11.8% and 9.86% for SiO,, ZnO nanofluids, respectively. The enhancement in power
output is due to their conductivity and higher heat transfer coefficients.

3.6 | Optimization of the concentration of nanofluid for TEG system

The total power of the TEG system initially increases with the concentration of nanofluids and then
declines with a further increase in concentration as shown in Figure 14 and 15. The possible reason is
the enhanced heat transfer characteristics with the use of nanofluid initially. However, at higher
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FIGURE 13 Variation of power with the total area of the TEG system. [Color figure can be viewed at
wileyonlinelibrary.com]|
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FIGURE 14 Variation of conversion efficiency of the TEG system with vol. fraction of nanofluid. [Color
figure can be viewed at wileyonlinelibrary.com]
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concentrations of nanoparticles, the stability of nanofluid is a challenge that needs to be overcome.®®
Because of the above reason, the concentration of SiO, is not increased beyond 8% and for ZnO
nanofluid, the optimal range is 7%. At this concentration, ZnO and SiO, nanofluids obtain optimum
conversion efficiencies of 5.42% and 5.864% respectively, for the same total area of the TEG system.
This implies that the SiO, nanofluid has a higher upper limit concentration for the output of the TEG
system, and hence an important conclusion that can be made that only within a narrow range
increasing concentration of nanofluids can improve output performance of the TEG system. Beyond
that, the performance deteriorates and thus, the optimum volume concentration is obtained.

4 | CONCLUSIONS

The theoretical analysis presented in this paper investigates and compares the performance of
TEG-based waste heat recovery system with EG-W (50/50), SiO, and ZnO nanofluids as
coolants. The following conclusions have been summarized.
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Compared with EG-W, SiO, nanofluid coolant attains a lower temperature at the cold side
and a wider temperature gradient across TEGs under the same mass flow rate condition,
which effectively improves the power output, conversion efficiency, and circuit voltage of the
TEG system.

For the same area of the TEG system, the power output is enhanced by 11.80% and 9.86% for
SiO, and ZnO nanofluids in comparison with EG-W coolant.

Among all the mentioned nanofluids, for the same power output of the TEG system, the
optimal total area of TEGs decreases up to 33% for SiO, nanofluid as compared with EG-W
and followed by ZnO nanofluid. Reduction in the TEG system area will also lead to a
reduction in the cost of the overall TEG system.

The conversion efficiency and circuit voltage for SiO, nanofluid increase by 0.9% and 2.83%
respectively, for same power output and fixed area of the TEG system, as compared to EG-W
and followed by ZnO nanofluid as coolants for the TEG system.

The optimal concentration of ZnO nanofluid coolant is approximately 7% with 20.57%
enhancement in power for the same area of the TEG system.

NOMENCLATURE

Ar  Area of TEG

b Width of TEG module

Cpr  Specific heat capacity of exhaust gas
C,.  Specific heat capacity of coolant

Cpnt  Specific heat capacity of nanofluid

h Height of TEG module

h Heat transfer coefficient for cold side

hy
1 Current
IO

Heat transfer coefficient for hot side

Initial current

ko,  Electrical conductivity of P-N junction
l Length of TEG module
m Mass flow rate of coolant

m;  Mass flow rate of exhaust gas

Nusselt number of nanofluid
Number of TEG module in X direction

N, Number of TEG module in Y direction

Power output
Peclet number of nanoparticle

Pr,; Prandlt number of nanofluid
Q,  Heat transfer per unit area from hot side

Q/  Heat transfer per unit area from cold side
R, Total resistance of the TEG modules

Re,; Reynold number of nanofluid

R, Load resistance

R,, Resistance of P-N junction

T} Initial exhaust temperature
Ty, Temperature of hot side TEG module

Initial coolant temperature
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Temperature of cold side TEG module
Average coolant side temperature
Average exhaust side temperature

T!*!  Exit coolant temperature

T/ Exit exhaust temperature

Discretized voltage of TEG module

Viotr  Voltage for TEG system

a, Seebeck coefficient for N- type material
a, Seebeck coefficient for P- type material
A,  Thermal conductivity of N- type leg

A, Thermal conductivity of P- type leg

ps  Density of nanofluid

0] Volume fraction of nanofluid
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