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Abstract - The conventional pie shaped TEG is way too rigid
in construction and is inefficient for usage on cylindrical
heat source. The objective revolves around the nascent
development of a Thermoelectric Tube which would
overcome the shortcomings of conventional TEG. The
Thermoelectric Tube works on Transverse Thermoelectric
Effect and operates in analogy with shell and tube type heat
exchanger. The structure of Thermoelectric Tube is flexible
enough to recover heat from cylindrical heat source.
Computational analysis on conventional TEG was performed
and verification of the same was done by experimentation.
Same boundary condition were used for computational
analysis of proposed Thermoelectric Tube for benchmarking
it. Through computational analysis it was found that
conventional TEG produced 0.0034 W of power when hot
side temperature was maintained at 300 °C and cold side
temperature at 33 °C, whereas the Thermoelectric Tube
made of alternate Ni- Bi2Te3 outperformed conventional
TEG generating 1.69 W of power for same boundary
conditions. Further analysis of Thermoelectric Tube for
different material combination showed that using Ni
(Nickel) as p-type material produced the maximum output
and using any other material would result in almost zero
output.

Key Words: Thermoelectric Tube, Thermoelectric
Generator (TEG), Seeback Effect, Peltier Effect, Seeback
Coefficient, Figure of Merit, ANSYS, Off Diagonal
Thermoelectric Effect.

1. INTRODUCTION

The electricity generated by solar and wind facilities are
currently the most common sources of renewable energy
which greatly depending on time of the day and weather
conditions. This make them inefficient to use. Geothermal
and industrial flue or exhaust gasses are a stable source of
heat and can be used to extract power. The thermoelectric
conversion module that converts heat directly into
electrical power, is partially well regarded as an
environmentally friendly electricity generation technology
with no moving parts (as in case of turbines) and no
carbon dioxide emission.

The m shaped thermoelectric generator has a block-like or
plate-like configuration without flexibility, the TEG cannot
be flexibly attached to heat sources having various circular
or curved surfaces. Moreover, when multiple TEG
are attached to heat sources having various shapes, for

example, heat source having a cylindrical shape, the overall
surface in contact of the thermoelectric conversion
material with the heat source is not complete and uniform
and thus a lot of heat is been wasted to the surrounding
which can be used to produce electricity. Thus the
efficiency of the waste heat utilisation is reduced and hence
the overall efficiency of the unit reduces.

The objective of the report is to provide a design and
theoretical analysis of new thermoelectric conversion
module which can be efficiently used as waste heat
recovery system .We have designed and presented in the
report a thermoelectric module of tilted multi-layered
structured. The efficiency and power development capacity
of the tube made of tilted multi-layered structure varies as
the combination of the material used. In this report we
have used Bismuth and Nickel as our first combination and
shown the result of the theoretical analysis. The
thermoelectric tube allows the hot fluid to flow inside and
operates in analogy with the standard shell and tube heat
exchanger. Thus the thermoelectric tube serves as power
generator and a heat exchanger within a single unit.

2. THEORITICAL EVALUATION OF THERMOELECTRIC
MODULE AND EXPERIMENTAL SETUP

2.1 Concept and Schematic drawing

Thermoelectric tube works on the principle of
transverse thermoelectric effect which is also known as off
diagonal thermoelectric effect which is essentially
developed in tilted layer material. Thermoelectric tube is
assembly of alternate rings of thermoelectric material and a
pure metal which can be manufactured using powder
Metallurgy and crystal growth techniques. The
thermoelectric tube can generate electricity by running hot
fluid inside the tube and impressing itself in cold fluid.
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Figurel. Schematic Diagram of Transverse TE (ODTE)
effect in Tilted Layer Material

The principle working of this thermoelectric tube is that
when the heat is flowing radially outward the current
generated will flow in axial direction.

TURE

Figure 2. Schematic diagram of the Operation of the TE
tube, Temperature Difference along the Radial direction
generating Electric Signal along Axial Direction.

2.2 Construction of the setup

According to the operational conditions required and
used for the analysis of our thermoelectric module, the
experimental setup is so constructed that the same
conditions are obtained. A 150cc IC engine is used. The
exhaust gas temperature of the engine is 400 to 900 degree
Celsius, which is exactly the same range that we have
considered for our analysis. The exhaust manifold is
modified and a tube of the same dimensions as that of our
module is constructed and fitted in the manifold. The
material used for the tube is Mild Carbon Steel. Four
Thermoelectric generators that are normally used in the
market are to be used which will be fixed so as to cover the
tube completely covering maximum surface area possible.
The four thermoelectric generators are connected together
to the breadboard so that their collective readings are
obtained. The connections are made to the miltimeter so as
getthe readings. Two thermocouples are fitted in the setup.
One thermocouple is fitted at the surface of the tube and the
second thermocouple is fitted at the middle of the tube. The

output of the thermocouple is obtained on a display. A
water jacket is placed surrounding the thermoelectric
generator. The exhaust gasses are then allowed to flow out
into the atmosphere from the tube. This is the complete
experimental setup for our project.

Figure 3. The Experimental Setup for the TEG
performance Readings

2.3 Working of the setup

The running engine provides an exhaust gas
temperature in the range 0f 400 - 900 C. The exhaust gasses
flow through the exhaust manifold and through the
designed tube. The thermoelectric properties of a material
is widely dependent on the temperature difference between
the modules. The interior of the tube has the temperature
equal to the temperature of the exhaust gas. The outside
temperature of the tube is lesser than the interior
temperature. The water jacket placed surrounding the
thermoelectric generator adds on to increase the
temperature difference and thus the heat flow. Thereby
increasing the electricity produced. The temperatures at the
interior and the exterior of the tube is measured using the
thermocouples. The output of the thermoelectric generator
is measured using the multimeter. The resistance can also
be measured across the bulb that can be connected in series
for getting the values. Finally the exhaust gasses are then
allowed to escape in the atmosphere. The readings
practically observed in this experimental setup is to be
compared with the readings obtained by the analysis of our
module design.

2.4 Input data for design of the system

Off-Diagonal thermoelectric effect is typically appears in
multilayer with alternate stacks of dissimilar materials such
as a thermoelectric and a pure metal. The macroscopic
properties of these thermoelectric/metal multilayers are
highly anisotropic between layer parallel and perpendicular
directions due to considerable difference in its
thermoelectric parameters:

Sperp >> Sl >>, pperp >> pll, Kperp >> KIl

© 2018,IRJET | ImpactFactor value: 7.211

ISO 9001:2008 Certified Journal | Page 2343



‘// International Research Journal of Engineering and Technology (IRJET) e-ISSN: 2395-0056

RJET Volume: 05 Issue: 07 | July 2018

www.irjet.net

p-ISSN: 2395-0072

We have observed high thermal and electrical
conductivity nearly as high as pure metal in parallel
direction and low conductivity in perpendicular direction.

Multilayer structure Bi - Ni - Bi consist of stack of layers
of materials Bi & Ni. The thermoelectric properties of the
multilayer in the layers parallel and perpendicular direction
are given by Kirchhoff’s law, which is given by:

STE«Em+(Tr)«Sm=KTE
S =
(Tr)KTE +Km

p PTE+Pm(1-F)

P _F‘TE+Pm
n= B =

p+PTE +Km 1+Tr
K KETE +Km=(Tr) KETE=Km(14Tr)
1= m=
(Tr) +1 Y (T¥)KTE+Em
tTE

Tr = Thickness ration =

The thermoelectric parameters in tilted multilayer
structure are theoretically formulated by a transport tensor.

[Txx sz] ~
Tzx Tzz -
T1lcos?® + Tlsin?®  :(T11—TL)sin20

(T11— T1)sin20 T11sin®*0 + Tlcos®*0
----- (3.1)

In ODTE effect, the figure of merit is described as:

Szx®.T
Lx*T=—""
Kzz.Pxx
The thermoelectric properties in the multilayer can be
optimized by varying the tilt angle (8) and combination of
dissimilar material, which is the different optimizing way.

Table 1. Material Properties

Material T(K) S(uv/ p (Qm) K
K) (Wm-1K-1)

BiosSbi1sTes 300 210 1.2x10-5 1.10
PbTe 700 236 2.2x10°5 1.44
Sbo.2Geo.s 1000 232 2.48 x10-5 2.56
Bi 300 -110 1.05 x10-6 8.20
Pb 300 -1.05 | 2.13x107 353
In 300 1.68 8.4x10-8 83.7

Sn 300 | -1.00 | 1.05x107 62.5
Al 300 | -1.66 | 2.62x10°% 247
300 | -20 1.7 x10-8 51
Ni 700 | -258 | 1.7x107 72.2
1000 | -299 | 42x107 71.2
300 | 1.83 | 1.67x10°® 400
Cu 700 | 2.83 | 3.83x10°® 3725
1000 | 536 | 7.92x10°® 357
300 | 151 | 1.63x10°® 429
Ag 700 | 2.82 | 4.82x10°® 404
1000 | 795 | 6.52x10% 379
300 | 194 | 201x10% 317
Au 700 | 2.86 | 5.82x10°® 291
1000 | 385 | 8.85x10°® 270

In this paper we are theoretically demonstrating the
ODTE effect of thermoelectric tube. For the purpose of
calculation we are taking the first combination i.e. Bi0.5
Sb1.5 Te3 and N.

Assuming thickness ratio (Tr) =1
Substituting in Kirchhoff’s relations

-5 _
Si= 167810 = —16.78 uv/k

SE=204.1 pv/k

K= 2605 (w/mK)
-7
Pi=3352x 10 (M
1078 (m)

p@ =6.085x

From Equation no. 1

[

= . B .
:(SH_S)SIREE} = 11044 x 107" sin28

EZ —

_26.055in° 8 + 2.1535¢c05°0

K_.- Kj sin* @ + Kcas:E}

Pex  _ Py cos°8 o

+
sin’® = 3.352X 10 'cos’B L+ 10" %sin° O

6.085x

Calculating above TE parameters for the tilt angle range
from (0-90)
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Figure 4. Figure of Merit vs. Tilt Angle
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Figure 5. Seeback Coefficient vs. Tilt Angle
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Figure 6. Resistivity p,, vs. Tilt angle
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Figure 7.Thermal Conductivity Kzz vs. Tilt Angle

As the efficiency of thermoelectric is function of figure of
merit higher the figure of merit higher is the efficiency.

o
Selecting tilt angle 6= 15

S..=5522(w/k) Z., =0.001107

Resistance of tube can be calculated by

Bxx L

R= 4 L=length of tube A= Area of ¢/s

Assuming sample thermoelectric tube length 12 cm

Outer diameter = 14 mm inner diameter = 12 mm

o
Ate=15

-7
Pex  ~7204x1°  om

Z(14x14— 10x10)
A== =75.39821 m?

-5
A=7.53982x 10

m?2
L=12cm=0.12m
R=1.1465 mQ

Voltage generated by transverse seeback effect
V.= S,.AT
V.= 55.2x 107° AT

Assuming the operation temp or temp fuel gases from
o

exhaust of SI engine range from 400 to 90~ c.

ISO 9001:2008 Certified Journal | Page 2345



‘// International Research Journal of Engineering and Technology (IRJET) e-ISSN: 2395-0056

RJET Volume: 05 Issue: 07 | July 2018

www.irjet.net

p-ISSN: 2395-0072

Theoretically deriving the voltage generation with temp
o

difference assuming the outside temp fix 3':I C.

Efficiency or performance of tube

ol
Il = —
1 ; p= power output, qg=heat transfer rate

At maximum power output efficiency can be simplified to

n = AT
- & _____ &T
T4 2Th— AT = _
= z ; Temperature difference,

Th = Temperature of flue gases

Assuming minimum flue gas temp Th = 400k

AT = 400 Zxx

=0.001107
_ 400
1 2, toxa30-—200
0001 107 = 9.362%
10
0
8
S
g,
E}
g 4
Mg
2
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Figure 8. Efficiency vs. Tilt angle
2.5 Design of Thermoelectric tube
Engine specification.
Type:- Air cooled,4 stroke cylinder OHC, self-start.
Bore x stroke = 52.4mm x 57.8mm
Displacement = 124.7 cc
Compression ratio = 9.1:1
Maximum power = 6.72 Kw at 7000 rpm

Maximum torque = 10.35 kW

actual volume of air taken in

swept volumae

nv=

actual rolume of air
08= 124.7

Actual volume of air = 99.76 cc=9.976 x 10-5 m3/s
Stoichiometric ratio for given compression ratio is 14.7:1

Assuming approximate best bsfc = 0.35 Kg/kWh.

bsfc =

mass flow rate of fuel _ masz flowrate of fuel _
brake powsar - 6.72 -
0.35

1000 x 3600

Mass flow rate of fuel = 6.572 x 10-4 Kg/s
Heat input = mass flow rate x calorific value
Assuming CV = 48000 k] /kg

Heat input = 31.546 KW.
Vi
Assuming P1 =1 bar and T1=27°C ¥

L Flyis-a
)

rz =9114-1

T2 =725.667 K
Heatinput=mx CVx (T3 - T2)

31.546=0.717 ( mass flow rate of air + mass flow rate fuel )
x (T3 -T2)

T3 =5875.24K

Work output = (area under 3-4) - (area under 2-1)

2ER e {(T3-T2)— (T2—-T1))
Indicated power = **~1

Indicated power = 28.958 Kw
Heat rejected = indicated power - heat input
Heat rejected = 2587.419 W

Heatrejected = mass flow rate of fuel x (1+AFR) x CVx (T4 -
T1)

T4=72237K

Mass flow rate of exhaust = 6.572 x 10-4 x (1 + air fuel
ratio) = 8.543 x 10-3 kg/s

spead

V1 - V2 = swept volume x 2 & &0

V1=8.16x10-3 m3
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PV=mRT

Exhaust pressure = P4 = 2.17 bar
Exhaust temperature = 722.37 K = 449 °C
Mass flow rate = 8.544 x 10-3 kg/s

Velocity of gas leaving cylinder = v1 = stroke length x
strokes per minute

Assuming the strokes per min = 7000

Velocity of gas leaving cylinder =
FELTO0 = 6.743 m/s
1000 x 60

Bore diameter = 52.4 mm

Al =bore area = 2156.5 mm2
Exhaust pipe diameter = 30mm

A2 = exhaust pipe area = 706.8 mm2
By continuity equation
A1XV1=A2XV2

Velocity of exhaust gas = 20.57 m/s

Assuming TEMA - H type shell and tube heat exchanger
(counter flow).

Selecting Standard size inlet tube and outlet tube size for
cold fluid.

d=25.4
T

A= 4 x0.02542 =5.067 x 10-4 m2
Specific heat of flue gases = 1 K] /kg
Cph=1K]J/kg
Specific heat of cold fluid (water) =4.182 K] /kg
Cpc =4.187 K] /kg
Mass flow rate of hot gas = 8.544 x 10-3 K] /s
Mass flow rate of cold water = pwVwA
Assuming Vw =1 m/s
pw = 1000 kg/m3
A=5.067 x 10-4 m2

mc=1000x1x5.067x10-4

=0.5067 kg/s
Assuming inlet temperature of cold fluid = 270C
Tcl1=27+273=300K
£
Performance of tube n = 7

At maximum power output

AT

4 . A7
2xx+ iTh e

n=
Th=723K
Tc=300K
AT = 423K
n==872%

Consider unaccounted heat loss actual heat at
thermoelectric tube can be assumed to be 1500 W

Q = mhCph( Th1 - Th2 ) = mcCpc( Tc2 - Tcl)

1500
8.544 x 10-3 2 1000 = 723 _ Th2

Th2 =547.4K

1500
80.5067x 4.187 x 1000 — Tc2 _ Tcl

Tc2=300.707 K
01 =Thl-Tc2=422.293K

02 =Th2 - Tcl=2474K

g1—-82

_.E'_

Ini{—=)

LMTD =6m = -
Q=UA6m

Assuming thin walled tube U = 13.1 W/m2K

A=0.35m2

Assuming standard outer diameter Do = 25.4 (Handbook)
And number of tubes = 3

A =nmDoL

L =146 mm
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Figure 9. P & N type Rings

Figure 10. End Rings of Copper Material

Smaller Diameter - 20 mm

Bigger Diameter - 25 mm

Figure 11. Assembly of a Single Tube

Total Length of the Tube - 146 mm

NI

|
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Figure 12. CAD Model Assembly of the Module

3. COMPUTATIONAL ANALYSIS OF THERMOELECTRIC
TUBE & THERMOELECTRIC GENERATOR (TEG)

The thermo-electric and structural analysis of
thermoelectric tube is carried out using ANSYS AIM and
ANSYS workbench 18.2.

Following results are obtain from ANSYS workbench
analysis:

e Temperature variation
e Voltage generated
e  Current density

Operating conditions

e Exhaust Pressure = 2.17 bar

© 2018,IRJET | ImpactFactor value: 7.211

ISO 9001:2008 Certified Journal | Page 2348



‘// International Research Journal of Engineering and Technology (IRJET) e-ISSN: 2395-0056

IRJET Volume: 05 Issue: 07 | July 2018

www.irjet.net

p-ISSN: 2395-0072

e Exhaust Temperature = 449°C
e Mass flow rate = 8.54e-3 kg/sec
e Exhaust gas Velocity = 9.7 m/sec
Steady State thermoelectric analysis
Boundary conditions
Hot Side Fluid domain
Temperature range = 50 to 500 °C
Cold Side Fluid domain
Temperature range = 30 to 80 °C

Convection: Simplified water case with coefficient = 1200
W/K

Temperature 30 to 80 °C
Voltage potential =0V
Material combination used for the purpose of analysis.

Table 2. Materials Selected for Analysis

Material Seeback Resistivity | Thermal
Coefficient | ohm-m Conductivity
V/K W/mK

Bi0.5Sb1.5Te3 | 210e-6 1.2e-5 1.10

PbTe 236e-6 2.2e-5 1.44

Sb0.2Ge0.8 232e-6 2.48e-5 2.56

Ni -20e-6 1.7e-8 51

Al -1.66e-6 2.62e-8 247

Ag 2.82e-6 4.82e-8 404

woe A 1% et

Figure 13. Voltage Generated in Thermoelectric Tube
ANSYS Analysis

e (Y1} S0 i

Figure 14.Temperature variation in Thermoelectric Tube
ANSYS Analysis

L [ £ 53 L% yvi

Figure 15. Current flow in Thermoelectric Tube ANSYS
Analysis

Static structural analysis Loads
Temperature load from steady state thermoelectric system
exhaust pressure = 2.17 bar

amz aree

Figure 16. Thermoelectric Tube in mesh
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Figure 17. Thermoelectric Generator Assembly in mesh
4. RESULTS AND CONCLUSION

Thermoelectric Generator (TEG) Experimental
Graphs

(1.004
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Figure 18. Power (W) Vs Hot Gas Temperature (°C) of
TEG from Experimental Setup

Experimentally at 300°C the maximum power output
was 0.0034watts
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Figure 19. Voltage (V) Vs Hot Gas Temperature (°C) of
TEG from Experimental Setup

At 300°C the voltage obtained was 0.09 V

.03

0.04

Current (A)

002
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Figure 20. Current (A) Vs Hot Gas Temperature (°C) of
TEG from Experimental Setup

At 300°C the current obtained was 0.04 A

Analysis Graphs of Thermoelectric Tube on ANSYS
Workbench

Voltage (V)
’

Figure 21. Voltage (V) Vs Tilt Angle (deg) of
Thermoelectric Tube from ANSYS analysis

At tilt angle 24° the voltage is 0.31V

20 24 28 32 i6 10

Tilt Angle

Figure 22.Current (A) Vs Tilt Angle (deg) of
Thermoelectric Tube from ANSYS analysis

At tilt angle 24° the voltage obtained is 7.8 V
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Figure 23. Power (W) Vs Tilt Angle (deg) of
Thermoelectric Tube from ANSYS analysis

At tilt angle 24° the voltage obtained is 2.4 V
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Figure 24.Voltage (V) Vs Hot Gas Temperature (°C) of
BiosSb1.5Tes/Ni Thermoelectric Tube from ANSYS
analysis
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Figure 25. Power (P) Vs Hot Gas Temperature (°C) of
Bio5Sb1sTes/Ni Thermoelectric Tube from ANSYS
analysis

At 300°C the power obtained was 1.61 W
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Figure 26.Current (A) Vs Hot Gas Temperature (°C) of
BiosSb1sTes/Ni Thermoelectric Tube from ANSYS

analysis
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Figure 27. Voltage (V) Vs Hot Gas Temperature (°C) of
Bio5Sb1sTes/Ni Thermoelectric Tube from ANSYS

analysis
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Figure 28. Power (W) Vs Hot Gas Temperature (°C) of
Bio5Sb1s5Tes/Ni Thermoelectric Tube from ANSYS
analysis
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Power at 300°C for different material

Material Power (W)
PbTe/Ni =6.457
SbGe/Ni =6.349

Bi0.5Sb1.5Te3/Ni =6.337

PbTe/Ag =0.3746

PbTe/Al =0.408
Summary of results obtained

e The power generated by Thermoelectric
Generatoris 0.0034W and Thermoelectric Tube is
1.69W at 300°C.

e  From graphin Fig 6.11 among the two promising
materials (PbTe/Niand Sb0.2Ge0.8) PbTe/Ni was
found more efficient generating 5.33 W at 500 °C
hot gas temperature.

e From graph in Fig.6.6 at 24° tilt angle maximum
power of 2.38 W was obtained at 300°C.

e From Fig.6.8 the power generation by the
thermoelectric tube increases as the temperature
difference between hot side and cold side
increases.

e From Fig 3.9 and 6.11 theoretically the power
generated by the tube is 5.89W but the 1.69W is
obtained at 300 °C from analysis on ANSYS.

e Al Agand Au cannotbe used as p-type material in
thermoelectric tube as the power generated by
this materials is about 0.1W.

e Thermoelectric tube can be used as power
generator and heat exchanger tube in one unit.

5. CONCLUSION

In thermoelectric tube the tubular structure enables direct
heat transfer from hot fluid to thermoelectric material and
also high thermal conductivity of pure metal layer reduces
the resistance of tube. The thermoelectric tube made up of
tilted TE/metal achieves perfect balance between high
power generation and efficient heat exchange.

The power obtained experimentally by the thermoelectric
generator at 300 °Cis 0.0038 W. And the power generated
by the thermoelectric tube at 300 °C analytically is 1.69W.
The output with different material combinations is
checked, and the best output obtained is with Lead

Telluride and Nickel. It is also found that other metals like
Silver and Aluminium cannot be used to replace Nickel.

The practical application of such TE tube still encounters
numerous issues. One of the major concern is durability of
the tube, since the electric current is exposed fluid, the
electric corrosion can hamper the performance of TE tube
and the impurities present in the fluid domain can resultin
the fouling of the tube which reduce the performance of the
tube. Also as the material used in thermoelectric tube are
toxic a thin surface coating on its surface is mandatory.
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