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ABSTRACT 
 

Millions of hybrid cars are already running on our roads 
with the purpose of reducing fossil fuel dependence. One of 
their main advantages is the recovery of wasted energy, namely 
by brake recovery. However, there are other sources of wasted 
energy in a car powered by an internal combustion engine, such 
as the heat lost through the cooling system, lubrication system 
(oil coolers) and in the exhaust system. These energies can be 
recuperated by the use of thermoelectric generators (TEG) 
based on the Seebeck effect, which transform heat directly into 
electricity 

To recover the energy from the hot (up to more than 700 
ºC) exhaust gases it is possible to use controlled heat transfer, 
but this would limit the heat transfer potential at partial loads, 
as commercialy available TEG are limited by their maximum 
allowable temperature (~250ºC). Therefore Heat Pipes were 
used as an alternative heat transfer mean, so it would be 
possible to retain the heat transfer potential, while controlling 
the maximum temperature at a reasonable level. This is the 
method to recover the exhaust heat presented in this work. 

Numerical simulations were performed to assess the 
potential for this design, involving internal combustion engine 
simulation, thermoelectric generators simulation and heat 

transfer modelling. Additionally, the use of variable 
conductance heat pipes (VCHP) is discussed, as a means of 
achieving TEG module maximum temperature limitation. 

 
 

NOMENCLATURE 
A inner area of the pipe [m2] 
cp Specific heat (constant pressure) [Wkg-1K-1] 
D heat pipe diameter [m] 
FEM Finite element modelling  
HP Heat pipes  
h heat transfer coefficient gases/pipe  [Wm-2K-1] 
I Electrical intensity [A] 
KP Thermal conductance of the TEG [WK-1] 
k Thermal conductivity of the TEG [Wm-1K-1] 
M Torque [Nm] 
m  Mass flow rate [kgs-1] 
N Rotational speed [rpm] 
NuD  Nusselt Number [-] 
n number of modules [-] 
Po output electrical power [W] 
Pr Pandtl number [-] 

cQ  heat transfer rate from the exhaust to the block [W] 
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iQ  heat transfer rate inner gases/air [W] 
Ri Electrical resistance of the TEG [Ω] 
RL Load resistance [Ω] 
S Mean Seebeck coefficient [VK-1] 
TEG Thermoelectric Generator 
T Temperature [K] 
Tamb Ambient temperature [ºC] 
TC Temperature at the cold side of the TEG [K] 
TH Temperature at the hot side of the TEG [K] 
Ti Exhaust gas initial temperature (entry) [ºC] 
TM Mean temperature of the TEG (TC+TH)/2. [K] 
To Exhaust gas outlet temperature [ºC] 
V Electric voltage difference [V] 
VO Total voltage generated in TEG [V] 
VCHP Variable Conductance Heat Pipes 
v gas velocity [ms-1] 
WOT Wide Open Throttle  
ZT Figure-of-merit of the TEG [WΩ-1] 
ZTM  ZT of the device, at temperature TM [WΩ-1] 
α Seebeck coefficient [VK-1] 
Δ Difference [-] 
η Conversion efficiency [-] 
µ Gas dynamic viscosity [Pa.s] 
ρ mean electric resistivity [Ωm] 
ρ gas density [kg.m-3] 
 
 
 
 
 
INTRODUCTION 

 
In the search for the ultimate efficiency during car 

operation, researchers and vehicle manufacturers have turned to 
the use of hybrid vehicles, where one of the main advantages is 
brake energy recovery [1]. Other manufacturers, without using 
the full potential (and cost) of the hybrid system, attempt to 
reduce engine power to produce in-board electricity, by 
generating all the electric power necessary for the auxiliaries of 
the car during deceleration and braking. In terms of exhaust gas 
enthalpy recovery, this can be achieved in part by the used of 
the so called over-expanded cycles [2]. However, even when 
using these high efficiency cycles, the exhaust gas temperature 
is still high, and therefore with potential for energy recovery. 
There are some experimental attempts for exhaust heat 
recovery by the use of thermoelectric generators [3], but the 
potential for power recovery is just enough to meet the electric 
demands of the various electrical accessories. However, with a 
properly designed system, it should be possible to recover a 
significantly higher amount of energy [4], when adding the 
potential of the cooling system, lubrication system and exhaust 
system. When an internal combustion engine is running at part 
load, the energy released by the fuel in the combustion is 
converted into useful work, directed to the cooling system and 
released in the form of exhaust gas enthalpy in, more or less, 

equal parts [5, 6]. Therefore, the power available at the exhaust 
and for cooling (including water and oil) is roughly twice the 
mechanical power used for traction (fig. 1). Even if a small 
percentage of this waste energy could be recovered, the gains in 
efficiency for the vehicle would be important.  
The thermal energies from the cooling, lubricating and exhaust 
systems can be recovered by the use of thermoelectric 
generators (TEG) based on the Seebeck effect, which transform 
it directly into electricity. It is almost straightforward to recover 
the energy from the cooling (100 ºC max.) and lubrication (120 
ºC max.) systems even if this conversion has a very low 
efficiency. 

Recent papers [7] refer an efficiency of heat recovery (to 
electricity) using advanced thermoelectric generators of  5%, 
which would translate into an extra 6% (1% from coolant, 5% 
from exhaust) of available (electric) energy in a hybrid car. 
Consequently, the engine with a 33% efficiency could “find” 
extra mechanical power, leading to 38% efficiency, and a 5% in 
fuel savings. 
 

 
FIGURE 1 - Engine heat balance 

 
The major potential, and the most problematic from the heat 
recovery perspective, is the energy recovery of the hot (up to 
more than 700 ºC) exhaust gases. There is still no efficient TEG 
that is able to tolerate this type of temperature, so, it is 
necessary to downgrade it. This could easily be done by placing 
controlled heat transfer materials between the gases and the 
modules, achieving the required temperature difference. But 
this is difficult to do in an efficient way, as the available power 
and temperature on the exhaust changes dramatically with the 
engine load and speed. Furthermore, the system should be 
designed for the maximum power (to avoid module meltdown), 
which would greatly reduce the power available for the TEG 
during part load operation, since the power generated in the 
TEG is proportional to the square of the temperature. The use 
of Heat Pipes enables the matching of the thermal load of TEGs 
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to the available heat in the exhaust gases, thus improving 
efficiency in energy conversion at different engine loads and 
speeds. 
 
 
ENGINE AND EXHAUST GAS MODEL 
 
To evaluate the exhaust conditions (temperature and power) to 
be used as data input for the thermoelectric generator model, 
data from a running engine, previously tested by the research 
team [8] was used for this study.  
The engine dimensions are as follows: 

- Stroke = 55mm 
- Diameter = 70mm 
- Compression Ratio = 11:1 

In order to achieve the required 60 kW, we assumed a 
6-cylinder engine, with the above dimensions, with a total 
capacity of 1270 cm3. The thermal power levels at the exhaust 
were calculated taking into account the enthalpy difference of 
the exhaust gas, from its temperature to ambient 
( ( )ambip TTcm − ). However, the actual potential value for heat 
transfer power from the gases is somehow reduced, as they 
cannot be cooled below the heat pipe temperature 
( ( )hip TTcm − ), which results in a lower value. The 
experimental results, for exhaust gas temperature and mass 
flow, in terms of engine speed and torque, can be seen in fig. 2. 
 

 
N (rpm) N (rpm) 

M (Nm) M (Nm) 

m  (g/s) Ti (ºC) 

 

  
FIGURE 2 - Measured mass flow and temperature in the 
exhaust of an engine, as function of rotational speed (N) 

and torque (T) 
 
Unfortunately, this engine was run only up to 3500 rpm, 
without showing the extreme values of exhaust gas temperature 
and mass flow for the full power conditions (6500 rpm).  
With that limitation, we decided to use an internal combustion 
engine computer model, to get the data for the same engine at 
the maximum power condition.  This computer program was 
developed by the Internal Combustion Engines team at the 
University of Minho [9], enabling to model a S.I. engine at 
different conditions of load and speed. The program, written in 
MATLAB/SIMULINK, has been used to simulate engine 
behaviour, namely the comparison between the engine working 
under the Otto cycle and under the Miller cycle [8].  
In order to establish the exhaust gas properties (temperature and 
mass flow) this model was run at various conditions (fig. 3): 
- medium load (intake manifold at 0.65 bar),  4000,  4500 and 

5000 rpm 
- WOT (intake manifold at 1.0 bar), 4000, 4500, 5000, 5500, 

6000 and 6500 rpm 

This enabled the full engine mapping seen in fig. 3.  
 

 N (rpm) N (rpm) 

M (Nm) M (Nm) 

m  (g/s) Ti (ºC) 

 

  
FIGURE 3 - Calculated and measured mass flow and 

temperature in the exhaust of a 60 kW engine. Six contour 
plots are also presented equally distributed from minimum 

to maximum of scales. 
 
 
THERMOELECTRIC GENERATORS 
 
A temperature difference can be converted to a voltage using 
the Seebeck effect of a thermoelectric module (fig. 4). In the 
Seebeck effect, a temperature difference between the junctions 
of two different materials produces an electric voltage and 
electric current flows when the electric circuit is closed. This 
effect is quantified by the Seebeck coefficient, α, as represented 
in eq. 1: 
 
 

T
V

∆
∆

=α  (1) 

 
 

 
FIGURE 4 - Thermoelectric module. 

 
A good thermoelectric generator device [10] should have a high 
Seebeck coefficient, and at the same time a low electrical 
resistance – Ri (thus allowing higher currents) and a low 
thermal conductance KP (thus reducing heat loss through the 
generator). The figure-of-merit (ZT) is used to quantify the 
performance of a thermoelectric module [11], or a single 
thermoelectric material, at a specific temperature T: 
 
 T

k
T

KR
ZT

Pi ρ
αα 22

==   (2) 

 
where α is the Seebeck coefficient, ρ is the mean electric 
resistivity, k is the mean thermal conductivity and T the 
temperature (K). High ZT thermoelectric materials for high 
temperature are still under development [12]. The efficiency of 
a thermoelectric generator can be calculated with Eq. 3, 
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considering the output electrical power (PO) and the input 
thermal power ( cQ ) [13]:  
 

 ( ) ( )
( )
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M

M

C

CH
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T
TZT

ZT
T
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Q
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++

−+−
==

2
1

2
1

1

11
η  (3)  

 
ZTM  represents the figure-of-merit of the device, calculated at 
temperature TM with eq. 2, TC and TH are the temperatures at the 
hot and the cold sides, respectively and TM is the mean 
temperature: (TC+TH)/2. As stated by eq 3, a higher efficiency is 
obtained with a higher value of ZT and with a higher 
temperature difference between the faces (TH-TC). However, the 
application of Eq. 3 is not straightforward, since the properties 
used in the calculation of ZT change with temperature. Fig. 5 
presents the variation of the Seebeck coefficient, the thermal 
conductance, the electrical resistance and the figure-of-merit 
(ZT) of a typical thermoelectric module, as function of 
temperature. The module 9505/127/150B, 15 A, 17.5 V, 
40 × 40 × 3.5 mm from Ferrotec was used in the graph of fig. 5 
and subsequent calculations. A second order polynomial 
approximation for each parameter is also presented 
 
 

R= -1.16E-05T2 + 1.26E-02T - 1.75

K = 7.244E-05T2 - 4.148E-02T + 7.197

S = -1.23E-06T2 + 8.54E-04T - 9.23E-02
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FIGURE 5 - Effect of temperature (T) on thermoelectric 
properties. A polynomial second order regression was 

assumed for each thermoelectric parameter, as presented 
in the graph. 

 
A thermoelectric module was placed between a copper plate 
heated up to a controlled temperature and a copper plate 
connected to a heat-sink. The voltage and current for different 
electrical loads, were measured, with five temperature 
differences (ΔT = {75, 47, 30, 13, 8} ºC). Despite the small 
temperature difference, these results, plotted on fig. 6, 
demonstrate the ability to produce electricity from a 

temperature gradient. Moreover, the almost linear V-I plot, 
allows the implementation of simple Maximum-Power-Point-
Tracking (MPPT) electronic circuit to use the available power 
in an efficient manner, charging the vehicle batteries at full 
available power. 
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FIGURE 6: Voltage (V) and power (P) output in experimental 
characterization of thermoelectric modules, for temperature 

differences between hot and cold face (ΔT) from 8 ºC to 
75 ºC. 

 
 
THERMOELECTRIC GENERATOR MODELLING 
 
A thermoelectric generator (TEG) for exhaust gases, as the one 
seen in Fig. 7, is composed of several components. One of them 
is the heat recovery block, with a centre hole. The hot gases 
circulate along this hole and transfer heat to the block. Around 
the block several thermoelectric modules conduct this heat to a 
water cooled part, on the other side of the thermoelectric 
modules. The temperature difference between the centre block 
and the cooled block (between each side of the thermoelectric 
module) produces a voltage across the module, due to the 
Seebeck effect. 
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FIGURE 7 - Artwork of a thermoelectric generator for waste 

heat recovery in exhaust gases of a combustion engine 
 
The hot gases enter at a temperature Ti and transfer heat to the 
block at a mean temperature TH. Considering the mass flow 
( m ), the specific heat of the gases (cP), the inner area of the 
pipe (A), the temperature of the gases output (TO) and the heat 
transfer coefficient from the gases to the pipe, h, the 
temperature of the block is calculated with equation 4 
 

 
  

)( Pcm
hA

HiHO eTTTT 
−

−+=  (4) 
 
Using copper as the block material and for the conditions of the 
study, the calculated Biot number is 0.6, implying that an 
uneven temperature distribution will occur along the body. This 
renders the use of a global average temperature within the 
calculations somehow inaccurate, so a more detailed thermal 
analysis (finite element modelling) was subsequently carried 
out. 
The heat transfer rate ( iQ ) between the gases within the pipe (at 
temperature Ti) and the air (at temperature Tamb) can be related 
to the mass flow ( m ): 
 
 )( ambPi TTCmQ i −=   (5) 
 

Considering 
  

PCm
hA

e 
−

=γ eq. 4 can be simplified as:  
 
 HiO TTT )1( γγ −+=  (6) 
 
The heat transfer rate ( cQ ) to the block can be calculated with 
eq. 6 
 
 )( Mc ThAQ ∆=  (7) 
 
ΔTM the logarithmic mean temperature difference of the gases 
to the pipe, calculated with eq 8, with an error below 1% [14] 
 

 

iH

OH

iO
M

TT
TT

TTT

−
−
−

=∆
ln

 (8) 

 
The thermoelectric modules transfer the heat from the heated 
block to the water pipe at the cold side. The temperature at the 
cold side (TC) is considered constant, and equal to the 
temperature at the cold side of the thermoelectric generator. 
This can be achieved with a large water flow. The hot side of 
the thermoelectric generator has the same temperature of the 
heated block (TH). The heat transfer rate is calculated 
considering the temperature at the hot and cold sides of the 
thermoelectric module (TH and TC respectively), the number of 
modules (n) and the mean thermal conductance of each module 
(KP). The mean value is used because KP is not constant over 
the working temperature range. 
 
 PCHc KTTnQ )..( −=  (9) 
 

'
cQ from eq 7 is equal to cQ  in eq 9. Replacing ΔTM in eq 7 with 

ΔTM from eq 8: 
 
 

PCH

iH

OH

iO KTTn

TT
TT

TThA )..()
ln

( −=

−
−
−  (10) 

 
with HiO TTT )1( γγ −+= . Solving in order to TH: 
 

 
γγ
γγ

ln)1(
ln)1(

nKAh
TnKTAhT

P

CPi
H +−

+−
= , with PCm

hA

e
' −

=γ  (11) 

 
The temperature at the heated block (TH) has a linear 
correlation with the temperature of the waste gases entering the 
pipe (Ti). 
The thermoelectric modules produce a voltage (VO) that is 
proportional to the temperature difference between the hot and 
the cold plates of each module (eq. 12). S is the mean Seebeck 
coefficient (considering the variation of the Seebeck coefficient 
with temperature) of the thermoelectric module. The mean 
Seebeck coefficient is considered, since the Seebeck coefficient 
is not constant over the working temperature range. The 
thermal resistance of the hot and the cold plates of the 
thermoelectric module and of the contact between these plates 
and the heated block and cold block are neglected in this 
approximation. All modules are considered to be connected 
electrically in series, thus the total voltage generated (VO) and 
the total internal resistance (Ri) are the sum of the voltage 
produced by each module and the internal resistance of each 
module, respectively.  
 
 )( CHO TTnSV −=  (12) 
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The maximum power transfer from the modules to the load 
(PO) occurs when the load resistance (RL) equals the mean 
internal resistance of the modules (Ri is the electrical resistance 
of each module and n.Ri is the total resistance, when the 
modules are connected in series). A mean value is used since 
the resistance is not constant over the working temperature 
range. The temperature of the hot side (TH) is calculated with eq 
11, considering the heat recovery system. 
 

 ( )
i

CH
O R

TTSP
4

)( 2−
=  (13) 

 
The conversion efficiency (η), considering the power of the 
input gases (heat transfer rate, '

iQ ) and the electrical power 
available at output of the module (PO) is calculated [15] by eq 
14: 
 

 ( )
iambP

CH

i

O

RTTcm
TTS

Q
P

i )(4
)( 2

' −
−

==


η   (14) 

 
The values of α, KP and Ri depend on temperature, as stated 
before. For this reason, mean values are used in equation 14, as 
calculated previously. 
A generator was designed for a 60 kW waste heat power ( iQ ), 
with a maximum temperature of gases of Ti = 1000 K and a 
mass flow m  = 0.071 kg/s. The maximum working temperature 
of current commercial thermoelectric modules is around 500 K. 
Considering this value, at least 72 modules must be used to 
ensure this limit is not exceeded. In this design 96 modules 
were considered, arranged in two arrays of 16×3, at each side of 
the generator, allowing a maximum temperature of the heated 
block of 480 K (207 ºC). This represents a 800 ×140 ×140 mm 
heated block, with a 120 mm diameter hole for gases input, 
with a finned structure to achieve higher heat transfer rate (an 
internal area - A of this pipe of 0.6 m2 was obtained).   
Calculations show a maximum of 39 kW of power to be 
transmitted to the water cooling circuit at the cold side of the 
generator. A mean cold side temperature of 325 K is 
maintained. Considering a maximum water temperature 
increase of 50 K in the generator, a water mass flow of 0.2 kg/s 
would be necessary at the cooling circuit, with an entry 
temperature of 300 K and an output maximum temperature of 
350 K. At full power ( iQ  = 60 kW), the output temperature of 
the gases is still 540 K, representing 21 kW of power 
transmitted to the output of gases, while the heated block 
achieves 480 K. Values of h = 300 W/(K.m2) and 
cP=1200 J/(kg.K) were considered.  
A maximum electrical power of 1530 W is generated (fig. 8), 
with an open loop voltage of 820V, if all modules are connected 
in series. The overall efficiency of the generator at full power, 
considering the 1530W generated power and the 60 kW of 
waste heat power available is 2.6%, while the thermoelectric 
modules have an efficiency of 3.9%. 

0

300

600

900

1200

1500

1800

0.0%

0.5%

1.0%

1.5%

2.0%

2.5%

3.0%

300 500 700 900 1100

Po
w

er
 o

ut
pu

t P
o 

(W
)

Ef
fic

ie
nc

y 
η

(%
)

Ti (K)

η

Po

m'=71g/s
m'=50g/s
m'=20g/s

m'=50g/s
m'=71g/s
m'=20g/s

 
FIGURE 8 - Output power and efficiency of a thermoelectric 
generator with 96 thermoelectric modules, optimized for a 
60 kW waste heat exhaust system with gases temperature 
up to 1000 K, for different values of exhaust mass flow (m’) 

as function of output gases temperature. 
 
Fig. 9 plots the power output and efficiency of the generator, as 
function of rotation speed and torque of the tested internal 
combustion engine. 
 

 
N (rpm) N (rpm) 

η  (%) P (W) 

m  (g/s) 

 

 
m  (g/s) 

 
FIGURE 9 - Electric power output (PO) and efficiency (η) of 
the thermoelectric generator as function of engine rotation 

speed (N) and torque (T). Six contour plots are also 
presented equally distributed from minimum to maximum 

of scales. 
 
The thermal behaviour of the generator was simulated using 
finite element modelling (FEM). Fig. 10 represents the 
temperature calculated by FEM in a copper block with the 
dimensions presented. Despite the high conductivity of copper, 
a longitudinal decrease of the block temperature (from 170 ºC 
to 240 ºC) is expected along its length, as the inner fluid loses 
heat. 
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FIGURE 10 - Temperature (ºC) profile of a thermoelectric 

generator in a engine of 60 kW exhaust gases power 
(Ti=1000 K and m =71 g/s). 

 
 

IMPROVED THERMOELECTRIC CONVERTER 
 
Despite the mean temperature of the generator being bellow the 
maximum working limit (around 220 ºC for best commercial 
TE modules), the non uniformity of temperature in the heated 
block of the generator is still a major limitation. Efficiency is 
reduced in colder areas (TH=170 ºC) and the maximum working 
temperature is exceeded in warmer areas (TH=240 ºC).  Due to 
the maximum allowable working temperature of thermoelectric 
modules, the presented generator must be carefully 
dimensioned not to overcome this limit. Designing 
thermoelectric generators for high power engines requires a 
large number of thermoelectric modules, increasing the size and 
weight of the generator to impracticable dimensions. Moreover, 
despite the fact that engines typically run below their maximum 
power, a large generator (with much higher costs) would have 
to be designed. If a small generator is pretended, then the 
temperature on the modules must be limited. On the other hand, 
since the efficiency of thermoelectric modules increases with 
higher temperature differentials, it is desirable to maintain these 
modules working near their temperature limit. This could be 
obtained if the number of active thermoelectric modules of the 
generator (n) could increase as the input power increases. 
The use of heat pipes (HP) is the most effective solution to 
control temperature [16], since no movable parts are required, 
thus decreasing maintenance and increasing lifetime. Fig 11 
shows an artwork describing the principle used in this solution:  
 
Heat Transfer Calculations 
 
When the temperature of the block increases, heat is transferred 
through the heat-pipe to the thermoelectric modules situated on 
the top (condensing side) of the HP. It was assumed that each 
module would be capable of receiving 450 W of heat (at 
approximately 200 ºC). Initial tests and commercial data show 
that we could expect about 350 W for a HP of 25cm diameter. 
The design solution of fig. 11 was based on these assumptions, 
and we decided to set four HP together (1400 W) supplying 
heat to groups of 3 modules each (1350 W). The referred figure 

shows 10 of the described assemblies, in a total of 40 HP and 
30 modules. 
 

 
 

FIGURE 11 - Artwork of a thermoelectric generator for 
waste heat recovery in exhaust gases of combustion 

engines, using heat pipes. 
 
The lower part of  each HP (vaporization side) should protrude 
the exhaust pipe of the engine. Assuming a square exhaust pipe 
with 100 mm of side, that cross flow area would be crossed by 
two HP, therefore creating a 20 array of two HP side by side 
(see fig. 11).  
The heat transfer condition between the exhaust gases will be 
the limiting factor for heat transfer, so an analysis is herein 
performed. 
Assuming a transversal cylinder exposed to the exhaust gases, 
the following equation can be used: 
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where ReD

vD vD
= =
ρ
µ ν

 is the Reynolds number, based on the 

HP diameter and the exhaust flow conditions (velocity and 
temperature); 

NuD is the Nusselt Number 
h is the heat transfer coefficient (gas-HP); 
D is the HP diameter; 
k is the thermal conductivity; 
Pr is the Prandtl number; 
ρ is the gas density; 
v is the gas velocity; 
µ is the gas viscosity. 
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The various properties (k, ρ, µ, Pr) are taken at film 
temperature.  
As the flow at the exhaust is highly pulsating, the heat transfer 
coefficient h will be enhanced by a factor of 2. For the 
conditions of full power (86 g/s of exhaust gases at 780 ºC) the 
retrieved thermal power from the HP is more than 700 W, much 
more than the 350 W required. For these conditions the total 
thermal power present at the exhaust is more that 3 times the 
total power required for the 40 HP. For light load (40% throttle 
at 3000 rpm) the exhaust conditions (25 g/s, 650 ºC) enable to 
retrieve 10 kW from the exhaust enthalpy. This is almost the 
full capacity required by the 30 modules (13.5 kW). For these 
conditions the exhaust temperature after all the HP is 290 ºC.  
The previously described equations (eq.1 to 14) apply to each 
block in this improved generator. However, the temperature of 
each block is limited to 490 K. The graph in fig. 12 plots the 
electrical output power and efficiency of a generator with 30 
thermoelectric modules used in the described engine.  
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FIGURE 12 - Output power and efficiency of heat pipe 

controlled thermoelectric generator as a function of output 
exhaust gases temperature. 

 
A maximum electrical power output of 550 W is expected, for 
an input power ( iQ ) above 30 kW. The maximum estimated 
efficiency is 1.7%. 
Each thermoelectric module can divert a maximum power of 
450 W, considering the maximum working temperature of 
490 K (217 ºC) and a cold side temperature of 325 K (52 ºC). 
The maximum heat transfer demand in each heat-pipe is 337 W, 
considering 30 thermoelectric modules and 40 heat pipes. This 
can be achieved with a heat pipe diameter of 25mm. 
 
 
Variable Conductance Heat Pipes 
 
While a basic heat pipe (HP) contains a single fluid in its 
interior (the phase-changing working fluid), a variable 
conductance heat pipe (VCHP) additionally contains a low 
density, non-condensable gas in its interior (see fig. 13) located 
at its top, generally within a reservoir or expansion tank. 

Independently of the type of HP, the higher the heat source 
temperature, more liquid will vaporize at the evaporator and 
more heat will be transferred to the heat sink by condensation. 
In the case of simple HP’s the increase of the heat source 
temperature is accompanied by a strong increase of the internal 
pressure. This is not so in the case of VCHP’s, because the 
large mass of gas at the reservoir is able to reduce its volume 
and thus mitigate the pressure increase. 
Now, the inner temperature of a HP is intimately linked with 
the boiling temperature of the liquid. Taking into account that 
the boiling temperature of a liquid increases with pressure, it 
can be concluded that a limitation of the inner pressure due to 
the use of a VCHP will yield a limitation of the corresponding 
working temperature. 
This characteristic of VCHP’s is very useful for the application 
under study, because it should be possible to design the 
VCHP’s so that their working temperature will never exceed 
the maximum allowable temperature of the thermoelectric 
modules, even under excess thermal loads. 
However, care should be taken so that the VHCP will not 
contain excess gas. If this was to happen, under low working 
temperatures the gas would not be restrained to the reservoir 
only and therefore it could block, or at least hamper the access 
of the vapour to the condensing region, limiting heat transfer at 
low loads. While this could be useful in particular applications, 
it is undesirable in the present case and therefore should be 
avoided [17, 18]. 
 

 
FIGURE 13 - Constant vs. Variable Conductance Heat Pipes 
 
Considering the working temperature of the system, the typical 
copper-water heat-pipe is not suitable for this application, even 
considering the use of VCHP’s, since during operation its 
absolute pressure would reach 40 bar. For this application, a 
suitable working fluid must be used, considering the maximum 
temperature reaching 250 ºC. Diphenyl and diphenyl ether, 
equivalent to DOWTHERM A, with melting point of 285 K and 
boiling point of 540 K, was previously used in intermediate 
temperature heat-pipes [16, 17], and can also be chosen for this 
application. Also, the HP pipe material cannot be copper, as the 
exhaust temperatures may be too high for it. Therefore, we 
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assumed the necessity of adopting a stronger material, possibly 
stainless steel. The use of a stronger material may allow the use 
of water as the working fluid, as the steel would allow the 
required high water pressures (up to 25 bar, the saturated 
pressure for 225 ºC).  
 
 

CONCLUSIONS 
 
A system for the recovery of engine exhaust energy by 
converting it into electricity was presented, using commercially 
available thermoelectric modules. Considering the output 
temperature and mass flow of the exhaust gases, a large number 
of thermoelectric modules would be necessary to support the 
full power of the engine without damaging these modules. This 
solution would require a large size and cost for a condition (full 
power) that is seldom used. To overcome this limitation, a 
generator using heat pipes to control the temperature in the 
modules has been suggested. It consists on the use of heat pipes 
for transferring the heat from the exhaust gases to the 
thermoelectric generators. If carefully designed, such system is 
able to ensure a good heat transfer rate while avoiding the 
overheating of these modules.  
Although some initial experimental tests were already done 
with both the modules and with the heat pipes, this work 
focuses mainly on the modelling results obtained with the 
referred thermal design. 
It is possible to use heat pipes for the recovery of exhaust heat 
and the design of the system allows the recovery of a 
significant part of the exhaust gas enthalpy when the engine is 
at medium load/speed conditions, but only about one third is 
attained at full power. However, more modules and heat pipes 
could be added in order to enhance the recovery under full 
loads, but these would not be used at the more current 
conditions, where partial load and speeds prevail. 
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