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Highly Integrated Heat Exchangers for Automotive
Thermoelectric Generators (TEG)

Methodical functional integration and numerical analysis
of TEG heat exchangers

Institut of Vehicle Concepts

M. Kober
H. Friedrich
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Outline

 Introduction

« Methodical concept development acc. to VDI Guideline 2221
« Module structure used for functional integration

« Comparison between three heat exchanger approaches

« Numerical and analytic analysis with focus on

« Fin buckling
« Reduction of thermomechanical stress
« Homogenisation of contact pressure
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Evolution of TEG at DLR

efficiency and level of maturity

15t Generation 2" Generation 34 Generation
(2006-2010) (2010-2013) (since 2013)
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Introduction

Why use high temperature TE-Materials?

» Comparison between Bithmuth Telluride and Skutterudite

« Exemplarily Materials with zZTmax=1
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Introduction

Why use high temperature TE-Materials?

 Higher efficiency at high temperatures mainly through

higher Carnot efficiency

« zTmax=1 leads to an exergy efficiency 5. ~ 17%
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Procedural method
VDI Guideline 2221

Stages Results Phases
< Task )
L 3
— 1 Clarify and define the task clarification
0 y of the task
L . ——
£ I »  Specification ]
e Determine functions and their structure * "
o :f,"f Function structures /
= « | conceptual
< 3 | Search solution principles and their combinations [+ - ‘q:'; design
0
8 I; :';“’! Principle solutic:ns/ 5
m =]
% - 4 Divide into realisable moduls + > %—
E ; ?‘f Madule structures / =4
T e 5 Develop layout of key modules 5 » @ embodiment
B / z design
; I i Premilinary layout / ©
2> 6 Complete overall layout - . %
4]
i hllf’ . / u.
E I i Definitive layouts
+— 7 | Prepare production and operation instructions [+ - detail
>/ design
I »/ Product documents/—b g
< Further realisation ) T
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List of requirements
e.g. Vehicle boundary conditions

DLR — test vehicle

-7 BMW 535

=7 3l, 6 cylinder, spark ignition
- 190kW @ 6600 1/min

oxidation catalyst NO, - catalyst muffler muffler
“a
_>
A B C
A B C

installation space
length 210mm  [400mm  |[440mm
width 290mm 170mm 270mm
height 190mm 150mm 170mm

1) Kober, M. ; Héfele, C. ; Friedrich, H. E. (2012) Methodical Concept Development of Automotive Thermoelectric Generators (TEG). 3. International Conference
‘Thermoelecrics goes Automotive', 2012, Berlin, Deutschland.
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List of requirements
e.g. Gas temperatures along exhaust system

1000 —¢— Full load 126 g/s
—&— 160 km/h, 6. Gear, 55 g/s

900 —&— 145 km/h, 6. Gear, 45gl/s
—@— 135 km/h, 6. Gear, 39 g/s

800 ’/\ —&— 120 km/h, 6. Gear, 28 g/s

/\T\‘\ —— 100 km/h, 6. Gear, 23 g/s
700 ,//:\\ —&— 70 km/h, X. Gear, 17 g/s

/ v\\\k_a\‘ —e— 50 km/h, 5. Gear, 9 g/s
—C

A N
AT
N RN S
200 \\‘\ \.\‘\‘\

100 1=y .;
0 1)

7 (Gas temperatures along exhaust system at different steady state driving
conditions with replaced NO,-catalyst.

1) Kober, M. ; Héfele, C. ; Friedrich, H. E. (2012) Methodical Concept Development of Automotive Thermoelectric Generators (TEG). 3. International Conference
‘Thermoelecrics goes Automotive', 2012, Berlin, Deutschland.
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Interactions of TEG and vehicle system

electrical TEG input power

(4P.) cooling load (4P_,) e
m ’ (el. power for cooling water

pump and cooling fan)

back pressure / cooling of exhaust rolling resistance (4P, )

AP, (weight increase)
00 @ =
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TEG concept development — Function structure

exhaust + exhaust +
heat heat
> feed heat dissipate —» >
——————— »r- - exhaust F = =4 transfer = === =============o exhaust - ®fF—-—=——=———»
; electric
- - energy
conduct distribute heat convert dissipate
- - - - : - —————— >
heat smoothly heat electric energy
I
h .
provide distribute contact conduct
-»> - ==
force pressure smoothly heat
; coolant +
heat
coolant feed dissipate heatto [~ -| dissipate |=®»fF —=—=—=——=-— >
coolant coolant coolant >
1)

1) Kober, M. ; Hafele, C. ; Friedrich, H. E. (2012) Methodical Concept Development of Automotive Thermoelectric Generators (TEG). 3. International Conference
‘Thermoelecrics goes Automotive', 2012, Berlin, Deutschland.

DLR
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TEG concept development — Sub-solutions

sub-solutions
sub-functions 1 2 3 4 5 6 7

feed/dissipate exhaust

heat transfer

conduct heat

distribute heat smoothly

dissipate electric energy

conduct heat

feed/dissipate coolant

1]

provide force

distribute contact pressure
smoothly
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A4 B1 A3 A1

1) Kober, M. ; Héfele, C. ; Friedrich, H. E. (2012) Methodical Concept Development of Automotive Thermoelectric Generators (TEG). 3. International Conference
‘Thermoelecrics goes Automotive', 2012, Berlin, Deutschland.
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Overall system simulations

Results for design point 135 km/h
1,0
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AN Legend:
Design A4

Change in fuel consumption

additional system
i AJ/OFadd TEG as add on
optimized total

@ AbF vehicle system
opt

Effect on basic shaft power

el. TEG input

o 6P,
B %P,

B AP,
rolling resistance
W AP, )

back pressure

Change of shaft power [%]
Change of fuel consumption [%]

cooling load

1) Kober, M. ; Héfele, C. ; Friedrich, H. E. (2012) Methodical Concept Development of Automotive Thermoelectric Generators (TEG). 3. International Conference
‘Thermoelecrics goes Automotive', 2012, Berlin, Deutschland.
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How can functional integration be done
to reduce the TEG weight

and thermomechanical stress?
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Module structure (acc. to VDI 2221)
for functional integration within heat exchangers

Stages Results Phases
( Task )

—» 1 Clari d;i fine the task clanfication
Wl arify and define the tas of the task
% ) ';.."'r Specification /—b
2 > 2 Determine functions and their structure N >
5 3,’; Function structures /

. w | conceptual
B «— 3 | Search solution principles and their combinations |+ » E design
8 ] ';}”f Principle sc-luti[ms/ ]
- =
% “r 4 Divide into realisable moduls - > %
E l J‘-;,"I Maodule structures / ‘%
el 5 Develop layout of key modules + » ® embodiment
3 / — ° design
@ »/ Premilinary layout / o
: ‘ :
= e 6 Complete overall layout . > 5'—;
E ‘,l'r . L
g ] »' Definitive layouts / J\
e 7 Frepare production and operation instructions > detail
] ?"'r Product documents /‘—b design
( Further realisation ) T

i DLR
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Module structure (acc. to VDI 2221)
for functional integration within heat exchangers

exhaust + exhaust +
heat heat
> feed heat dissipate —» >
——————— »r- - exhaust r = —H transfer = =-—-=-=-=-=========—=-=9 exhaust - ®»fF——————»
Y electric
- . energy
conduct distribute heat convert dissipate
- - - : - —————— >
heat smoothly heat electric energy
I
h .
provide distribute contact conduct
-»> el
force pressure smoothly heat
; coolant +
heat
coolant feed dissipate heatto [~ =| dissipate =P === === >
coolant \ coolant coolant >

N
functional integration of thermal and mechanical functions

within the hot gas heat exchanger
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Module structure
Hot gas heat exchanger

Thermoelectric Module (TEM)
Hot gas heat exchanger

EERERRR R EERRR

=
IEEEEREREAREE

m ot gas

Thermoelectric Generator Module structure 2D - Simulation model
(TEG) (acc. VDI Guideline 2221) Hot gas heat exchanger
Hot gas heat exchanger with TEM

i DLR
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Analytic analysis of fin buckling

* buckling formulation: 0 = 5MPa

F:TCZ*E*I > p:nZ*E*I lll"l, ,lll,,ll

L? L?xA

factor of safety s=3
analytic pressure p =5 MPa

* Variation of

 fin distance
* fin thickness

» heat exchanger height (fin leght)

i DLR
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Analytic analysis of fin buckling
p = SMPa

ARRRRRR2222RRE
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Compromises for functional integration between

thermal and mechanical functions are too high

 Thermal functions:

\

e

0,35 e fin distance 1mm

thin fins required

]

o
D
o

 Mechanical functions:

0,30 e fin distance 1,5mm
fin distance 2mm

0,25
0,20 ///// = fin distance 2,5mm
0,15 // == fin distance 3mm

’ /

fin thickness [mm

thick fins required

4 6 8 10 12 14 16 18 20
heat exchanger height [mm]

i DLR
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1.) Design with Reinforcements;,
Approaches

« Homogenisation of contact
pressure

» Reduction of thermomechanical 2.) Oval Design 2
stress at thermoelectric modules

(TEM) Sy

* Integration of thermal and
mechanical functions within the
heat exchanger fins

3.) Functional Integration

|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
O

(Two or more levels of fins — Approach of this work)

1) Patent: DE102010042603 A1
2) Burkle, A. ; et al. : Numerical optimisation of contact pressure with respect to the heat exchange properties of a thermo-electric generator. 2. International Conference

i DLR
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Numerical Analysis

Procedure

* Quarter of a heat exchanger
module structure is simulated

* Symmetry in x- and
y-direction

» Constant pressure or

deformation load

Goals

Avoidance of fin buckling

Homogeneous contact pressure

Min. contact pressure of 1IMPa

Low mechanical stress at the TEM

p [MPa] or AH [mm]
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Results - Design with Reinforcements

p = 5MPa

2

« Result: Inhomogeneous contact pressure
Contact pressure < 1 MPa

High local stress at TEM t1t14

B: Thermomechanical_Analysis_Varl
Figure

Type: Pressure

Unit: Pa

Time: L

30102013 10:23

1,3e7 Max
9,5eb
b,2eb

3eh

2eb

L8eb ——
Lbeb

L4eb

LZe6

leb

8,1le5
6,1e5
4,2e5
2,3e5
3,3ed Min

i DLR
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Results - Oval Design

 Fins do not homogenise the contact pressure
significantly by reason of buckling y AH=1,7/mm

» Analysis simplification: modeling without fins

* Result: Inhomogeneous contact pressure '
Contact pressure <1 MPa
High local stress at TEM

D: Thermomechanical_Analysis_Var2.2
Figure

Type: Pressure

Unit Pa

Time: L

30.10.2013 1602

4,4eb6 Max
4eb
3.5e6
3ed
2,7e6
2,9e6
2,266
1,96
1,6eh
1,4eb
11leh
8,2e5
5,965
2,7e5
0 Min

i DLR
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Results - Functional Integration

» Reduction of fin length through two fin layers p = 5MPa

> Thermal and machanical functions integrated ~ ¥+ 444444 dddd 4

within the fins without functional compromises ||1|mlm|m|||||||mmm||||mummmu|||||||||u||u|m|m||||||||um||m||
I

* Result: Homogeneous contact pressure
Contact pressure > 1 MPa
Low stress at TEM

D: Thermomechanical_Analysis_Var3
Figure

Type: Pressure

Unit: Pa

Time: 1

30,10,2013 10:34

4,6e6 Max
4,1e6
3,5eb

3eh

Z2eb

].,996 A EE EEE EFES EES IEET FEET IEE IEET EEE IEE
1.8eb
17eb
16eb
1,5e6
14eb
1,3e6
1,3e6
12eb
1,1e6 Min
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Analytic analysis of fin buckling p = 5MPa

in multilayer fin structures AR ERRRRRENEY.
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00O

» Required fin thickness in a two layer fin structure:

0,55 o
0,50 ettt
0,45 e e, = fin distance 1Imm
_ 040 e e fin distance 1,5mm
€ vttt et et e L
£ 0,35 LAY LALLM LA e fin distance 2mm
a RIS et e / = fin distance 2,5mm
e e —
= RPN SIS ///- e fin distance 3mm
i 0.25 / — . fin distance 1mm
(= .-':':-'..-' ...... /
0,20 Sttt et et R e e 000 eeeees fin distance 1,5mm
0,15 :- e " fin distance 2mm
------ fin distance 2,5mm
0,10 = -
> e fin distance 3mm
0,05

4 6 8 10 12 14 16 18 20

heat exchanger height [mm]
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Summary

Functional integration by using the module structure of VDI Guidline 2221

Comparison of three approaches to homogenise contact pressure

Multilayer fins is the only approach that achieve the requirements:

« Homogeneous contact pressure

« Low mechanical stress at TEM

Successful integration of thermal/mechanical functions within heat exchanger

D: Thermomechanical Analysis_Var3
FFFFFF

X222 RRR

= =
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