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Thermal Design

* The second principle of thermodynamics postulates a heat transport from a body with high temperature to a

lower temperature body

* Four different heat transport mechanisms:

o thermal conduction

o thermal convection

o thermal radiation

o phase transition
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Energy transport of molecules and electrons by diffusion and kinetic
collisions (heat transport within the body)

The energy is conducted to a fluid and as a result of a density change the
fluid begins to flow

Known as electromagnetic radiation represented by the kinetic energy of atoms
and molecules.

* Any body above OK provides this radiation.

* No need for heat transfer medium!

Energy needed to energize from one physical state to another
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Thermal Design

Thermal analysis

¢ I

___________________________

Thermal Networks .CAD based Thermal Analysis |

Equivalent to the electrical circuit approach
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CAD model
(Pro/E)

|

Require
galvanic
connection
(MERGING!) HTC (Heat Transfer Coefficients):
e Ratio between the heat flux and the thermodynamic
driving force of the heat flow
* HTC is something called Temperature difference
e HTC[W/(m?2eK) ]

B
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| Pavia University

~  Thermal Design

HECSPS starting switch prototype

e 18 kA: short-time current test after 15 min

e Natural cooling
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~  Thermal Design
Model set-up
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Thermal Design

Contacts arrangement in HECSPS

4/30/2018

“Contact bridge” definition

Hertz formula

S contact ~ 0.114 mm? (for 30 N)

for 48 contacts => S

48-contacts

=5.47 m

www.polopt.com

Heinrich R. Hertz: Uber die
Berechnung elastischer

Korper, in Gesammelte
Werke, Vol. 1,Leipzig,
Germany 1895




Pavia University
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Measured results

Tmax (measured)= 152 °C

104 1QB 112 1]6

74
7/

Table 9: Table of the final temperaturafor a test current of 18.0 kA after 10 min testing time

24.06.2005 10:27:03

......... ABB Scfweiz - Hochgpanfigstechnlk A6

Versuchsbezeichnung:  2005-006-04

HECSPS Starting Switch - 18kA @ 50Hz / 10min
- Test Object: HECSPS Starting Switch
- Test Current: 18000 A

Test Fraquency: 50 Hz

conductor temperature of 250 °C |
= Ambient fir Temperature: 20...30 °C

Run: 2005-006-04; Record: 31

Timestamp: 06.04.2005 15:15:04 { 0:35:00 after start of measurement)
ma. Gradient: Chn, @ Nal Kfh Tret: REF_ghean: 25.2 degl

Hachstram Labar STH-H ]

:yane e unit | | Name \\c'a_!ue it Mame  [Value junit _J_N_a_n]e __ [Value  junit
126.3 loegc  [[103 11560 |degC  [[104  [158.7 |degc  |[105  [153.5 |degC
(1199 156.7 |degC  ||100 1651 |deqC [eqC
1547 1536 |degC |14 [147.6|deqC [degC
1423 1433 degc |11 [140.7  |deqc ldegt

121 l153.0 249 Jdegc 124 |55 |deac )

www.polof

Approach B (TH)
e HTC=10 [W/Km]
e Sink temperature = 20 [°C]

t-[mx (simulated)= 72.7°C?

POLOPT
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Thermal Design

First (intuitive) try: Resize the gap size
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Thermal Design

Simplified representation of the “Contact Bridge”

Bridge contact: case 1

Colours: potential distr.
Arrows: current flow
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Pavia University

T Approach B (TH)
Tinax (measured)= 152 °C NV ’ - e HTC=10 [W/Km]
' e Sink temperature = 20 [°C]

T =163.2°C?

max (simulated)™

- o
- T112 (simulated)™ 150 °C
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Thermal Design

Concluding remarks

* Modelling of the “Contact bridge” is one of the
crucial points in CAD-based thermal simulation!

* If we know the value of contact resistance R.; than we can
estimate the size of the “Contact bridge” volume V!

* The form of the “Contact bridge” can be arbitrary, preserving that Vg
is kept!
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Thermal Design

Concluding remarks

« Going towards CAD-based thermal simulation requires some learning stages!

Res " Ve Arbitrary form of V

« Size of the Vg can be tailored to the most appropriate geometry!
(modelling issue!)

« Skilled CAD-designer can rather fast adapt the model for this type of analysis

o e
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Concluding remarks (cont.)

« FEM-based EM analysis

Shaded Plot
Temperature
1

153,961
148.979
144.497
140015
135532
121.05

Input current: 18 kA
Magnetostatic computation
Model characteristics: v3_18k_DC
Total no oftets: 463,700
Tets mn air box 115,009
Tets in the body with contact: 297,808
of which 128,621 around contact (imax
edge size lmm).
Memory: 48.18 MB for mesh

86.97 MB for matrix
Resistance: 2.88 10-502
Temperature distribution

T=153°C

T

- o -9
max (measured)™ 152 Q/

Shaded Plot
Temperature
1

166172
162.886
150.509
156 312
153.026
140.730

Input cwrrent: 18 kA

Eddy cwrrent computation

Model characteristics: v4_ 18k

Total no of tets: 596.615

Tets in air box: 135,184

Tets in body with contact: 410,523 of
which 220,835 just oround contact (max
edge gize: 0.7mm);

Memory:

For mesh: 58,26 MB

For Matrix: 469,1 MB

Resistance: 3.3 10 £

Temperature distribution:

T =166 °C

* Temperature with EC losses is converging towards temperature with MS losses!

* Mesh required for % of FEM model already % million elements!

Already with Approach “B” (HTC), i.e. without complete CFD run, computed temperature

IS reasonable!

4/30/2018
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Thermal design
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Thermal Design

* Transformers are very efficient devices, with the conversion rate 0f 95-99% of the input
power

* Two working regimes during the transformer operations are:

1. Non-loaded regime:
* Highly inductive device (like shunt reactor)
e Characterized by two types of losses:
* Eddy losses (due to induced voltages in the laminations)
e Hysteresis losses (due to molecular composition (aligning)
of the iron core

2. Loaded regime:
e Characterized by
* Winding loses (I°R)
e Stray losses (due to leakage flux interaction with the
surrounding structures like bus-bars, clamps, ...)

LThe heat generated by the no-load and load losses is the main source of temperature rise in the transformer!

_— —— —— — —

|IEEE C57.12.00-2000 standard
o anpelopteom |EEE C57.91-1995 standard |
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Thermal Design

some numbers ...

ABB: total losses in power transformers = 300.000 kW

1500 USD / kW

1% of 300.000 kw = 4.5 MUSD saving
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Thermal Design

How to approach loss / overheating problem?

Thermal analysis

. S

Thermal Networks

CAD-based Thermal Analysis |

[

I

- ———————
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('m “’“u"*

Raduator = |Ambient

+
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RLC scheme of TN for the
transformer
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Thermal Desi g N Task: Calculate the thermal hot-spots caused by the
eddy-currents

Real physical cycles

g

Experience-based Heat
Transfer Coefficients

—"_

-I (N l TIXl =
www.polojpt.com 21
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Skin-effect

Conductors’ force
increasing!

Main losses

Windings overheating,
oil bubbling,...

P ddy

Additional losses

e

Tank, clamps, ...,
overheating,
¥ Hot-spots

v - & .—;-‘

0',,u LZ
- — ¥ q}”n .

f" ;:

Conductors force 11 l

decreasing! hh =
gt |

e

—
= - AW,
- -

- o —
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Pavia University

. Some (more) physics ...

4/30/2018

Eddy currents (real comp.)

Penetration depth 8 = f(w,,0)

—

Magnetic field H

0=943 mm

Fe (Clamping pl
p =200
y=10" [S/m]

Fe
p = 20000
y=10" [S/m]

0=1.59 mm

8=0.15mm

www.polopt.com
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Simulation in Thermal Design : Critical Issues

Material-dependent EM field diffusion

Treatment of multi-material layered structures (Cu/Fe)
Skin-effect treatment

Multi-connected problem treatment

Non-linearity p = u (H)

Total losses ( eddy, hysteresis, domain losses )

TH

Cooling impact treatment via HTC

Contact problems
55.9 843 109 130
... , >150
Radlatlon ; 4 1 ETE B B CTEE n

Thermograph scan of the LV bus-

Modeling / Computation = = - =i -

" : : Lid
e Huge aspect ratio in overall dimensions

*Thin / complex tank & bus-ducts structures

e Parallelization requwed for daily desmg

.< LT 1,* ,»'Hn,’ BT

4/30/2018




Coupled EM-TH Problem

Steady-state problem (EM)

Formulation: H—¢

rotrot H" +iwou-H =0 VreQ',

3 u(6) 4 T K E B~ o v ST k)

1 1
39064 fo ol

4:;%ilfﬁg-[Jm(n)XV§K(§’77)dF]=—ﬁg-Ho(f) K(én):iﬂre—ﬁr G(‘f,ﬂ)=$

Stationary problem (TH)
div(2gradT(r))=0 VreQ Heat transfer coefficients Eddy losses

1 o] £ "
)+ [Tr) 47z||r i ()dr} ) e 2-0,T(r)={4(r)

T

1
= ) dr \vd I.
J q(r)47z||r ] re
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Thermal Design

Main features:

« complex windings / bus-ba
structures

4/30/2018

Excitation field produced by the bus-bars structures
(complex magnitude) — inner view

www.polopt.com

. 1,
. g,
0.
0.
0.
8.0,
0.
0.
0.
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Thermal Design

Main features:

« complex windings / bus-bars
structures

 different magnetic/non-
magnetic materials
iIncluded => different
magnetic field
penetration depth

4/30/2018

Non-shielded part of
the tank

www.polopt.com
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Thermal Design

Main features:

« complex windings / bus-bars
structures

« different magnetic/non-
magnetic materials included =>
different magnetic field
penetration depth

 huge aspect ratio in dimension: ) " ,
. Robust / physics-sensitive meshing
» 5-20 mm (tank thickness) preferred!

= 4-6 m (overall tank dimensions

Eddy current distribution (complex magnitude)
-detailed view on the inner shielding details-

4/30/2018 www.polopt.com 28
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Thermal Design: Validation 7

" e Bus-ducts

Calculated temperature hot-spots
caused by the eddy-current losses

4/30/2018 3 www.polopt.com 29
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SIMULATION

Yiewport: 1 ODB: AmpizoranTa/Nove mberfid_5.odb

TEHFE
SFOS,
[F-AL

{fraction = 1.0
Crit.: 75%]

2 34Te+D2
L 800e+02
S892e+02
. 584e+02
-4762+02
. 382e+02
. 260e+02
2152e+02
04402
- 380e+0]
2 280e+0l
2 A00e+0]
Z120e+0l
S04 0e+0]
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