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Figures of Chapter 5: Thermal Management and Cooling



ON period

Constant 

heat transfer

Heating up

(transient)

Cooling

(transient)

Constant temperature

(steady state)

Heat transfer rate

Power dissipation

in a component

Temperature

differential between

component and

environment

Time t

Time t

Time t

PD

ΔT

ሶ𝑄







+ +
- -V1 V2

RI

Electrical network

V1 > V2 

T3 Tair

PD = ሶ𝑄 Rth

T3 > TL 

Thermal network



T3 Tair Twall

Surface 

of resistor R

Inside surface Outside surface
of enclosure panel

Ambient air Room walls

Rrad 32 (Radiation) Rrad 1wall (Radiation)

Rconv 32 (Convection) Rconv 1air (Convection)

Rcond 21 

(Thermal 

conduction)

T2 T1

R

Tair-in

Inside air









Component (chip) with heat sink (hs) on printed circuit board (pcb)

Twall

Tair

hs

chip pcb

Pchip

Rhs-conv

Rhs-rad

Rhs-cond

Rchip

Rpcb-conv

Rpcb-rad

Rpcb2-cond

Tair

Twall

Tsys

Rpcb1-cond

Rcontact

Ths

Tpcb

Cchip

Cpcb

Chs
Tchip

Tsys

+ -

+ -

+ -



Rhs-

conv

Rhs-rad

Rhs-cond

Renc-out-conv

Renc-out-rad

Renc-in-

conv Tair

Twall

Tsys
Renc-k

Rcontact

chip

enc

hs
Tair

Component with heat sink in sealed enclosure (enc) 

Renc-out-cond

Tsys

Pchip

Rchip

Cchip

Tchip

Chs

Cenc

Twall

Tenc-in Tenc-out

Tair-in

+ -

+ -

+ -



Rhs-

conv

Rhs-rad

Rhs-cond

Renc-out-conv

Renc-out-rad

Renc-in-

conv Tair

Twall

Tsys

Renc-

cond

Rcontact

Component with heat sink in open (ventilated) enclosure

Renc-out-cond

Pchip

Rchip

Cchip

Tchip

Cenc

Tair-in

Tenc-in Tenc-out

enc

Tair

Twall

Tsys

Renc-open

chip

hs

Chs

+ -

+ -

+ -



T1

T2

A

L Rcond

ΔT12

ሶ𝑄cond

ሶ𝑄cond



Gases

Liquids

Nonmetallic

solids

Metals

Diamant, carbon nanotubes (CNT)

0,01 0,1 1 10 100 1000 10.000

Thermal conductivity k in W/(m*K)







Tp

Velocity boundary 

layer thickness x2

x

x

Rconv

ΔTp_fl

Velocity v = f (x)

Tfl

ΔT Temperature T = f (x)

x1

ሶ𝑄p_fl

ሶ𝑄p_fl







1 10 100 1.000 10.000

Condensation 
(organic vapors)

Forced convection 
(fluid)

Natural convection 
(fluid)

Forced convection 
(air)

Natural convection and radiation 

(air)

Convection heat transfer coefficient hc in W/(m2
*K)



Thermal radiation band

Wavelength in μm

near

Infrared radiation

mean

Ultraviolet

radiation

Visible light

0,1 1 10 100
0,50,2 2 5 20 50

Thermal

radiationGamma rays
X-rays Microwaves

Radio waves

10-1710-16 10-15 10-14 10-1310-1210-1110-1010-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 100 101 102 103

Wavelength in m

… …

distant



Absorbed portion
of radiation (α)

Transmitted portion
of radiation (τ)

Irradiation (1) Reflected portion
of radiation (ρ)

ϕ ϕ





0 0,2 0,4 0,6 0,8 1,0

Emissivity 

Metals, polished

Metals, bright

Metals, oxidized

Ceramics

Carbon, graphite

Minerals, glasses

Water, skin, vegetation

Custom finishes, anodized surfaces



T1

Rrad

ΔT12
T2

ΔT12

T1 > T2

A1, 1 A2, 2

Radiation

Reflection

Air T1 T2

ሶ𝑄12



Pv

T2

A2

ε2

T1

A1

ε1



T1

Heat transfer

coefficient ℎr
∗

Surface temperature T2

of the enveloping surface A2

Surface temperature T1 of the radiating surface A2

ℎr = 𝜀1 ∙ ℎr
∗

Emissivity of the radiating surface

ℎr = 𝜀1 ∙ ℎr
∗



PD

T1, A1, ε1

Radiating surface

T2, A2, ε2

Radiated surface

T1 > T2

PD

T1, A1, ε1

Radiating surface

T2, A2, ε2

Radiated surface

App, εpp

Partition panel

Special case (c) Special case (d)





s

L

d
h

W



L





Fan 1 Fan 2

System

pressure curve

Volumetric flow rate 

Static 

pressure 

p

Operating

points

ሶ𝑉

ሶ𝑉2



Transport section

Condenser section

Evaporator 

section

Condenser Thermally insulated Evaporator

Heat dissipation 

by radiaton and 

convection



Heat source

Heat sink

n pp n

cold

warm
+ -



n p

ሶ𝑄

ሶ𝑄



L

Rhs-conv

Rhs-rad

Rhs-condRchip

Tair

Tenc

Rcontact

Tcontact-hs

Tj

Junction

temperature Tj
Enclosure temperature Tenc

Air temperature

Tair

Heat sink (hs)

Chip (chip)

Rhs

Rcontact

Contact material (contact)

Enclosure

+ -

+ -

Pchip = ሶ𝑄 chip



T3 Tair=Twall

T2 T1

R

R1a 

Rrad 32 (Radiation)

Rconv 32 (Convection)

Rcond 21 

(Thermal 

conduction)

Rrad 1wall (Radiation)

Rconv 1air (Convection)

Outside surface
of enclosure panel

Ambient air
Room walls

Inside surface

Tair-in

Inside airSurface 

of resistor R







Mean overtemperature

of enclosure surface

Normalized

power dissipation

Perforation coefficient

∆T

120

100

80

60

40

20

0 200 400 600 800 1000W

m²

K

ψ = 0 %

ψ = 1 %

ψ = 4 %

ψ =   8 %

ψ = 12 %

ψ = 16 %

ψ = 20 %

PD

Aenc

ψ =                100 %
2 ALuft

Ages



5 mm Ø

h
 =

 1
5

0
 m

m



d1

d2 d2

Prad_i

Pconv_i

Pconv_a

Prad_a

Tair_i

Tenc_4
Tenc_1

Tenc_3

Tenc_2

Tair = 20 °C

k2 k1 k2

Tair

Twall

Prad_i

Pconv_i

Rrad_i

Rconv_i

Rrad_a

Rconv_a

Rcond_1

Rcond_2 Rcond_2

ΔT = 0.0517 K ΔT = 11.76 K

Tair

Tenc_4 ≈ 31.8°C Tenc_1 = 31.76 °C Tair = 20 °C

Twall

Pcond



d2 d2d1

d4 d3

P

Tair_in

Tenc_6 Tenc_5

Tenc_4

Tenc_3

Tenc_2

Tenc_1

Tair

k4 k3 k2 k2k1



Components with high 

power dissipation

Temperature-sensitive 

components

Floor clearance  3 cm

Printed circuit

boards

ሶ𝑄

ሶ𝑄

ሶ𝑄



Baffles

Front 

panels

Chimney

Space for

subracks

Power 

supply

Chimney effect



Heat exchanger



fR

V



V

Lower impedance system: Rdrag

RdragRdrag Rdrag
Rdrag

Higher impedance system: Rdrag

drag

2Δ  RVp 

Individual flow 

resistances

Static 

pressure 

p

Volumetric flow rate 

ሶ𝑉

ሶ𝑉



Sealed

Uninterrupted 

(maximum) flow

Recommended 

selection range
Static 

pressure 

p

Volumetric flow rate ሶ𝑉



Fan 1

System pressure curve

Fan 3

Required volumetric flow rate 

Fan operating 

points

Flow rate is too low

Overengineered

Fan 2

Static 

pressure 

p

Volumetric flow rate ሶ𝑉



p Combined

characterstic

fan curve

Single 

fan

p

Single 

fan

Combined

characterstic

fan curve

ሶ𝑉 ሶ𝑉

In tandem (series) Side-by-side (parallel)


