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Introduction

Heat conduction equation / Fourier’s law
(A: area, T : temperature, [Q̇] = W):

Q̇cond = −kAdT
dx

Thermal conductivity k:

[k] = W
m·K

Convection heat flow (As: surface area, Ts: surface temperature,
Tamb: ambient):

Q̇conv = hAs · (Ts − Tamb)

Heat transfer coefficient h:

[h] = W
m2·K

Forced convection over flat plate (U : air speed, [U ] = m
s ,

L: lenght of plate, [L] = m):

• Laminar flow: h = 3.9 ·
√

U
L

• Turbulent flow: h = 5.5 ·
(
U4

L

)1/5

Natural convection from vertical flat plate (L: height of plate,
[L] = m, Ts: surface temperature, Tamb: ambient temperature):

• Laminar flow: h = 1.4 ·
(
Ts−Tamb

L

)1/4
• Turbulent flow: h = 1.1 · (Ts − Tamb)

1/3

Radiation heat transfer (ε: surface emissivity, [ε] = 1,
σ = 5.67 · 10−8 W

m2K4 : Stefan-Boltzmann constant,
As: surface area, Ts: surface temperature,
Tsurr: surrounding temperature, [Ts] = [Tsurr] = K):

Q̇rad = εσAs ·
(
T 4

s − T 4
surr

)
= hradAs · (Ts − Tsurr)

Heat losses

Joule’s law:

P = V · I = R · I2 = V 2

R

Average IGBT conduction loss:

Pavg = uce,0 · Ic,avg + rc · I2
c,rms

Average diode conduction loss:

Pavg = uD,0 · ID,avg + rD · I2
D,rms

IGBT switching loss:

• Eon =
∑n
i=1 kon · iIGBT(ti)

• Eoff =
∑n
i=1 koff · iIGBT(ti)

• Psw = 1
T (Eon + Eoff)

Diode switching loss:

• Err =
∑n
i=1 krr · iDIode(ti)

• Prr = Err

T

Thermal resistance networks

Thermal resistance Rth:

• Q̇ = 1
Rth
·∆T

• [Rth] = K
W

1https://github.com/m-thu/sandbox/blob/master/electronics-cooling.tex

Thermal resistivity rth ([q̇] = W
m2 ):

• q̇ = 1
rth
·∆T

• [rth] = K·m2

W

Thermal resistance of conduction (t: thickness, k: thermal co-
ductivity, A: area):

Rth,cond = t
kA = rth

A

Thermal resistivity of conduction (t: thickness, k: thermal con-
ductivity):

rth,cond = t
k

Thermal resistance of convection (h: heat transfer coefficient,
As: surface area):

Rth,conv = 1
hAs

Conversion of Celcius temperatures to Kelvin:

T
K = ϑ

◦C + 273.15

Radiation heat transfer coefficient ([Ts] = [Tsurr] = K):

hrad = εσ(T 2
s + T 2

surr)(Ts + Tsurr)

Thermal resistance of radiation:

Rth,rad = 1
hradA

Modified heat transfer coefficient ([Ts] = [Tsurr] = K):

h′rad =
εσ(T 4

s −T
4
surr)

Ts−Tamb

Modified conduction thermal resistance:

R′th,rad = 1
h′rad·A

N thermal resistances in series:

Rth,tot =
∑N
i=1Rth,i

N thermal resistances in parallel:

1
Rth,tot

=
∑N
i=1

1
Rth,i

Effective normal thermal conductivity of a PCB (t: total thick-
ness, te: total thickness of epoxy layers, tc: total thickness of
copper layers, ke: thermal conductivity of epoxy, kc: thermal
conductivity of copper):

kn = t
te
ke

+ tc
kc

Effective planar thermal conductivity of a PCB:

kp = kete+kctc
t

Heat spreading:

• A1: heat source area, A2: heat spreader area

• k: thermal conductivity of heat spreader material

• t: heat spreader thickness

• heff : effective heat transfer coefficient

• r1 =
√

A1

π , r2 =
√

A2

π

• ε = r1
r2

• τ = t
r2

• Bi = heff ·r2
k

• λ = π + 1
ε
√
π

• φ =
tanh(λτ)+ λ

Bi

1+ λ
Bi tanh(λτ)

• Rth,sp = (1−ε)φ
πkr1



Heat Sinks

Heat sink parameters:

• Ac: cross sectional area of one fin ([Ac] = m2)

• P : perimeter of fin cross-section ([P ] = m)

• c: fin length

• k: thermal conductivity of heatsink material

• Ab: base plate area

• nf : number of fins

Thermal resistance of heat sink (with adiabatic approximation):

• Corrected fin length: cc = c+ Ac

P

• a =
√

hP
kAc

, [a] = 1
m

• Fin efficiency: ηf = tanh(a·cc)
a·cc

• Fin surface area: Af = P · cc
• Total heat sink area: Atot = nfAf +Ab − nfAc

• Heat sink efficiency: ηhs = 1− nfAf

Atot
(1− ηf)

• ⇒ Rhs,conv = 1
ηhsAtoth

Caloric thermal resistance (cp: specific heat of fluid, [cp] = J
kg·K ,

V̇ : volume flow rate, [V̇ ] = m3

s , %: density, [%] = kg
m3 ):

• Flow cross section: Aflow

• Air speed: Uair, [U ] = m
s

• Volume flow rate: V̇ = Uair ·Aflow

• Mass flow rate: ṁ = V̇ · %
• ⇒ Rhs,cal = 1

2ṁcp
= 1

2V̇ %cp

Effective heat transfer coefficient (for spreading resistance):

heff = 1
(Rhs,conv+Rhs,cal)·Ab

Linear fit for fan curve (pmax: maximum pressure when fan is
completely blocked, [pmax] = Pa, V̇max: maximum volume flow

rate when fan is unobstructed, [V̇max] = m3

s ):

∆pfan

(
V̇
)

= pmax − pmax

V̇max
· V̇

Heat sink parameters:

• c: fin length

• s: fin spacing

• nf : number of fins

• n = nf − 1: number of channels

• L: length of heatsink (in flow direction)

Hydraulic diameter:

dh = 2sc
s+c

Fan pressure drop with laminar flow (%: air density):

∆plam

(
V̇
)

= 1.5 32%νL
n(sc)d2h

· V̇

Fan operating point (laminar flow):

∆pfan

(
V̇
)

= ∆plam y V̇ y p

Reynolds number (ν: kinematic viscosity, [ν] = m2

s ):

Re = 2V̇
n(s+c)ν

Flow type:

• Re < 2300: laminar flow

• Re > 2300: turbulent flow

Nusselt number (Pr: Prandtl’s number, [Pr] = 1, [Nu] = 1):

• X = L
dhRelamPr

• Nulam =
3.657

[
tanh

(
2.264·X1/3+1.7·X2/3

)]−1
+ 0.0499

X tanh(X)

tanh[2.432·Pr1/6·X1/6]

Heat transfer coefficient of the heatsink (kair: thermal conduc-
tivity of air):

h = Nulam·kair
dh


