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1-1 General Remarks (1)

B Heat: the form of energy that can be transferred from
one system to another as a result of temperature
difference.

B Thermodynamic analysis concerns the amount of heat
transfer during a process

B Heat transfer deals with the rates of such energy
transfers

B Modes of heat transfer: conduction, convection and
radiation
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1-1 General Remarks (2)

B Conduction, convection, and radiation heat
transfer modes

Conduction through a solid Convection from a surface Net radiation heat exchange
or a stationary fluid to a moving fluid between two surfaces
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Ficure 1.1 Conduction, convection, and radiation heat transfer modes.
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1-1 General Remarks (3)

B Governing equations of heat transfer modes
» Conduction---Fourier’s law:

oT
"_ —k i
| OX
» Convection---Newton’s cooling law:
q” — h(Ts _Too)

» Radiation:

Q" = 6o (T =T))

o0
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1-2 Conduction (1)

B Conduction may be viewed as the transfer of
energy from the more energetic to the less
energetic particles of a substance due to
interactions between the particles.

B Conduction can take place 1n solids, liquids, or
gases.
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1-2 Conduction (2)

B In liquids and gases, conduction 1s due to the
collisions and diffusion of the molecules during their
random motion.
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Ficure 1.2 Association of conduction heat transfer with diffusion of energy due to

molecular activity.

B In solids, it 1s due to the combination of vibrations of
the molecules 1n a lattice and the energy transport by
free electrons.
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1-2 Conduction (3)

B The rate of heat conduction through a medium
depends on the geometry of the medium, its
thickness, and the material of the medium, as
well as the temperature difference across the
medium. .
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Ficure 1.3
One-dimensional heat
transfer lny conduction

(diffusion of energy).

Heat Transfer Chapter 1: Introduction
Y.C. Shih Februar



1-2 Conduction (4)

B Rate of heat conduction

. (Area)(Temperature  difference)

Thickness
or Q= kA%

B Fourier’s law of n

T(x)4

heat conduction >q,

: dT T
= —kA— :
Qcond dX

K: thermal conductivity
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1-2 Conduction (5)

B The sign convention used 1s based on the second law
of thermodynamics with the flux being positive when
it flows 1n the direction of decreasing temperature.

B Mathematically it may be more appropriate to state
that the heat flux 1s positive when the temperature
gradient 1s negative. This statement requires that the
negative sign be introduced in the above equation.

r slope g <0

\‘ T(x)

0>0

Heat flow
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1-2 Conduction (6)

B The rate of heat conduction
through a solid 1s directly
proportional to 1ts thermal

conductivity.
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1-2 Conduction (7)

B In heat conduction analysis,
A represents the area normal
to the direction of heat

transfer
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1-2 Conduction (8)

B Example

Concrete roof | .25
\ 6m
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1-2 Conduction (9)

B The range of k for various materials at room
temperature

Zinc Silver
PURE METALS
Nickel Aluminum
ALLOYS
Plastics Ice Oxides
NONMETALLIC SOLIDS

Foams Fibers
INSULATION SYSTEMS
Oils Water Mercury
Carbon LIQUIDS

dioxide Hydrogen
GASES

0.01 0.1 1 10 100 1000
Thermal conductivity (W/m-K)
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1-2 Conduction (10)

B The mechanism of heat conduction 1n different
phases of a substance

/K GAS
|/ = Molecular
collisions
7 F\ \l = Molecular
diffusion
= I
o o LIQUID
l # Molecular
Hﬂﬁrﬁ"' collisions
7 ﬂ,"a « Molecular
2 e diffusion
electrons

* Lattice vibrations
* Flow of free
electrons
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1-2 Conduction (11)

B The variation of k of various solids, liquids,
and gases with temperature

10,000
k

Wim-C Diamonds ===~ Liquids
\ ------- Gases
Type Ia
1000 \ Type IIb

¥
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1-2 Conduction (12)

B The thermal conductivity, K, is a
thermophysical property of the material
through which the heat flows and has the units
of W/m-C or Btu/hr-ft-F.

B The values of the thermal conductivity for
most substances must be obtained

experimentally. Usually, K ;3K >Kqas

liq
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1-2 Conduction (13)

B Thermal diffusivity:

0 Heat conducted K

m?/s) Analogto V7
Heat stored  pC, (m/s) - P

B The larger the thermal diffusivity, the faster the
propagation of heat into the medium. A small value
of thermal diffusivity means that heat 1s mostly

absorbed by the material and a small amount of
heat will be conducted further.
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1-3 Convection (1)

B Convection 1s the mode of energy transfer between a
solid surface and the adjacent liquid or gas that 1s 1n
motion.

M It involves the combined effects of conduction and
fluid motion.

B The faster the fluid motion, the greater the convection
heat transfer.

B In the absence of any bulk fluid motion, heat transfer
between a solid surface and the adjacent fluid 1s by
pure conduction.
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1-3 Convection (2)

B Heat transfer from a hot surface to air by

convection
Velocity
variation
of air I,
; . _ - T
Temperature

variation
of air

‘ Hot Block ‘
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1-3 Convection (3)

B Convection = Conduction + Advection
(fluid motion)
B Convection 1s the mode of energy transfer between a

solid surface and the adjacent liquid or gas that 1s 1n
motion.

B Convection 1s commonly classified into three sub-
modes:

Forced Natural

. Forced Convection, convection convection

B Natural (or free) convection, N A
.. s n o AN

B Change of phase (liquid/vapor, [Bifee=  Goem

solid/liquid, etc.)
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1-3 Convection (4)

B Forced convection: the fluid 1s forced to flow
over the surface by external means such as a
fan, pump, or the wind.

B Natural (free) convection: the fluid motion 1s
caused by buoyancy forces that are induced by
density differences due to the variation of
temperature in the fluid.

1-20
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1-3 Convection (5)

B Heat transfer processes that involve change of
phase of a fluid are also considered to be
convection because of the fluid motion
induced during the process, such as the rise of
vapor bubbles during boiling or the fall of the
liquid droplets during the condensation.

1-21
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1-3 Convection (6)

Buoyancy-driven
flow
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I'icure 1.5 Convection heat transfer processes. (a) Forced convection. (b) Natural
convection. (¢} Huf“n;_r,_ () Condensation.
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1-3 Convection (7)

m Newton’s law of cooling: Qg =hAT,-T,)
h: convection heat transfer coefficient
(W/m?+°C)

T :surface temperature

T the temperature of the fluid sufficiently far
from the surface

1-23
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1-3 Convection (8)

m h is not a property of fluid, but is a flow
property.

M It 1s an experimentally determined parameter
whose value depends on all the variables
influencing convection such as the surface
geometry, the nature of fluid motion, the
properties of the fluid, and the bulk fluid
velocity.

1-24
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1-3 Convection (9)

TABLE 1.1 T}'[lil'ill values of the
convection heat transfer coeflicient

Process I
(Wim?* K)

Free convection

Gases 2-25

Liquids 50-1000
Forced convection

Gases 25-2350

Liquids 100-20,000
Convection with phase change

Boiling or condensation 2500-100,000

1-25
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1-4 Radiation (1)

B Radiation 1s the energy emitted by matter in the form
of electromagnetic waves (or photons) as a result of
the changes 1n the electronic configurations of the
atoms or molecules.

B Unlike conduction or convection, radiation does not
require the presence of an intervening medium.

B Energy transfer by radiation 1s fastest (at the speed of
light) and 1t suffers no attenuation in a vacuum.

This 1s how the energy of the sun reaches the earth.

1-26
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1-4 Radiation (2)

M In heat transfer, we are interested 1n thermal
radiation, which 1s in the form of radiation
emitted by bodies because of their temperature.

B All bodies at a temperature above absolute
zero emit thermal radiation.

1-27
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1-4 Radiation (3)

B Stefan-Boltzmann law: the maximum rate of
radiation that can be emitted from a surface at
an absolute temperature T, 1s given by

Qemit,max — GATS4 (W)

o: Stefan-Boltzmann constant=5.67x10-8
W/m2eK4

vyvy /111
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1-4 Radiation (4)

B Blackbody radiation:

ot
= 1452 W/m?

Qemit, max

Blackbody (€ = 1) \

T =400 K

\
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1-4 Radiation (5)

B The radiation emitted by all real surfaces 1s
less than the radiation emitted by a blackbody
at the same temperature, and 1s expressed as

' 4
Qemit — EGATS (\N)
¢: the emissivity of the surface (0<e<1 )
e=1 for blackbody

1-30
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1-4 Radiation (6)

B Absorptivity, a: the fraction of the radiation
energy incident on a surface that 1s absorbed
by the surface. 0=<a <1

B A blackbody absorbs the entire radiation
incident on 1t, 1.e., a=1.
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1-4 Radiation (7)

B The absorption of radiation incident on an

Qincident

Qref =(1-a) Qincident

Qahq = Qincident

Lo
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1-4 Radiation (8)

m Kirchhoff’s law: € and a of a surface are equal
at the same temperature and wavelength.

B In most practical application, the dependence
of € and a on the temperature and wavelength
1s 1ignored, and the average absorptivity of a
surface 1s taken to be equal to 1ts average
emissivity.

1-33

Heat Transfer
Y.C. Shih Februar

Chapter 1: Introduction



1-4 Radiation (9)

B Radiation heat transfer between a surface
and the surfaces surrounding It.

Surrounding
surfaces at

¢ T

SuIT

L et

Qrad = EG’AS(T?_ T4 )

SUIT
1-34
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1-4 Radiation (10)

B Combined heat transfer coefficient:

Qtotal — Qconvection T Qradiation — hA(Ts _Too ) T EJA\(TS _To: )
h =h+eo(T>+T)T, +T,)

combined

1-35
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1-4 Radiation (11)

=2 A
i
surr

B Example
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1-5 Simultaneous Heat Transfer

B Although there are three mechanisms of heat transfer,
a medium may involve only two of them

simultaneously.
T,| OPAQUE |7, Figure 1-9 | Combination of conduction, convection, and
SOLTH radiation heat transfer.
- 1 mode
Conduction Radiant energy
Surrounding at T
Flow, T, - Geony = MATy - T..)

GAS T

- 2
Radiation TW
2 modes (

Conduction or
convection

VACUUM
Ty T, Heat conducted

Radiation I mode through wall
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1-5 Simultaneous Heat Transfer

NMo
IVICU
B Example
Room —
e 20°C Coz‘12v7e;:ion ;‘ 2 “g(v)‘?;w“
// Radiation
2 40%
Air

motion

29°C

Conduction

W 3%

Floor

Qcond
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1-6 Applications of Heat Transfer (1)

Car radiators Power plants Refrigeration systems
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\ Typical Data Center Raised Floor

>
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Thermal sensors
Idle modes
DVFS

Liquid cooling

=5

Components

Power measurement
Efficient power supplies
Power capping

Adaptive power savings

Hot-aisle containment
In-rack cooling
Cluster power trending

Virtualization

Rack

Efficiency improvements
DC-powered data center
Free cooling

Dynamic Smart Cooling

Mobile data center

Data Center

Power Density (W/m’)

A
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10°

=
<
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Fig. 1. Typical data center and its multi-scale nature,
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CONVECTION | H=(|

RADIATION
// o
P4

CONDUCTION

CORE SKIN

\ I Integrator and controller

I Brain's hypothalamus

sweat
_'[ \ thermoreceptors vasomotor
- in the skin

actions

] : Sensors Effectors
AR S \ > shiver
HEI\ 3‘\ || Cold and hot : =

Fig. 4. The human body thermoregulation system.

(¢) Clothing outer surface temperature at the first minute. (d) Clothing outer surface temperature at the 60th minute.

Fig. 17. 4 Snapshots of 3D temperature visualization in a thermal virtual space.
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1-6 Applications of Heat Transfer (6)

110
uc

| Coll
1 UCII

)
|9

Thermal Management.in Polymer Electrolyte Fuel Cells

Tree network channels for thermal management Vorticity contours
-~

in polymer electrolyte fuel cells

Temperature contours in consecutive
— cross-sections along the streamwise
Senn and Poulikakos, J. Power Sources, 2004 | direction in the tree network

N
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1-6 Applicatio
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Thermal Oxidation

Spincoating
of the photo resist

Exposing and structuring
of the resist with U\-light

Qxide etching (RIE)

Etching of the
channels (DRIE)

Removal of the resist

Removal of the oxide

Anodic bonding of
a Pyrex wafer
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« Micro- and Nanosclale Ec—:—réy Conversion and Transport
including Physics at the Molecular level
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Jet flow

Impingement

Circulation

Buoyancy

E J/ Separation

Reattachment

Exhaust

Figure 1. Typical flow characteristics in an enclosed environment with various flow
mechanisms.

Downdraft

flow area

Displacement

flow area

Heat Transfer

Hot wall
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Figure 1. Sketches of the four cases tested: a) natural convection in a tall cavity (Betts and
Bokhari, 2000): b) forced convection in a room with partitions (Ito et al., 2000): ¢) mixed
convection in a square cavity (Blay et al., 1992); d) strong buoyant flow in a fire room
(Murakami et al., 1995).
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1-7 Conservation of Energy (1)

B The first law of thermodynamics states that energy
can neither be created nor destroyed during a
process; It can only change forms.

Total energy Total energy Change in the
entering the | ~ leaving the | = |total energy of
system system the system

B The energy balance for any system undergoing any process
can be expressed as (in the rate form)

E.in o E.out — dEsystem/dt (W)

Rate of net energy transfer

Rate of change in internal
by heat, work, and mass

kinetic, potential, etc., energies 1-49
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1-7 Conservation of Energy (2)

B In heat transfer problems it 1s convenient to write a
heat balance and to treat the conversion of nuclear,
chemical, mechanical, and electrical energies into
thermal energy as heat generation.

B The energy balance in that case can be expressed as

N N 4 E _ AE { J\
Win T out gen thermal ,system \J)
Net heat Heat Change in
transfer generation thermal energy

of the system
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1-7 Conservation of Energy (3)

B Application to a Control Volume

————
- ——

e At an Instant of Time: . ‘ . e

/ : \
. . E,— E. By \
\ 8 \
Surface Phenomena Ein 5 Eout b A
e /
. b : e = 4
Volumetric Phenomena Eg , ESt T
E - : rate of thermal and/or mechanical
due to heat transfer, fluid flow and/or work interactions.
(e.g., electrical, nuclear, or chemical); energy conversion process occurs within the system.
—
mP: rate of change of
E — E + E = E = dESt 1 Each term has units of J/s or W
in out g — B¢ = --- Energy Conservation s - :

* Over a Time Interval

Ein o Eout T Eg — Est
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1-7 Conservation of Energy (4)

B Special Case (1): Closed System

Process for a of Mass (M) Assuming Heat Transfer
to the System (Inflow) and Work Done by the System (Outflow).

(a)

B Special Case (2): Control Volume

for Flow through an

Generation:

Reference height

: VA V.’
Q-+m(h +j+ gz,)—W —m(h, +7‘*+ 0z,)=0
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1-7 Conservation of Energy (5)

B The Surface Energy Balance
A special case for which no volume or mass is encompassed by the control surface.
» Applies for steady-state and transient conditions.

* With no mass and volume, energy storage and generation are not pertinent to the energy
balance, even if they occur in the medium bounded by the surface.

Surroundings_ Eln - Eout — O

T

sur

/‘/y q?ad

Consider surface of wall with heat transfer by conduction, convection and radiation.

4 cond—>

Fluid

li qcond o CIconv o CIrad =0

BN Tt
U— Control surfaces k L h(T2 T ) gO-(Tz sur) O

/
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1-

8 Problem Solving Technique

 Stepl: Problem Statement il
Wentiy

Step2: Schematic i e

i
Step3: Assumptions - e
Step4: Physical Laws e
Step5: Properties f‘i"‘ Avply boundary
Step6: Calculations — pmm:m
Step7: Reasoning,Verification,and Discussion
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