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Thermodynamics and heat transfer

Thermal energy, heat transfer and other forms of energy transfer,

General energy balances and surface energy balances,

The basic mechanisms of heat transfer, which are conduction, convection, and
radiation, and Fourier's law of heat conduction, Newton's law of cooling, and the
Stefan—Boltzmann law of radiation,

The mechanisms of heat transfer that occur simultaneously in practice,

Surface Energy Balance
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Thermodynamics and Heat Transfer

The science of thermodynamics deals with the amount of heat transfer as a
system undergoes a process from one equilibrium state to another, and makes
no reference to how long the process will take.

The science of heat transfer deals with the determination of the rates of
energy that can be transferred from one system to another as a result of
temperature difference.

Thermodynamics deals with equilibrium states and changes from one
equilibrium state to another. Heat transfer, on the other hand, deals with
systems that lack thermal equilibrium, and thus it is a nonequilibrium
phenomenon.
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Heat Transfer

The basic requirement for heat transfer is the presence of a
temperature difference.
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Ity

Hot
colfee
70°€C

The second law requires that heat be
transferred in the direction of decreasing
temperature.

Cool
environment
20°C

Heat

The temperature difference is the driving force for heat
transfer.

The rate of heat transfer in a certain direction depends on the
magnitude of the temperature gradient in that direction.

The larger the temperature gradient, the higher the rate of heat
transfer.
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Objectives of Heat Transfer Science

To extend thermodynamics analysis through the study of the modes of heat
transfer.

Development of relations to calculate heat transfer rates.

What is heat transfer?

Heat transfer is energy in transit due to a temperature difference.

How is heat transferred?

Heat is transferred through three modes: Conduction, Convection and
Radiation
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Modes of Heat Transfer

- Conduction: Transmission of heat through a substance
without perceptible motion of the substance.

= Metals: flow of free electron
= Crystals: lattice vibrations
= Fluids: molecular collisions (kinetic theory of gases)

- Convection: refers to heat transfer which occurs
between a surface and a moving fluid when they are at
different temperatures .
= Convection associated with a change of phase: boiling,
evaporation, condensation — these processes are often regarded
as distinct heat transfer processes
- Thermal radiation
= Photons, which travels almost unimpeded through air from
one surface to another
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Application Areas of Heat Transfer

Airplanes
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Heat and Other Forms of Energy

Energy can exist in numerous forms such as:
o thermal,

o mechanical,

o Kkinetic,

potential,

electrical,

O

magnetic,
chemical, and
nuclear.

0o 0O O O

Their sum constitutes the total energy £ (or eon a unit mass basis) of a system.

Th% sum of all microscopic forms of energy is called the internal energy of a
system.
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Heat and Other Forms of Energy

Internal energy may be viewed as the sum of the kinetic and potential
energies of the molecules.

The kinetic energy of the molecules is called sensible heat.

The internal energy associated with the phase of a system is called latent
heat.

The internal energy associated with the atomic bonds in a molecule is called
chemical (or bond) energy.

The internal energy associated with the bonds within the nucleus of the atom
itself is called nuclear energy.
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Internal Energy and Enthalpy

In the analysis of systems that
involve fluid flow, we frequently
encounter the combination of _

properties and Po. — =it — Energy =

The combination is defined as
enthalpy (/=u+Pv).

The term Ao represents the flow
energy of the fluid (also called the
flow work).
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Specific Heats of Gases, Liquids, and Solids

Specific heat is defined as the enerqy required to raise the temperature of a
unit mass of a substance by one degree.

Two kinds of specific heats:
o specific heat at constant volume ¢, and
o specific heat at constant pressure ¢,

The specific heats of a substance, in general, depend on two independent
properties such as temperature and pressure.

For an /deal gas, however, they depend on femperature only.
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Specific Heats

At low pressures all real gases approach ideal gas behavior, and therefore

their specific heats depend on temperature only.

A substance whose specific volume (or density) does not change with

temperature or pressure is called an incompressible substance.

The constant-volume and constant-pressure specific heats are identical for

incompressible substances.

IRON
25°C
c= (‘Il' = {'P
=045 klkg K

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
Tel. +962 6 535 5000 | 22888

4

The specific heats of incompressible substances
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Energy Transfer

Energy can be transferred to or from a given mass by two mechanisms:
o heat transfer, and

o work.

The amount of heat transferred during a process is denoted by Q.

The amount of heat transferred per unit time is called heat transfer rate, and
is denoted by O. ’

At
The total amount of heat transfer Q during a time (A
interval A7can be determined from Q= det ()

0
The rate of heat transfer per unit area normal to the .
direction of heat transfer is called heat flux, and the ) Q 5
average heat flux is expressed as gq=— (W/ m )
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The First Law of Thermodynamics

The first law of thermodynamics states that enerqy can neither be created nor
aestroyed 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

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

. . B | 4 B &
Ein - EOUt — dEsyStem /dt (W) ,‘;m—:——-h- E_;.. E, \\‘
— " e
Rate of net energy transfer Rate of change in internal Tt

by heat, work, and mass Kinetic, potential, etc., energies

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
Tel. +962 6 535 5000 | 22888




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

The energy balance in that case can be expressed as

Qin _Qout + Egen = AEthermal,system (‘])
. J o\ J “ y J

~
Net heat Heat Change in
transfer generation thermal energy

of the system

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
Tel. +962 6 535 5000 | 22888 .

Energy Balance

Steady-Flow Systems

Closed systems

Stationary closed system, no For system with one inlet and one exit:

work: m.=m,, =m (Kg/s)

Q - mCVAT (\]) When kinetic and potential energies are
i negligible, and there is no work interaction

Q =mAh=mc AT  (k/s)

~ Control volume
1
Qi e s S s s |
m { : 1
T| _[.' _l.‘ TE
I |
i e t_ _______ ¥
E{r:nutur = "i“}'( Tl = T"
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Heat Transfer Mechanisms

Heat can be transferred in three basic modes:
o conduction, T, = S0
o convection, 70°F / Solar collector

o radiation.

All modes of heat transfer require the existence of a temperature
difference.

All modes are from the high-temperature medium to a lower-temperature
one.
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Conduction

Conduction is the transfer of energy from the more energetic particles of a
substance to the adjacent less energetic ones as a result of interactions
between the particles.

- . . . . GAS
Conduction can take place in solids, liquids, or gases z \ + Molecular
! P\ \[ . ;\li\-lcc‘ul.l.r
- - - - diffusion
o In gases and liquids conduction is due to the - 7
collisions and diffusion of the molecules during
their random motion. -z —
235‘; ' M‘I.Im-um
H - - . collisions
o Insolids conduction is due to the 2T Molecua
o diffusion
combination of vibrations of the
Ty 73N
molecules in a lattice and the energy (§°=:“~ QoSRectrons 1! 1
Bootoodp * Lattice vibrations
N * Flow of free
transport by free electrons. Csog;\oz,;# peschak
R
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Conduction

Physical mechanism: based on atomic and molecular activity
= Conduction can be viewed as transfer of energy from the more energetic to less
energetic particles of a substance due to interaction between particles (kinetic

energy) -y :
- o Q, f_'-\:‘c- s
Consider a gas occupy the two surfaces ? 0 Ro e
. . . (& '{\ v C\‘ » i : Y
shov_vn in the drawmg with no bulk oL/ L« _-kg.--;}_l-;..,g_fi-;z-._ P
motion at any point: '}. o> - 50\‘ X ) $ t
Energy oc T 0 5 ¥ tos 3 .
~. T T = Kinetic energy = Molecular energy qx)
y | _ =™
= T collisions of neighbouring molecules
= Transfer of energy from more energetic to less energetic - X
energy is related to the random translation of motion of o) <
internal energy + vibrational motion of the molecules

= Thus, energy transfers in the direction of decreasing temperature
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907 -

Y (e =
Rate equation for quantification of conduction — Fourier’s law., (=] -

Tea0Y

Assumptions: 1. Homogeneous medium

2. One-dimensional heat flow (what does it mean?)
» Consider steady heat conduction through a large plate wall of
thickness Ax = L and surface area A.

» Experimentally, it was shown that the rate of heat transfer, q,
through the wall is doubled when AT across the wall or A normal +~
to the direction of heat transfer is doubled, but halved when the
wall thickness L is doubled. That is:

Rate of heat conduction « (Area) (Temperature difference)/(Thickness)
Or,

f— Ax—+

Q= kA£ Where k; thermal conductivity of the material, a measure
AX of the ability of a material to conduct heat

In the limiting case of Ax — 0, the above equation reduces to the differential form:

Q — _kAd_T <« Fourier’s law of heat conduction

dx
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= Area (A) is perpendicular to the vector of heat flow; thickness (L) is parallel to the

vector of heat flow.
= First step in heat conduction problem: evaluate A and L properly.

= In this course, we will use exclusively Sl unit:
Q (W (sl orflux, Q/ A [wim?]; AIM?; T[K]; £[m] = k[W/m K]
= Negative sign is the sequence of fact that heat is transferred in the direction of

decreasing temperature, i.e. g(x) and 7{x) are opposite.
If kis constant and steady state exists, integration of Fourier’s equation from 7, to 7, gives:

- T,-T
= —kA-2—1L
° L
Or, Q/A:ﬂ = Analogy with Ohms law (/= VI R):
- Driving force = 7, — 7, (corresponds to V)

Thermal Resistance = L/k (corresponds to ~)
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Example:

The wall of an industrial furnace is constructed from 0.15 m thick fireclay brick
having a thermal conductivity of 1.7 W/m.K. Measurements made during
steady state operation reveal temperatures of 1400 and 1150 K at the inner and
outer surfaces, respectively. What is the rate of heat loss through a wall which is

0.5m by 3 mon aside?
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Thermal conductivity - k

Table 1-1 | Thermal conductivity of various materials at 0°C.

- - - Thermal conductivity
= It is a property of materials, which p
. - Material W/m.°C Btuh.ft-°F
iIs a measure of the ability of the Metais
Sitver (pure) 410 237
H Copper (pure) 385 223
material to conduct heat el il e o
Mickel {pure) 93 54
RARL RS LU LY ILY. Ircry (pure) 73 42
Carbon steal, 1% C 43 25
¥ 30°C Lead (pure) ar 203
L i . Chrome-nicke! steel (18% Cr, 8% Ni) 16.3 94
| 20°C | 20°C Nonmetallic solids:
| | i o Diamond 2300 1329
_ G =4010 Wim? AL Quartz, parallel to axis 41.6 24
| Magnesite 415 2.4
| 1 m Marble 208-2.94 1.2-1.7
Im == Sandsione 1.B3 1.06
Glass, window 0.78 0.45
() Copper (k = 401 Wim-"C) (B)Salicon:(k =148/ W/m;2C) ok O‘fk :: :—: :\I _::f;
0.09 0.052
0.033 0.019
0.059 0.034
0.038 0.022
2.22 1.28
= kdepends on microscopic structure of the 0 e
0.556 0.327
SU bstance ; Ammania 0.540 0312
! Lubricating oil, SAE 50 0.147 0.085
Freon 12, CCl:F2 0.073 0.042
Gases:
. ; ) 27 Hydrogan 0.175 0.101
Genera”y' ksollds > kllq > kgas Why?” Helium 0.141 0.081
Afr 0.024 0.0139
Water vapor (saturated) 0.0206 0.0119
Carbon dioxide 0.0146 0.00244
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Thermal Conductivity

The thermal conductivity of a material is a measure of the ability of the

material to conduct heat.

High value for thermal conductivity

——'|> good heat conductor

Low value

——'> poor heat conductor or /nsulator.
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Effect of temperature of A:

> As previously mentioned, conduction depends merely on the molecular motion:

Figure 1-4 | Thermal conductivities of some typical gases

T 7 = Tenergy = faster transport of energy .. o
~k=1AT)
= Based on Kinetic theory for gases: # il B
k OC\/T f—‘” I Hn..._- i
e D =
For most gases, at low to modertae ~, S
e P i P
k: KT) Only = 0L // = 1 ‘
At high 2, close to critical pressure: | |
= i E O:i Ail_
k= AT, P is needed =

(4] 200 400 600 \m _[IK)II
*F

L 1 |

1] 100 200 200 400 500

Temperature *C
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Effect of temperature of A:

Figure 1-6 | Thermal conductivities of some typical solids,

» For liquids: the mechanism of thermal b ", _“ch'
energy conduction is similar to that of cwml T
gases. However, situation is more 5 . |
complex since molecules are more fali et L
closely spaced and molecular force fields ol
exert a strong influence on the energy = Gl
exchange in the collision process T

s T

*F
L | | | | |
0 100 200 300 400 500
Temperature *C

= kless dependent than gases
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Effect of temperature of A:

Figure 1-5 | Thermal conductivities of some typical liquids,

0.4 - : —
. | Water (saturated liquid) \
» For solids: two modes for thermal o osh /
conduction: ﬁ 03
- B
1. Lattice vibration £ oal 2 "
T’i :‘; Glyeerin
2. Transport by free electrons (electron gas) g = —
-_EE 0210 o jEa Light oil T
"Treon" 12 J
Do (1] e 100 200 300 400 500
'F
L | | 1 | = 4
0 30 100 150 200 250

Temperature “C
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Thermal insulators:

> Materials of low A values can thus be used as insulators
= At h|gh temperatures, energy Table 1-2 | Effective thermal conductivities of cryogenic insulating

. . materials for use in range 15°C to —195°C. Density
transfer  through insulating fange=0 (80 sg/m?,
. . Type of insulation Effective kK, mW/m.°C

materlals may |nVOIVe Several 1. Foams, powders, and fibers, unevacuated 7-36

. 2. Powders, evi ted 0.9-6
mOdeS 3. G(I)a‘;\;silzze‘ras‘a:\j:ciated 0.6-3

. . 4. Opacified powders, ev ted 0.3-1

1. Conduction through the fibrous s Mﬁﬁf;fer ifmzulateigsn; e 0.015-0.06

or porous solid material

2. Conduction through the air trapped in the void spaces, and
3. Radiation at relatively high temperature
> Super-insulators. special insulating materials used for storage and transport
of cryogenic liquids, e.g. liquid H,.
= act at very low temperatures, about -250°C

= Normally consist of multilayers of highly reflective materials
separating by insulating space.
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Thermal diffusivity

_ Heat conducted Kk

o = ~ (m?/s)

Heat stored pC,

The thermal diffusivity represents how fast heat diffuses through a
material.

Appears in the transient heat conduction analysis.

A material that has a high thermal conductivity or a low heat capacity will
have a large thermal diffusivity.

The larger the thermal diffusivity, the faster the propagation of heat into the
medium.
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Convection

Convection = Conduction + Advection

3 o Fluid y T
(fluid motion) —= == | |
. ] T _’: Vgloc_:ity_ Tgmperature
Convection is the mode of energy transfer g(';;“b“t'on » gﬁ)”b“t'on
between a solid surface and the adjacent T T,
liquid or gas that is in motion. e
surrace
Convection is commonly classified into three
sub-modes: Forced Natural
convection convection
o Forced convection, ,
Air
o Natural (or free) convection, PN

Baes Lo
A ~(hotegg)~ Y #(hotegg)w
a Change of phase (liquid/vapor, e —

solid/liquid, etc.)
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Convection

The rate of convection heat transfer is expressed by Newton’s law of cooling as

Qconv = hA% (Ts o Too) (W)

his the convection heat transfer coefficientin W/m2°C. TABLE 1-5

Typical values of convection heat
: . transfer coefficient
/1depends on variables such as: —
Type of
convection h, W/m2 . °C*

. the surface geometry,

Free convection of

. . gases 2-25

- the nature of fluid motion, Free convection of
liquids 10-1000

- the properties of the fluid, Forced convection
of gases 25-250

. . Forced convection
- the bulk fluid velocity. of Haulds 50-20.000
Boiling and

condensation 2500-100,000

*Multiply by 0.176 to convert to Btu/h - ft2 - °F.
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Natural and Forced Convection:

» The forces used to create convection currents in fluids are of two types:

Q Natural convectior. if the hot plate =~ B T‘
exposed to ambient air without external a ‘_E ndami | “:;5}?&;;:5“

sources of motion, i.e. the movement of % e

air is due to density gradient near the plate e K ? ?
(i.e. difference in density causes the A7in (S\“’_\* o e =

the fluid). mes
Q Forced convection. If the currents are ih?’@_ et e o
set in motion by action of a mechanical o b 3 :
device, such as a pump or agitator blower. ©. ... @ itk et

The flow is independent of the density.

Q Boiling and Condensatior. grouped as convection.

= energy is convected by latent heat exchange or phase transition
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Generally,

hfree < hforced < hboiling & hcondensation

Example: Water at 300 K flows over
both sides of a plate of 1 m x 2 m in
area, maintained at 400 K. If the
convective heat transfer coefficient is
200  W/m2.K, calculate the heat
transfer.

Q=2hA(T,-T,) Why 2?

.- 0= (2) (200) (1) (2) (400 — 300)

0= 80,000 W

Approximate values of convection heat-transfer coefficients

h

Mode Wim® -°C Btuw/h - ft* - °F
Free convection, AT = 30°C

Vertical plate 0.3 m [1 ft] high in air 4.5 0.79

Horizontal eylinder, 5-cm diameter, in air 6.5 1.14

Horizontal eylinder, 2-cm diameter, in

waler 890 157

Heat transfer across 1.5-cm vertical air

gap with AT = 60°C 2.64 0.46
Forced convection

Airflow at 2 mfs over (0.2-m square plate 12 2.1

Aurflow at 35 m/s over 0.75-m square

plate 15 13.2

Air at 2 atm flowing in 2.5-cm-diameter

tube at 10 m/s 65 1.4

Water at 0.5 kg/s flowing in 2.5-cm-

diameter tube 3500 616

Airflow across 5-cm-diameter cylinder

with velocity of 50 m/fs 180 32
Boiling water

In & pool or container 2500-35,000 4406200

Flowing in a tube S000-100,000 B80-17.600
Condensation of water vapor, 1 atm

Vertical surfaces 4000-11,300 7002000

Outside horizontal tubes 9500-25,000 1 700-4400
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Radiation Heat Transfer

* Radiation is the energy emitted by matter in the form of electromagnetic
waves as a result of the changes in the electronic configurations of the

atoms or molecules.

* In heat transfer studies we are interested in thermal radiation (fadiation
emitted by bodies because of their temperature).

» Although we will focus on radiation from solid surfaces, emissions may

also occur from liquids and gases.

« Heat transfer by radiation does not require the presence of an

intervening medadium.

e Heat transfer through a vacuum is by radiation only since conduction or
convection requires the presence of a material medium.
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Radiation - Emission

The maximum rate of radiation that can be emitted from a surface at a
thermodynamic temperature 7, (in K or R) is given by the Stefan—Boltzmann law

as _ 4
Qemit,max - GAsTs (W)
5=5.670X108 W/m2-K*4 is the Stefan-Boltzmann constant.

The idealized surface that emits radiation at this maximum rate is called a
blackbody.

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

Qemit ,max = &0 AsTs4 (W)
0<e<1

¢is the emissivity of the surface (Table 1-6)
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Radiation - Absorption

» Heat transfer at a gas/surface interface involves radiation emission from the
surface and may also involve the absorption of radiation incident from the

surroundings (irradiation, Qjncigent)> @ Well as convection.

‘ T, #T)
Qil]uin.h.‘l]l I: :]

Qrcf =(l-o Qilh.‘idt:]'ll

» The rate at which a surface absorbs radiation is:

Qabsorbed = aQincident

Qul\-. =a Qincidcnt

Qincident : The rate at which radiation is incident on the surface = 6ATo,.., (W)

a : The absorptivity of the surface 0<ax<i

Qabsorbed = ao‘AsTsirrw (W)
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Radiation - Absorption

» Both ¢ and o depend on the temperature and the wavelength of the radiation.

» Kirchhoff’s law of radiation: the emissivity and the absorptivity of a surface at a
given temperature and wavelength are equal

eE=a

When a surface of emissivity € and surface area A at temperature T is completely
enclosed by a much larger (or black) surface at T, separated by a gas that does not
intervene with radiation, e net radiation heat rate between these two surfaces Is
given by
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Radiation - Absorption

Qr'ad = Qemirted il Qabsorbed Surrounding

- surf:}cc:i at

= €6A, T — acATo
But ¢ = au

» The net radiation heat flux from the surface due to
exchange with the surrounding is

Gm = EGA.!(T? - T:un}

5 — 4 _ 74 L
> Qraa = €0A(T5 — Tg,r) , (W) N FIGURE 1-37
Radiation heat transfer between a
surface and the surfaces surrounding it.

or Q?'ad = h'rAs(Ts - Ts*urr)

h,: radiation heat transfer coefficient (W/m?2.K)

- h’T = EJ(TS + TS‘HT‘?)(T.Sz + T.S‘zlt?'?"
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Radiation - Absorption

For combined convection and radiation:

Q = Qconv ¢ g Qrad
= hAs(Ts . Too) + hrAs (Ts - Tsun')

Then Q = hcombinedAs(Ts = Too)

Reombinea : combined heat transfer coefficient
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> Itis possible that all three modes of heat transfer are present;
in this case heat conducted through the wall is removed from
the plate surface by a combination of convection and

radiation.

. Surrounding at 7
Energy balance gives: . & sur

| . | Q. |
Qcond :Qconv +Qrad (/ T Qconv

or, ), / ‘
dT £ T,
—kA=— =hA([,-T)+ecAT -TL) | :
y y =0 ‘ Heat conducted

through wall
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Example

An insulated steam pipe passes through a room in which the air and walls are at 25°C.

The outside diameter of the pipe is 70 mm, and its surface temperature and emmisivity
are 200°C and 0.8, respectively. If the coefficient associated with free convection heat

transfer from the surface to the air is 15 W/m2.K, what is the rate of heat loss from the

surface per unit length of pipe?

Assumptions. Schematic
1. Steady state conduction exist
2. Radiation exchange between the pipe and

the room is between a small surface
enclosed within a much larger surface
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Example Cont.
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Example

The hot combustion gases of a furnace are separated from the ambient air and its surrounding,
which are at 25°C, by a brick wall 0.15 m thick. The brick has a thermal conductivity of 1.2
W/m.K and a thermal emissivity of 0.8. Under steady-state conditions and out surface
temperature of 100°C is measured. Free convection heat transfer to the air adjoining this surface
is characterized by a convection coefficient # = 20 W/m2.K. What is the brick inner surface
temperature?

T, —

Combustion Teond —3p
gases e

k=12W/m-K

T,=25C
ﬂ\ lr j\ k= 20 W/m?K

ti= 0.15m-=| Air
x

P
A

Answer: 7, = 352°C
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Example
Process identification for single-and double-pane T
. e A, Double
windows e
Ambient 1. Room
air air
Schematic: Single
pane
|

1ace)

und
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Example

1.40 Chips of width L = 15 mm on a side are mounted to a
substrate that is installed in an enclosure whose walls
and air are maintained at a temperature of I, = 25°C.
The chips have an emissivity of &£ = 0.60 and a maxi-
mum allowable temperature of T; = 85°C.

—__—Enclosure, T,

Substrate

(b) If a fan is used to maintain airflow through the
enclosure and heat transfer is by forced convection,
with 4 =250 W/m"-K, what is the maximum

Chip (T, &) : %
operating power’

(a) If heat is rejected from the chips by radiation and

natural convection. what is the maximum operating

power of each chip? The convection coefficient

depends on the chip-to-air temperature difference

and may be approximated as h = (T, — T.)*.

where C = 42 Wm?- K™
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Example cont.

Substrate
Schematic: Arad
T = 25°C Chip, Pejec
h = 4.2(TsTeo) ™ T¢=85°C, £=0.60
or Qconv L=15mm
h = 250 W/m2-K
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Example cont.
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THE SURFACE ENERGY BALANCE

A special case for which no volume or mass is encompassed by the control surface.

Conservation Energy (Instant in Time):

E].D —E ot = 0 Applies for steady-state and transient conditions. 1.12)

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

Surroundings
Tew
7 4 " o o []
T 9cond q conv Grad —
" Fluid
‘!;cnv l l jr TI - ]-J
L

I

I

I

I

I

I

I

I

- I
eand ":
I

I

I

I

I

— (T, — T.) +ec(T*— T4)

T’

-~

T,

T

Centrol surfaces
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METHODOLOGY OF FIRST LAW ANALYSIS

» On aschematic of the system, represent the control surface by dashed line(s).

» Choose the appropriate time basis.

» ldentify relevant energy transport, generation and/or storage termsby labeled
arrows on the schematic.

> Write the governing form of the Conservation of Energy requirement.

> Substitute appropriate expressions for terms of the energy equation.

> Solve for the unknown quantity.
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1.57 A fumace for processing senmconductor matenals 1s
formed by a silicon carbide chamber that 1s zone-heated
on the top section and cooled on the lower section. With
© o0 0 0 00 R the elevator mn the lowest position. a robot arm mserts the
' silicon wafer on the mounting pins. In a production oper-

ation, the wafer 15 rapidly moved toward the hot zone to

Gas, 7.,

Heating zone . - . -
achieve the temperature-time history required for the
— Wafer, 7, & - . -
/! Hot zone, 7, = 1500« PTOCESS recipe. In this position. the top and bottom sur-
- — — o — — — | —I faces of the wafer exchange radiation with the hot and
C 2, T, =330 .
h A Mourting ootzone. =339 ool zones, respectively. of the chamber. The zone
pin holder

temperatures are 7, = 1500 K and T, = 330 K, and the
Water channel ermsstvity and thickness of the wafer are £ = 0.65 and
d =078 mm respectively. With the ambient gas at
T, =700 K, convection coefficients at the upper and
3 lower surfaces of the wafer are 8 and 4 Wim*- K. respec-
tively. The silicon wafer has a density of 2700 kg/m’ and

a spectfic heat of 875 T'kg-K.

Elevator

COHCOHOCDH e00 000
o oC o eeo0 o090

U
I
I
I

(a) For an initial condition corresponding to a wafer (b) Determine the steady-state temperature reached
temperature of T, ; = 300 K and the position of the by the wafer if it remamns in this position. How
wafer shown s chlt.lanmti cally. determine the corre- significant 1s convection heat transfer for thus

i fi ituation? ; ;
sponding rate of change of the wafer temper- situation? Sketch how you u-ould_ expecr_ th_e

wafer temperature to vary as a function of verti-
ature, (4T, /df);.

cal distance.
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ENOWN: Silicon wafer positioned in furnace with top and bottom surfaces exposed to hot and cool
zones, respectively.

FIND: (a) Initial rate of change of the wafer temperature comresponding to the wafer temperature
T, ; =300K. and (b) Steady-state temperature reached if the wafer remains m this position. How

significant i1s convection for this sitnation? Sketch how you’d expect the wafer temperature o vary as
a fiznction of vertical distance.

SCHEMATIC:

Tsur’h =1500 K

Wafer
Tyi= 300K, or Ty ss
p = 2700 kg/m3
¢ =875 Jkg-K
£=0.65

Tigies =200
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1.64 A sphencal. stainless steel (AISI 302) canister 1s used to
store reacting chenmcals that provide for a uniform heat
flux 4f to its inner surface. The canister is suddenly sub-
merged mn a liqud bath of temperature T, << T, where T,
15 the mitial temperature of the camster wall.

Canister

T;= 500 K
p = 8055 kg/m*
¢,= 510 g

Reacting chemicals
r,=0.6m

T T T_=300K
= 500 W/m2K

{a) Assuming neglhgible temperature gradients in the
camister wall and a constant heat flux g;, develop an
equation that governs the vanation of the wall tem-
perature with time during the transient process.
What 15 the imitial rate of change of the wall tem-
perature if g/ = 10° W/m™?

(b) What 1s the steadv-state temperature of the wall?
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SCHEMATIC:

Stainless
steel
T;=500 K

Too= 300 K
h =500 W/m?2. K
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