Previous Class

Summary of Heat Transfer Processes (Modes of HT)

Mode Mechanism Equation Transport
Property or
coefficient

Conduction | Energy transfer due _ dT k

to molecular/atomic q=—k dx (W/m.K)
activity Fourier's Law

Convection | Energy transfer due q = hAT h

to molecular motion (W/m?.K)
and bulk fluid motion Newton’s Law

Radiation Energy transfer due q = oeT* €

to exchange of Stefan-Boltzmann (-)
electromagnetic Law
waves (photons)

g : Heat flux—rate of heat transfer per unit area, (W/m?)
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4.2 Conduction Heat Transfer

4.2.1 Conduction Equation / Heat diffusion equation

» Differential Equation based on: \ —_—
: First Law of Thermodynamics, and
: Fourier’s Law of Conduction

» It is very useful in determining temperature
distribution within a solid/stationary liquid

» Solids of different geometries can be analysed
using—
- Cartesian C/S for cubical bodies
- Cylindrical C/S for cylindrical bodies
- Spherical C/S for spherical bodies

P(r,¢.0) L.
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4.2.1 Conduction Equation

1 Energy Balance

First Law of Thermodynamics:

E | Mass Mass
Heat Heat
Work - \Nork

I m

out

Ei, — Eout = AEsystem

Energy of the system, Eg ., has two components:

» Stored Energy, Eg, in the form of thermal and mechanical
» Energy generation, E, in the forms of chemical, nuclear or
electrical; this can be either positive or negative

Thus the Energy Balance can be rewritten as:
Ei, — Eout + Egen = AE g

In the Rate Form:
Ein_Eout+Egen =ESt ........ (21)
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4.2.1 Conduction Equation

g : Heat fluxes— y
= rate of heat transfer per unit area

Ein o Eout

= (qx - qx+dx)dy dz

+ (qy — qy+dy)dz dx

+(q, — q,1q,)dxdy ........ (2.2a)

qy+dy
qx+dx

Egen = égendx dydz ---- - (2.2b)

E o (pdxdydz) o
=mc = X Z)C——
‘For homogenous solid/medium, p and c are constant.
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4.2.1 Conduction Equation

Ein - Eout
— (qx - qx+dx)dy dz

g : Heat fluxes—rate of heat transfer per unit area
+ (qy — qy+dy)dz dx

+ (qz qZ+dz)dX dy .o .one (223) — g, = _kx%
. ar o
= qy = —kyd—y — Fourier’s law of HC
aT
=4z = _sz

Applying Taylor’s series expansion and neglected higher order terms:

99x 99y

q,

Ein—Eoutz—dedydz— 3y dxdydz—ﬁdxdydz
Introducing Fourier Law, we get:
E E‘—akaTddd+akaTddd+akaTddd
in Out_ax .X'ax X y Z ay yay X y Z aZ Zaz X y Z
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4.2.1 Conduction Equation

From Eq.(2.1), one can get:

akaT+akaT+akaT+, _oT >
ax\Krax ) Yoy ooy ) Y a2\ K, €gen = PCoT e (2.3)

This is general heat conduction equation in Cartesian (Rectangular)
Coordinate System

For isotropic solid/medium,
ky =k, = k, = k (constant)

Therefore, for homogeneous, isotropic solid/medium, Eq. (2.3) can
be simplified to:
0*T 0°T 9°T égen 10T
+ + + === .
dx2  9dy? 0z2 k a dt
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Heat Generation

= Heat generation is a volumetric phenomenon (W/m?3 or Btu/h ft3).

» The total rate of heat generation in a medium of volume V can be
determined from

Egen =jegendV
* |n the special case of unifdrm heat generation Egen = €genV

Examples:

> Resistance wires where electrical energy being converted to
heat at a rate of I°R (Joule heating)

» Fuel elements of nuclear reactors where nuclear fission serves
as the heat source

» Exothermic chemical reactions where chemical reaction serves
as a heat source for the medium.
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Heat Generation

Heat Generation Examples:
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4.2.1 Conduction Equation

For isotropic solid,
qy

Fig. 1: Cartesian C/S
02T+ 62T+ 02T+ €gen 10T
ox2 9y? 0z2 k aodt 77

égen~> Volumetric heat generation, W/m?

k = Thermal conductivity, W/m.K
a - Thermal diffusivity = k/pc, m?/s
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4.2.1 Conduction Equation

Fourier’s law of HC

d:+d aT
qr = —kyr—
0x
_);\rdq)\{,i - oT
N 1o = ko rag
- A= [ o+ d
Ea : ‘T : "/}/' ¢’ q; = —k;
=1 1 1 [ aZ
l 11 I
/:' L/l'-..,__\l\
’}(v\”l A ‘.‘5) . . .
dr SR> G dr For isotropic solid,
| ky = kg =k, =k

X

Fig. 2: Cylindrical C/S

4;

19 ( oT\ 10°T 0°T égen 10T
r—|+ +-—+ =——
or) r?09% 0z k aadt

égen~> Volumetric heat generation, W/m?

k = Thermal conductivity, W/m.K
a - Thermal diffusivity = k/pc, m?/s
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4.2.1 Conduction Equation

Fourier’s law of HC

oT
qr = _kra
- oT
199 = " o 5in g d¢
_ aT
90 = r 00

For isotropic solid,
kr == k@ = k@ == k

Fig. 3: Spherical C/S

) .
19 <rzaT) 1 #T 1 0 ( . 90T>+egen_107' ........ (2.6)

r2 ar r +rzsin296®2+rzsin909 St Y50 k ~ aodt

égen~> Volumetric heat generation, W/m?®

k = Thermal conductivity, W/m.K
a = Thermal diffusivity = k/pc, m?/s

11 Nov 2018 12



