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Chapter 1
Introduction S4ik

Heat Energy and Heat Transfer .= AS (so st S 5 e A8 (5035

What is Heat energy?

Heat is a form of energy in transition and it flows from one system to
another, without transfer of mass, whenever there is a temperature

difference between the systems. Heat always moves from a warmer

place to a cooler place.
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What is Heat transfer?

The science of how heat flows is called heat transfer.
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Importance of Heat Transfer =48 (s saiinl & S5 S
What is Importance of Heat Transfer?

Heat transfer processes involve the transfer and conversion of energy
and therefore, it is essential to determine the specified rate of heat transfer at
a specified temperature difference. The design of Equationuipments like
boilers, refrigerators and other heat exchangers rEquationuire a detailed
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analysis of transferring a given amount of heat energy within a specified time.
Components like gas/steam turbine blades, combustion chamber walls,
electrical machines, electronic gadgets, transformers, bearings, etc
rEquationuire continuous removal of heat energy at a rapid rate in order to
avoid their overheating.
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Thermal Equilibrium e 48 St 5
What isThermal Equilibrium?

Two bodies are in thermal Equilibrium with each other when they have
the same temperature. In nature, heat always flows from hot to cold
until thermal Equilibrium is reached. Hot objects in a cooler room wiill
cool to room temperature. Cold objects in a warmer room will heat up to
room temperature.
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If a cup of coffee and a red popsickle were left on the table in a room
what would happen to them? Why?

The cup of coffee will cool until it reaches room temperature. The
popsickle will melt and then the liquid will warm to room temperature.
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What are the ways of heat transfer? — $CalelS o 48 (5o sl S S
The heat transfer processes have been categorized into three basic modes:
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1. Conduction LS

2. Convection (5 %aa

3. Radiation )<



Conduction il
1.6 Mechanism of Heat Transfer by Conduction

What is conduction?

Conduction is the transfer of heat through materials by the direct
contact of matter. Particles that are very close together can transfer
heat energy as they vibrate. This type of heat transfer is called
conduction. Dense metals like copper and aluminum are very good
thermal conductors.
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How are the particles arranged in a solid, a liquid and a gas?
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Solids usually are better heat conductors than liquids, and liquids are
better conductors than gases.
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The ability to conduct heat often depends more on the structure of a
material than on the material itself. For Example, Solid glass is a thermal
conductor when it is formed into a beaker or cup.But when glass is spun
into fine fibers, the trapped air makes a thermal insulator.
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Fiberglass Fibers and
insulation airspaces

When you heat a metal strip at one end, the heat travels to the other
end. As you heat the metal, the particles vibrate, these vibrations make
the adjacent particles vibrate, and so on, the vibrations are passed along
the metal and so is the heat.
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Conductor

“4_~ Heat
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Metals are different, The outer electrons of metal atoms drift, and are
free to move. When the metal is heated, this ‘sea of electrons’ gain
kinetic energy and transfer it throughout the metal. But Insulators, such
as wood and plastic, do not have this ‘sea of electrons’ because of this
they do not conduct heat as well as metals.
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Why does metal feel colder than wood, if they are both at the same
temperature?

Metal is a conductor, wood is an insulator. Metal conducts the heat
away from your hands. But Wood does not conduct the heat away from
your hands as well as the metal, so the wood feels warmer than the
metal.
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Where

Q is heat transferred rate with Watt.

K is thermal conductivity of the material.
A is area of the material with m?.

AT is change in the temperature.

Ax is the distance with m.
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Thermal Conductivity = A% & U
The thermal conductivity of a material describes how well the material
conducts heat.
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Example 1-1. One face of a copper plate 3 cm thick is maintained at 400°C,
and the other face is maintained at 100°C. How much heat is transferred
through the plate?
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Solution. From Appendix A the thermal conductivity for copper is 370 W/M-°C
at 250°C. From Fourier’s law
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= 3.7 MW/m2

2. Convection ¢ _5daa

Convection is the transfer of heat, occurs by the motion of liquids and
gases due to random molecular motion a long with the macroscopic
motion of the fluid particles. Convection in a gas occurs because of gas
expands when heated, hot gas rises and cool gas sink. But Convection in
liquids also occurs because of differences in density.
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Your hand gets hot above the flame...

but not to the

side of the flame.

What happens to the particles in a liquid or a gas when you heat them?

The particles spread out and become less dense.
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Fluid movement:

When the flow of gas or liquid comes due to differences in density and
temperature zone, it is called natural convection. When the flow of gas
or liquid is circulated by pumps or fans it is called forced convection.
Convection depends on speed. Motion increases heat transfer by
convection in all fluids.
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(Q = hAAT)
Where
Qis heat transferred rate with Watt.
h is Heat transfer coefficient.
A is surface area of the material withm?.
AT is change in the temperature.
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Convection depends on surface area. If the surface contacting of the fluid is
increased, the rate of heat transfer increases. Almost all devices made for
convection have fins for this purpose.
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Cool air

Warm surface

Wart-suriaece
withihs

Example 1-2 Air at 20°C blows over a hot plate 50cm by 75cm maintained at
250°C. The convection heat transfer coefficient is 25 W/m2-°C. Calculate the
heat transfer.
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Solution. From Newton’s law of cooling
o s 52 (g0 A 5 50 3 b sluy Al S0
q = hA(Tw-Teo)

=(25)(0.50)(0.75)(250-20) = 2.156 kW

Radiation ¢)aSis

Radiation -1t is the energy emitted by matter which is at finite
temperature. All forms of matter emit radiation to changes the electron
configureuration of the constituent atoms or molecules. The transfer of
energy by conduction and convection requires the presence of a
material medium whereas radiation does not. In fact radiation transfer is
most efficient in vacuum.
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How does heat energy get from the Sun to the Earth?
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There are no particles between the Sun and the Earth so it CAN NOT travel by
conduction or by convection.
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Radiation is heat transfer by electromagnetic waves. Thermal radiation is
electromagnetic waves (including light) produced by objects because of
their temperature. The higher the temperature of an object, the more

thermal radiation it gives off.
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Where

Q is heat transferred rate with Watt.

o is Boltzmann constant and is Equal to 5.669 * 1078

€ is emissivity .
Dl g4 45l il & 0 48 Q
(5.669 * 1078) 4 a4l 50,84 (0)
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Example 1-5. Two infinite black plates at 800°C and 300°C exchange heat by
radiation. Calculate the heat transfer per unit area.
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Solution. Equation (1-10) may be employed for this problem, so we find
immediately

o 5Ly ) e | A A 4y 3y e S a5 i yiigy JISag il ) (1.10) ) riiSsla Sk
4 14
a/A=0o(Ty —T3)
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= (5.669x10?°)(1073*-573% = 69.03 kW/m’

Thermal radiation A8 ki

We do not see the thermal radiation because it occurs at infrared
wavelengths invisible to the human eye. Objects glow different colors at
different temperatures. A rock at room temperature does not “glow”.

The curve for 20°C does not extend into visible wavelengths. As objects
heat up they start to give off visible light, or glow. At 600°C objects glow
dull red, like the burner on an electric stove. As the temperature rises,
thermal radiation produces shorter - wavelength, higher energy light.

D A5 GSES J3aS 63 A Dl 5y ) s 4 Gl (e AS (5 OaSAS Al
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At 1,000°C the color is yellow and orange, turning to white at 1,500°C. If
you carefully watch a bulb on a dimmer switch, you see its color change
as the filament gets hotter.
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The bright white light from a bulb is thermal radiation from an extremely
hot filament, near 2,600°C. A perfect blackbody is a surface that reflects

nothing and emits pure thermal radiation.
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The white - hot filament of a bulb is a good blackbody because all light
from the filament is thermal radiation. The curve for 2,600°C shows that

radiation is emitted over the whole range of visible light.
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Thermodynamics and Heat Transfer-Basic Difference
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Thermodynamics is mainly concerned with the conversion of heat
energy into other useful forms of energy and IS based on (i) the concept of
thermal Equilibrium (Zeroth Law), (ii) the First Law (the principle of
conservation of energy) and (iii) the Second Law (the direction in which a
particular process can take place). Thermodynamics is silent about the heat
energy exchange mechanism.
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The transfer of heat energy between systems can only take place
whenever there is a temperature gradient and thus. Heat transfer is basically a
non-Equilibrium phenomenon. The Science of heat transfer tells us the rate at
which the heat energy can be transferred when there is a thermal non-
Equilibrium. That is, the science of heat transfer seeks to do what
thermodynamics is inherently unable to do.
aly 48 1SS a4l L laygy il giod Nl Ol sl (e A4S (505 (o stlind &
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However, the subjects of heat transfer and thermodynamics are highly

complimentary. Many heat transfer problems can be solved by applying the

principles of conservation of energy (the First Law)
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Dimension and Unit
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Table 1.1 Dimensions and units of various parameters

o3l OS5 ASy 5 adae ) (1. 1) 4da

Parameters Units  olSas4 OlSeiia
Mass Kilogram, kg sl )l
Length metre, m T3
Time seconds, s (GEIEN
Temperature Kelvin, K, Celcius °C S sl
Velocity metre/second,m/s el s
Density kg/m> SR
Force Newton, N =1 kg m/s’ A
Pressure N/m?, Pascal, Pa by
Energy N-m, = Joule, J 3%
Work N-m, = Joule, J g
Power J/s, Watt, W Ll 5
Thermal Conductivity W/mK, W/m°C e A8 a8 Sl 5
Heat Transfer Coefficient W/m?’K, W/m?°C = AL o il K (5a<I S gla
Specific Heat J/kg K, 1/kg°C G5 o A8
Heat Flux W/m?® oS skl
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Viscosity N-s/m?, Pa-s >l

Kinematic Viscosity m?/s PR P DYRTS

review o 944 )y

Example: A red brick wall of length 5m, height 4m and thickness 0.25m. The
inner surface 110°C and the outer surface is 40°C . The thermal conductivity of
the red brick, k=0.7 W/mK. Calculate the temperature at a point 20m distance
from the inner surface.

o055 595 .(0.25m) o 5 (Am) «(5m) 3 ol s GSEIAA Al sa
4l (k=07 W/mK) 4S5 gm 4233 a8 52l Ul 53 6(40°C) 5503 5 (0°C11)
o5 sssy4l ) (20m) il Al 4Sy jle San 4Sane 48

Given: length =L=5m, Height =h=4m, thickness = Ax=0.25m, T; = 110 °C,
T, =40 °C.
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SCHEMATIC:

. Sm
K=0.7 Wm.K

Qcmd
T,=110°C . :40&,6
AX= 0‘25'm_|*"|
Solution: Q=KA
Q = 0.7(5  4) (12(.)2; 10) _ 3920w

Q= KAAATT but x=20cm=0.2m

(110 — 40) (110 — T,)
3920 = 0.7(5 * 4) ~— > 3920 = 14« ——

56 =110—-T, - T, =110—-56 = 54°C (Answer)
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Example: Calculate the heat transfer by convection over a surface of (1.5 m? )
area if the surface is at 190°C and the fluid is at 40°C . The Value of convection
heat transfer coefficient is25 W/m?2. K . Also Estimate the temperature
change with plate thickness if thermal conductivity of the plate is1 W/m.K

A8 (52 1) Aassy Sy el iR A8 Jladta (e A8 (5 il K 14 g sa
G (o 48 s i) R (aSASI Sl A5, (40°C) Al 4Sali 5 (90°CT) 4l 4Se s
ARG a8y o) sias JaSAd aileady o 8 (galy 1 R Lo s e i (25 W/m?2. K)
i (1 W/mLK) aSaiily e 48 a8 Ul 53

Given: Area=A=1.5m?, T, =190°C, T, = 40°C.
Heat transfer coefficient = h = 25 W/m?.K

thermal conductivity of the material = K =1 W/m.K

SCHEMATIC:
K=] WmK
T
Tm :40 GC _[:" o
=190 C
h= 25 Wm%K — T
AX=? na

Solution: Q = hAAT
Q = hA(Ty — Tw)
Q = hA(Ty — Tw)
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Q = 25 * 1.5 = (190 — 40)

Q=5625W (Answer)
KA AT
= x
¢ Ax
AT AT K
5625 =1=x1.5% - —=3750— (Answer)
X Ax m

Example: Two infinite black plates at 800°C and 300°C exchange heat by
radiation. Calculate the heat transfer per unit area.

OISaiy (%6 H R U e #4813 (300°C) 5 (800°C) 4 Loy (55 sy (Shily 93 143 5 5
D) oa8ay Al aSy Jlajan (e A8 (548 il £

Given: black plates means(e) = 100% = 1.00,

T; = 800°C = 1073K, T, = 300°C = 573K.
Solution:
Q = oeA (T¢ — T3)

= o€ (T# —T3)

= (5.669 x 1078 ) * 1 % (1073* — 573%)

IO 2O D

= 69.03 KW/m? (Answer)

) sin (RIS 4y e 48 (galy (S 5 sed 4y 5 12 Radiation 4 ;i
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Example: a reactor wall, 320mm thick is made up of an inner layer of

fiber brick(k=0.84 W/m.K), covered with a layer of insulation (K=0.16 W/m.K).
the reactor operates at a temperature of 1325°C and the ambint temperature
of 25°C. If the insulation outer surface not exceeds 1200°C . convection heat
transfer coefficient between outter surface and surrounding is 0.12 W /m?.K
. determine the thickness of the fiber brick and insulating material.

Jui ) Asa oSo sl (St (5 5) Siu g p2 ) sindd (320mm) ¢ ASLE IS (Sl 00 140 ga
LS4 4S8 _asLi IS | (K=0.16 W/m.K ) sse_ASks (St 4g 051 i 31la ¢ (k=0.84 W/m.K)
AZA(25°C) 5o e A Al 513 (325°C1) (e S sl Al i ke

28 (a8 (g0 tinl R (a1 5o i 5 (200°C1) o500 (595 450 0 Sk
saSaullay ) Al 5 5(0.12 W /M2 K) G Jlsa 505080 555 O 5]

A 5k 480 go_AShia Al 48

Given: reactor wall thickness=320mm=0.32m, Thermal conductivity of
inner layer (fiber brick) = k = 0.84 W/m.K, Thermal conductivity of outter layer

(insulation) = k =0.84 W/m.K , reactor temperature = T,,,; =1325°C, ambint

temperature =T, = 25°C, convection heat transfer coef ficient = h =

27




0.12%.1(, outer surface = T,,, = 1200°C.

SCHEMATIC:

T'wy =1598K

Inner Layer (Brick)

—
T4

Outter Layer (Insulation)

l—Reactor wall—s

. Twy=1473K
N
To = 25°C

Q—=>
I E h =0.12W/m?-K
\0.32-};

<0.32m

Solution:

For fiber brick:

Q = hAAT
Q= hA(Twl - Too)
Q = hA(Ty; — Ty)
Q=012%1%(1200—25)=141W
_ (T1-T»)
Q= KA—Ax

AT
Q= KAE
(1598 —T)
141 =0.84 % 1 *
X
(1598 - T)
167.85 = .

167.85*x = 1598 — T

T = 1598 — 167.85 % X vvv vvv vev vve e (1)
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For insulation material:

Q= ka2l

Ax
T, — T,
0 = kol —T2) = )
141 = 0,16 # 1« L —1473)
032 — x
88125 =~ 13 2)
032 —x

Substituting Equation (1) into Equation (2)
(1598 — 167.85 * x) — 1473

881.25 =
032 —x
88125 — 125 —-—167.85 x x
e 032 —x

881.25 (0.32 —x) = 125 — 167.85 x x
282 — 881.25 *x = 125 — 167.85 * x

282 — 125 =881.25xx —167.85 x x

157

157 =7134xx - x=m

=0.22m

the thickness of the fiber brick= x = 0.22 m (Answer)

insulating material=0.32 —x = 0.32 — 0.22 = 0.10 m (Answer)
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:Data Book (Sliia HlS4y Sy s
OS4ue AS (s properties value e sk )5
thermal ok specific heat(C) ok density(p) we sty 33 (laiug sby 484
Cuiged |40 ¢ 5) )Sy s (Sarine 4S 5013 (°C60) oS 54l 4l 55 conductivity(k)
s b JleaSaine a8 4845 (538 ol als gl 4ds ) 4daSiA 5o 4l 4Salie S (il
2524 )50 S (properties) (S84 1327 o ¥ Al e sl A jaal )
aileds s IS (properties) S4iiw ¢ 13 (°C60) e S (54l 4l
densit Kinematic Thermal Prandtl specific thermal
y (p) Viscosity(v) diffusivity Number(Pr) heat(C) conductivity

(k)
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985 0.478 0.1553 3.020 4183 0.6513
* 1070 * 1070

(SR Ay ¢ 05100 5l SATG 13 (OC50) (o AS sl 2V

13(°C60) (oS 54y Al o 513 (°C40) oo A8 saly 4l §U Ss (properties)
41D g0 ALK §S 0 ASAMy 1 34Saz0 28 Ay g i Al cliliin Ao 5 ¢ g0 oAy )
=28 syl Sl S (properties) (SSAM i 5 sadd o) gid ads | (ASed (5 5 52
A3 35%3 13 (°C50)

o 5) )35 ol lSAdL 13(°CA5) (oo S (54l Al 0 5(OC48) (o A8 (54l 4l Lo 5 pne s
alypdi ) A3 o0 (9C50) oo A8 Al Al S0 55 5 Alae S ALy 4l g0 3l
S salial b S (properties) 1S4k 43l 5 (piieala (°C50) 43 4dle 48
13(°C45) (oS 54l J(°CA8) (o A8 saly sBan Al s s 5 5% 13 (°C50)

it (5 Sy
aled o gl (leda 4a il 3 S\ 4S (s properties value e st )3
OBl (5o g4 ) 30

Data Book sbl 4xa (s a4 s Sajluly ada heat transfer (S5l 4a
LRSIl glaS o ) o8 ALy gl ¢ STl Aa (o5 I IS,

Convection questions BBNITY 6 )b

Why does hot air rise and cold air sink?
Cool air is more dense than warm air.

T g0l 530 3l (51 AB g 0 g0 ) 2 o S (5] A (23

.(-‘J‘*ELE\J‘\AM"JS,Q%JJL“‘LSU“
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Why are boilers placed beneath hot water tanks in people’s homes?
Hot water rises.So when the boiler heats the water, and the hot water
rises, the water tank is filled with hot water.

fellaa o ad o 28 (55 (S5 5350 ) il S il S a5

45%)&0}13‘56Q\Sode)éﬁo‘juéa)@ﬁ&ﬂufls&\)ﬁ_5‘543;,\1:3)_)4_.\(:)436‘3\_‘\
_eﬁdjﬁd%adﬁéaj\jéiu o gAlind § yAo

Radiation questions OIASES (5 )l y

Why are houses painted white in hot countries?
White reflects heat radiation and keeps the house cooler.

¢ S e AL S S gA JailSan mS a5l an
cf\_'\x..\tstad JSJJL“‘\S°_5‘9:’BJ°J‘\;’°J°J&°JV45‘°JA§L5O\ﬁﬂsg_ﬁ‘“
Why are shiny foil blankets wrapped around marathon runners at the
end of a race?

The shiny metal reflects the heat radiation from the runner back in,
this stops the runner getting cold..

NS oy (5S35 AS) ) 5500 A i sadied e 5 G108 G 5 (2 3

450)45\2@&&5}%43caﬂoﬁ\Qéﬂgdoﬁ\ﬁaiﬁa‘éwﬂ@\wJ\J‘\.ﬁ,}ﬁ&\}\.ﬂ
_L"_té‘)gaﬁ\‘)vﬁ)hn

32



1. Which of the following is not a method of heat transfer?

A. Radiation B. Insulation C. Conduction
Answer : B
4 a8 (g0 il S SAnST ) ailedl QIS 1
il C Gl B Oas A

B :(—Q?o}

2. In which of the following are the particles closest together?
A. Solid B.  Liquid C. GasD. Fluid

Answer : A
P Sy (iS5 35 4SASa 5 |ailedd HLS 4] 2
S8 D K.C di B Gy A
A Ie‘gbj

3. How does heat energy reach the Earth from the Sun?
A. Radiation B. Conduction C. Convection D. Insulation

Answer : A
?a}ojﬁddjojﬁﬁoduaﬂgo‘}joj? .3

o D gk C ol B olSas A

A Ze‘gbj

4. Which is the best surface for reflecting heat radiation?
A. Shiny white B. Dull white C. Shiny black D. Dull black
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Answer : A
Tn A8 (5 OISt o gy Blo ) 31055y (il 4lS 4
G By D, IMEp ey, C & e . B e oM A
@43 c;":;‘"-)v :g_.,-‘“yvb‘j.

5. Which is the best surface for absorbing heat radiation?
A. Shiny white B. Dull white C. Shiny black  D. Dull black
Answer : A

Sl S 5 OISAT i 3e 33095y Oridl 4alS .5
éj‘c'u“j‘{é- D JM& p ey C ijuf““‘ B Jun A

CJA_\L;H:(:)V :e-ayaj
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Chapter 2
STEADY STATE CONDUCTION - ONE DIMENSION
2 U

Niao ) g - ouile (5 8 s

Temperature in a system remains constant with time. Temperature
varies with location.

JaBal ) Ros oo 8 (aly (IS g0 Al 4y o gaitiand (5 R0 4y cliodns 4l e 48 (5,
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Thermal Diffusivity and its Significance AL 5 o0 A8 (5 st 15 Ay

Thermal diffusivity is a physical property of the material, and is the ratio of the
material's ability to transport energy to its capacity to store energy. It is an
essential parameter for transient processes of heat flow and defines the rate
of change in temperature. In general, metallic solids have higher Thermal
diffusivity, while nonmetallics, like paraffin, have a lower value of Thermal
diffusivity. Materials having large Thermal diffusivity respond quickly to
changes in their thermal environment, while materials having lower a respond
very slowly, take a longer time to reach a new Equilibrium condition.

el A a8 S (5L 53 (g0 5y Ad Ay ya 0 cASAiue A4S (5L b b (oa AR (g0 A sah g
GRS 5450 R (SIS 3m 0 0 0y (28 DASally o aSUIS 505 (s sl S0

AS ¢ 584y e 28 (saly 4l ) )R (o0 51y (S 5 e a8 LS 5 AlSaia ays
ORI b5 SIS 1SSl cama (L)t (0) e AS (oo st sad Ay (Sads

Vo s cad Jh) e (oo A8 (g0 A s g 4S (ailale g5 A ()l yie i e A8 (g0 g S Ay
(o A8 (g0 A gy 48 (gadlabe Al 1aSEISAD (ailpe a8 BaS Al (S ISl 5 R 5 L3
Silla 4 a8 g cuiaglies L) SSEIS s GlaVo s (5 gis 40 3 s G a

ol S gla

1. Several plane Walls together (Thermal resistance).
2. Heat generation.
3. Types of fin.

(0 A (2R o S Cadd S g0 s
o A8 Sl

ASe o (5 )5,
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Several plane Walls together (Thermal resistance).

A plane wall is considered to be made out of a constant thermal

conductivity material and extends to infinity in the Y- and Z- direction.

The wall is assumed to be homogeneous and isotropic, heat flow is

one - dimensional

(oS (2 S A) o ASh Al S ) g s

U 30 01K (5 5150 0 (5380 Ul 58 (5 pbaaS ([Sativie S 45 S5 1 yioaly i (S5 ) 50
(a3 550 5 ASAxisn 4 Cadw ol i o 1548 s L (Z-) 5 (Y-) el o QLS

. é ey
AQdde ) ‘ﬂ‘\:’ 45“‘)45 2 9)

Thermal Resistances and Thermal Circuits: e A8 (lSo y 55 5 o2 A8 o Ky

From page 43 in the Data book:

Conduction inaplanewall: R.,,,; = A

1

Convection: R = —
conv h A

ol ) 5454\.1..335& ¢y ajko‘\T:\Y 4]

Consider a plane wall is between two fluids of different temperature:

aala ) shn (e A8 aly (gald 59 ) sl A (Sl g i)
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T--‘.i B
\‘.I
\
1 1‘\
\‘\'. ,\?
N oo
A A A T2
— »q‘
«Hot fluid s s
Ll D ‘
-X x=1
Cold fluid
T by
Distanc
Ten U Uy T.p
7 AN O—— AN ——O0 AN~
X
1 I 1
hA kA h,A

ZR = Rconv1 + Reona + Reonw 2

Overall Heat Transfer Coefficient (U) : A modified form of Newton’s Law of
Cooling to encompass multiple resistances to heat transfer.

30O (50 s 559 3 s (sl (S i3 Al Ay 1 (U) (oo S o i) K 1K (ga<] K gla
(s A8 (o il R 52 (84 R 0 8 (50 i S S

q = UAAT
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Example: An exterior wall of a house is constructed by a 0.1m layer of
common brick (k=0.7 W/m.K) and a 0.04m layer of gypsum (k=0.48 W/m.K)
then followed by 0.058m loosely packed rock with wool insulation (k=0.065
W/m.K). If the temperatue difference through composite wall is 20°C . Find
the amount of heat is transfering.

k=0.7 ) b 383 (5(0.1m) St 4o S Qg o g A (So o (S5 ) 520 140 5 9
24 (0.058m) QLily (k=0.48 W/m.K) sl (53 43 5(0.04m) Sk o5 .(W/m.K
o)) 50 sy e A8 sl o) sba 845 (k=0.065 W/M.K) os0 ASLis (553 40 Caid o )y
o)) o2 48 0 g0 3o ) 3 Az 48 g4 (g ki (20°C) 1S _siigSiy

Given: Thermal conductivity of brickK;,, = 0.7W /m. K, thermal conductivity of
PlasterK,, = 0.48W /m. K, thermal conductivity of wool=K,, = 0.065W /m.K,

Temperature difference=AT = 20°C=293 K

SCHEMATIC:
Plaster

\w /

Brick Wool

Ny

0.Im  ]0.04m| o0.058m

Solution:

From page 43 in the Data book:
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AT

Q= Z_R
SR =R, +R,+R,
L 0.1 0.142
Rb = = =
K,A 07+A A
L 0.04 0.083
R, = —

PTK,A 048xA4 A
L 0.058  0.892

R, = - -
wWTK,A 0065%xA4 A

YR =R, +R,+R,

_0.142 s 0.083 . 0.892
A A A

. 0.142 + 0.083 + 0.892
B A

1.117
R =

A




Q 293 w
Z = m = 26223@ (ATlSWBT')

Series Composite Wall and Parallel Composite Wall:

Note: departure from one - dimensional conditions for kF 7> kG :

Circuits based on assumption of isothermal surfaces normal to x
direction or adiabatic surfaces parallel to x direction provide
approximations for

b5 o5l SIS s 5 Ml 50 oo sl SIS )0
Ke #Ke 5 aans, iy i, JlSaslla - s
5 b ) S (Au g ) (A T

Ol sl il X i Jb g (s Sy e 48 (555 stilay K sledis il (e 5 gu

Ux 5 cilon ey S5 X (i) 5 4 G a3 ) R e A8 (555
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Composite cylindrical tube
(in series)

2TCLK(T-T,)
q[' =
In (r,/r)
(T-T,)
qr - k Alm
(r,- 1)
(r,r)
A = 2TTL
In(r,/ )

A Cylindrical Shell - Expression for Temperature Distribution

o8 ol (B Sy 5 i e - Salssl (S
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Cold fluid
T2 hy

Hot fluid
L. 1 h

Ton LS T2 To2
&—> VWV ANVN—+ANN—
1 In(ro/ry) 1
h2mrL 2 kL hy2 mr,L

What does the form of the heat Equation tell us about the variation of Or

with ' in the wall? Is the foregoing conclusion consistent with the energy

4
conservation requirement? How does Or vary with I'?

1S gl T Je&al Ur ) € o U pon s ety oo A% ASABIS o (g0 5 alS

4
a1 JaSal gy Ron (32 Or S oo 130 55 (il b JiGal (5 58 13 gy (5ASAia g3 41 4

Temperature Distribution for Constant K :

To1-T
T(r)=-=2_32| LN
In(r/r,) |r !

44
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Heat Flux and Heat Rate: = A8 o3y s e i ALK

dT K

) i T.,-T
o dr rln(rzlrl)( 17 Tsz2)
, ) 27K
Oy = 2710y :m(Ts,l_Ts,2)
, 2Lk
Qr-27rLg, = W(Ts,l ~Ts2)
Conduction Resistance: oxlas 2 S
In(r,/r :
¢ cond :% Units <> K/W
R{ cond :M Units < m-K/W
! 27K

Example 2-2 A thick walled trbe of stainless steel (18%Cr, 8%Ni, k = 19
W/m-°C) with 2cm inner diameter and 4cm outer diameter is covered with a
3cm layer of asbestos insulation (k =0.2 W/m-°C). If the inside wall
temperature of the pipe is maintained at 600°C, calculate the heat loss per
meter of length. Also calculate the tube insulation interface temperature.

4 (8%Cr, 8%Ni, k = 19 W/m-°C1) (i o V5 osindd Ll (S )5 (2.2) 4isal
oo _ASha i (3em) 4o bl i 510 (So e (g0 (4em) 5 Se sl e (2cm)
Al s sio gl Hligr ASal 5 o1 (5 ) g0 (5 sl e 48 (saly 84 (k= 0.2 W/M-°C) sl

LEP".)‘S L;AJ,; Las g Aa a5 50 ST yMa A 14Kl aa GAJ‘\g PR KT eN «13(600°C)
lSe il 4l
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Solution. The accompanying Figure shows the thermal network for this
problem. The heat flow is given by

Ao s 0 o AS iS5y At 8 add 5 Claed (L e 48 (555 ASdaddla Al c IS

I

2n(Ty-T,) _ 2m(600-100)

q
- = = =680 W/m
LT ) ) e, ) /
ks ka 19 ' 0.2
M3
2

This heat flow may be used to calculate the interface temperature between
the outside tube wall and the insulation. We have

) Ol sl gl 5 (e AS saly (o S s 5 i i S 4l sl de A8 i 5 ) o
Aleda 4l 13S0 0 ASLa 5 (5 )3 (50 90 o2

q __ Tq-Tp

— In(r3/r2) =680 W/m

27Tka

=1

where Ta is the interface temperature, which may be obtained as
o 5 Aa gy Caody 4l sl 4S cdgual 5 (s4S4ae A4S (s4liTa ol ]

Ta =595.8°C
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The largest thermal resistance clearly results from the insulation, and thus the
major portion of the temperature drop is through that material.

SHLISID (548485 0 )3 at g ¢0 280 g0 ASLia Al st Soiuied (5 o (e A8 (0 R o )
Joiun AS g5 gy 4Saze S (sl

2-6 Critical thickness of insulation oo Sl 83Li (5 )5 sl

_2A4(T, -T,)
In(ro_ri)_i_i
k rh

dg =0, rO:K
dr h

0

Example 2-5 Calculate the critical radius of insulation for asbestos (k=0.17

W/m-°C) surrounding a pipe and exposed to room air at 20°C with h=3.0 W/
m?2-°C. Calculate the heat loss from 5cm diameter of the pipe at 200°C, when
covered with the critical radius of insulation and without insulation.

o (k=0.17 W/m-°C) Coasuds 534S jla 48 00 ASkin (F3La (5o yaie sui 145 5
52 584 e 2% (h=3.0 W/ m>-°C) 42 (20°C) 4 555 ) st o dio gl A 5 laSalysl
GA3lE (Sae e 01 4y 0 5) 35 10 SIS (13(200°C) 4l 2 ASAl 5l Sem oS A4Sy e s

230 ASha (o 050 0 ASLs

Solution. We calculate ryas

r :E:E=0.0567m:5.67cm
h 3.0

0

The inside radius of the insulatyion is 5.0/2 = 2.5 cm, so
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q 272(200 — 20)
a_ 105.7W
L nG67/25) , 1 fm

0.17 (0.0567 )(3.0)

% =h(2ar)(T, = T,) = (3.0)(27)(0.025)(200 — 20) =84.8W /m

So, the addition of 3.17 cm (5.67-2.5) of insulation actually increases the heat
transfer by 25 percent.

As an alternative, fiberglass having a thermal conductivity of 0.04 W/m-°C

might be employed as the insulation material. Then, the critical radius would
be

|3l 2045 1asind al o g0 ASLa (5(5.67-2.5) 435 3.17 cm i2Sal ) cadl ;a8
lSea Al ) e AR (64Se il K

D84 4l 2l 448(0.04 W/m-°C) (e S (Sl (sl 5 udBanls ccdlilivay oo 5 a
4 Caied B3LE (oo o gt (AL o g0 ASLin (s4SAe S o g pa O yiig
r, = K _004_ 0.0133m =1.33cm

h 30

Heat generation (=48 5 silady
Page 47 in the Data Book
s Slla cuHeat generation
3 OlaedSAy (5 y3a L o 550 (iedd 4S (Cuied Jardy 1o e a8 4 leSiilly
e A8l a5 A s A5 4y 4SSy ASATAL (5 533 0 545 5 a0t (A8 (galy ey
ASaily (5 0 5300 54S) A8 (a8 (gl ¢ idod iy i (g0 A3 QYA T Al Ay
Ui 4S iy g ol sl ¢ T 4l iy Gitane 48 (54l s 4S o g4 4y 4l
Ay add (5 3840 0 Ady ) 3T W
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q'L

Ty = Too + =
DS a8y (g5 ) Oledady A sl edSay (s 3 sSo s TW (o Ak )30
L 5Se

Tw N T

] =1 .=

=], —

x=0 43 50 gaSa%ily il o g5 4% 4Sea maximum temperature(T,) <SS 5 seda
o _sAdy ) 3 Al adoo

maximum temperature = T, = T,, + zq_k L2

\Mhe‘&.}‘;ﬁ:\ﬂ X deﬂjj&&\jbﬁo)@ﬁ J‘\gﬂ\_‘ad\:\\j ¢ Qé)}égodoﬁsm@\)vajw
@JJJJ&M}EM};\.\#\_54\3aJASAM;;o_jaJoJd})ydj\)&\jé@)}d‘djﬁd‘)sw‘)‘\ggé\%
> ASAania (Sl o sl Al (4S5 53 (50 R () B,
T, oY4s4aSaily s ) sil o 48 (oaly Ty 4nSaiily (5 5500 (5) A (0 A8 (54,
Cino LSas aglaly pa | a5 loaSaialy SaBlia aaal oo 48 (saly (oo A% )30 3
(T — To) (x)z

T, —T, \L
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Amount of heat generation=q' = Volzme (W/m?3)

Example: a plate of 24mm thicknessis shaped to nuclear fuel element exposed
on the sides to heat convection at 200 °C with a convection heat transfer
coefficient of 900 W /m?°C . Generates heat at 20 MW/m?3 .If thermal
conductivity of the plate is 25.4 W /m.°C . Determine the surface temperature
and the maximum temperature.

501 8Yo o AilSaifing Al ¢ (S g gl itedis gm0 | eSSl 5 sl (24mm) Sk 4 g e
900 W /) o8 o i) & 5 Saa (SanS€ 4la 45 (200 °C) 4 (o 8 55 Saa
aSaiily oo 48 28 U155 484 (20 MW/m3) 4 clSes Caw g 0 (0 28 (M2°C .

A 5o (30 saSAae A saly 5 4Se 59 ) (e AS 4Ly i (25.4 W /m. °C)

Given: hickness = 2L = 24mm = 0.024m — L = % —0.012m ,

T, = 200°C, convection heat transfer coefficient of = h = 900 W /m?°C,
Amount of heat generation=q' = 20 MW/m?3 = 20 * 10® W/m3 thermal
conductivity of plate = k = 25.4 W /m.°C

SCHEMATIC: X=0

To =200°C Ty /\ Tw T =2000C
h =900 W/m?Z2°C i h =900 W/m?Z°C

W N

=2 L

Solution: from page 47 in the Data Book:

'L
surface temperature = T;, = T, + qT
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20+ 10° % 0.012
900

T, = 466.66 °C

T, = 200 +

surface temperature = T,, = 466.66 °C (Answer)

maximum temperature = T, = T,, + ;—k L2
' t ture = T, = 466.66 + 0~ 10° 0.012)?
maximum temperature = T, = : 2254 (0.012)

maximum temperature = T, = 523.35°C (Answer)

s AMa8idae s S g5l S U e 43l s o5l S insulation ASs ) sil ASEEL ta 5 90 s
4S Y Ao g ama (a8 (galy (i) ol S J e 4S (oY ey, Cuiall e 48 54y
e Yl xos L2 osti L= aSaiily i Uo s an o canth (o 1S (g4l (0 e S o) S0 J e

_Qu\‘ed‘ﬁjgdg)}godoﬁs%
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() i B Al o LAl - Canls

Iw=Tmin

ey

L S 3
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Example: a plate wall is 1m thick and it has one surface (x=0) insulated while
the other surface (X=L) is maintained at a constant temperature of 350 °C, K
=25w/mK, and uniform heat generation per unit volume of 500 W/m? exists
throughout the wall. Determine the maximum temperature in the wall and
the location of the plane where it occurs.

SISl o 5o 5l S (slaa (X=0) s4e 55) My 5o siudd (ML) Ca 58 (Sl g0 1405 gad
5 (K =25w/mK) ,13(350 °C) (s 84 (Saaa A8 (saly Al o o 5l lia (X=L) s 54So 55
sl 4Ss ) 23 () 310 48 (500 W/m3) 1o Ll (gaSey al g o 5 (5 salarty (a8
1303 59y IliaS SATRAT gy 4l (gASAl g o5 1940 ) 533 Al 4Sy (55l (30 sASae 8

Given: thick =L =1m, minimum temperature = 350 °C = 623K .Thermal

conductivity= K =25w/mK, heat generation per unit volume = q =
500 W /m?3

In=T

0~ "max
Insulation
Iw=Tmin

— L —

Solution: from page 47 in the Data Book:
' q 500 5

maximum temperature = T, = T, + K L - T, =623+ T (1)

53




500

T, = 623 + <0 — maximum temperature = T, = 633 K (Answer)

The location of maximum temperature is (x=0).(Answer)

sl ASATEl (5 600 A0 5 (520t Lo g AR 0 g0 ASATL) Tl o U AT AST) ) 0t o SIS

o) s lilSana a8
: X
-L = +L

:
I
I
I

T“r 1 I
I
1
I
I
. Two
I
|

= 2 I- —

O S Al o5 10K 55l e 48 (sl (0 A 350 52

. 1
Tx = % (LZ - XZ) + % (Twl — TWZ) + ;(Twl + TWZ)

R S Ay w2 ) 0 0 S (e A8 (ol (i i) e (5 o) gl a8l
X =— (T, —T
max 2 q L( w2 wl)
RIS Ay add e S oAy () s A e AL )3 1 eV
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qL2 , 1
Tmax = ok + 8 q L2 (Tw1 — Tw2)* + ?(Twl — Tw2)

Example: The thickness of a steel plate is 25mm and (K =48 W/m°C ), having a
uniform heat generation per unit volume of 30*10® W/m?3 , the temperature
on the two surfaces of the steel plate, are 180°C and 120°C . Determine the
value and position of the maximum temperature and heat flow from each
surface of the plate.

o 5 o0 A8 slary (K =48 W/MOC) 5 o(25mm) ¥ 35 SEly (5 ) sl 143 5 5a
5(80°C1) aS¥ g4l (5555 590 vl (o 4K (54l ¢5(30%10° W/m3) 1o jlud (saSanl

o ASAl (Sagg ) Aa Al S By 9 )50 S Al s 578 .0(20°C1)
A sk

Given: thick = 2L = 25mm =0.025m — L = 0.0125m, Thermal conductivity=
K =48 W/m°C, heat generation=q° =30*10°% W/m?3 maximum
temperature=T,,;=180°C, minimum temperature=T,,, =120 °C.

Solution:
q.LZ 2 1
Tmax = ok + 8 12 (Tw1 — Tw2)® + 5<TW1 — Tw2)
» _ 30%10°(0.0125)7 N 48 (180 — 120)?
max — 2 % 48 8 * 30 * 106(0.0125)2

1
+ - (180 — 120)

Trmax = 48.828 + 4.608 + 30 = 83.43 °C. (Answer)

55




Example: A wall 8cm thick has its surfaces maintained at 0°C and 100°C . The
heat generation rate is 3.25%10°> W/m?3 . If the Thermal conductivity of the
material is 4W/mK, determine the temperature at the mid plane, the location
and the value of the maximum temperature.

=8 (533 13(00°C1) 5(0°C) 4do o sl ylin (S 55y ) sintl (8Cm) (S 502 4 g 54
4l «(AW/MK) ASaiue AS oo 48 Saila Ul 55 4845 5 (3.25%10° W/m3) silary
SO (R 30 ASAe AR (saly (A i 5 (O gib ) ASATAAT gy i e gl Al 4S5 (5 s 4SS

A8

Given: thick=2L=8cm =0.08m — L = 0.04m,, heat

generation=q' =3.25*10° W/m?3, Thermal conductivity= K =4 W/mK
maximum temperature=T,,;=100°C=373K, minimum temperature=T,,, =0
°C=273K.

Solution: from page 47 in the Data Book:

: Cria S Agluly a4 1S 0k Aadl e A8 (oAl (g0 A 350 50
— q 2 2 X 1
T, = ok (L* —x*%) +Z (Tw1 — Tw2) +E(Tw1 + Tw2)

T,_ = 3.25 % 107 (0.04% — 02) + 0 (373 — 273) + 1(373 +273)
=0T 94 ' 0.04 2

Ty—o =65+ 323 =388K (Answer)
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O LS Ay add ) A5 35S (e A8 (oaly (0 55 ) s (s o0 AR )50

k
Xmax = m (TWZ - Twl)

4
X = 273 — 37
A2 %3.25 105 * (0.04) (273 =373)

Xmax = —0.0153m = —1.53 cm (Answer)
i IS by ad o a8 (sl 0 i) A (A5 (oA )3 e a4

qL2 , 1
Tmax = ok + 8 q L2 (Tw1 — Tw2)* + E(Twl — Tw2)

_— 3.25 * 105(0.04)? N 4
max — 2 % 4 8 * 3.25 * 10°>(0.04)?

(373 — 273)2
1
+5 (373 -273)

Trnax = 65 + 9.615 + 25 = 99.61 K (Answer)
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Example: a 6¢cm thick slab of insulating material (K =0.38 W/mK) is placed
between two parallel electrodes and is subjected to high electric power
producing 39000w/m3 . Under steady state condition, the convection heat
transfer coefficient is 11.8W/m?.K at left side while the right side is at 30°C, if
ambient air temperature is 25°C at left side. (1)Calculate The left side surface
temperature. (2) Determine Location and magnitude of maximum
temperature.

O 554115313 (K =0.38 W/MK) 530 AS L (54 AS (5 ginst’s (6Cm) <l A 145 5 50
e48 40 (39000wW/m3) s ada (ol IS 5y U5 35 4l A 5 el e SIS 50
aSais Sl o 18 (oo il K (Al S gl fia lla oa e il i

) oAb (o A8 (saly 4845 (13(30°C) 4 il (s 1SSl s Y Al o(.8W/m2.K11)
e (2) A4S Sl i Y Gy e A8 Al (1) .o Y A Ciy(25°C) A el
A ok S (sl A A

Given: thick =2L =6cm =0.06m — L = 0.03m, Thermal conductivity= K
=0.38 W/mK, heat generation=q = 39000 %, heat transfer coefficient=11.8

W/m?. ambient air temperature = 25°C = 298K, minimum temperature=T,,
=30°C=303K.
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Solution: from page 47 in the Data Book:

qL
Tw = Too + T
e 39000 * 0.03
wil ™ 11.8

T,,1 = 397.15K (Answer)

k
Xmax = m (TWZ - Twl)

0.38
Xinax = 303 — 397.15
max = 3439000 * (0.03) ( )

Xmax = —0.0152m = —1.52cm

Location of maximum temperature = X4, = —0.0152m
= —1.52cm (Answer)

PO S by atd e A8 (gady o ) Ao oA 8 (o0 A )3

qL2 , 1
Tmax = ok + 8 q L2 (Tw1 — Tw2)* + i(Twl — Tw2)
T _ 39000 * (0.03)2 4 0.38 (397.15 — 303)?
max - 2 *0.38 8 * 39000 * (0.03)2 .

1
+ - (397.15 - 303)

Trax = 46.18 + 11.995 + 47.075 = 105.25 K

Magnitude maximum temperature = T,,,,, = 105.25 K  (Answer)
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Fins
Types of the fin: 4Se_q,

:ASﬂ\SaﬁLg‘)j;

1.  Long Fin & Sea HlSudio sluly (5 5840

2. Short Fin (end insulated)=Thin Fin <xi_Ses jSaul o gy (5 3040
3.  Short Fin (end insulated) < Ses JlSad o by (5 3040

4.  Circumferential fin < Sed HSud o 53 jla (5 5040

5.  Rectangular fin <y Sea HlSudis g3 jla (5 3840

6.  Triangular fin Cu_Ses jSado o3 jla (5 5840

o paidSiba el (y 5a ¢ o pin )SBIS S Al short fin Le s 4a Long fin o> 1)l

a4y short fin . 44 o yda s ) s 55l 504 fin (s 510 ASA 13ST jlus 5y sl 1V
Long fin A4l ;1o )5 50 ) A5 g oal 1345 4Ss fin (5 350 AS4s
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Example: Find out the amount of heat transfer through an thin iron fin of
length 50mm, 100mm width and thickness of 5mm. Assume k=210W/m.°C for
the material of the fin and h=42W/m?.°C, if the atmospheric temperature is
20°C . Also determine the temperature at the tip of the fin if base
temperature is 80°C.

(50Mm) 30 Sk il (Saae s st 4l 30 (e A8 (o Al K (5 1 1405 5w

5 (k=210W/m.°C)AS4Se_py s4iwe AS 31 i 3l (5mm) st 5 0 (00mm1)
Al o & ey lao s Ad ks (20°C) S e 48 sals 4845 ((h=42W/m2.°C)
C(80°C) ASh (oxa M8 (saly AR 4Ky (5 a0 ASASs gy (54548 gio

Given: Type of the fin is thin iron fin i.e. Short Fin (end insulated), length=L=
50mm=0.05m, width=w= 100mm=0.1m thickness =t=5mm=0.005m, thermal
conductivity=k=210W/m.°C, heat transfer coefficient= h=42W/m? . °C,
atmospheric temperature = T,, =20°C. Base temperature T;,= 80°C.
Determine the temperature at the tip of the fin.
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SCHEMATIC:

Solution:
From page 49 in the Data Book:

Perimeter = p =2 (width) + 2(thickness)

p =2 (0.01) + 2(0.005)=0.02 + 0.010=0.03m.
Area =A= width * thickness

A=0.01 * 0.005 = 0.00005 m?.

_ e _ | _42e003
™= 1ka T |210+000005 ~
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Q =VhP kA (T, — T,,)tanh(mL)

Q = V42 210 * 0.03 * 0.00005 (80 — 20)tanh(10.954 * 0.05)
Q = (0.115)(60) * 498
Q =3436W
T' =T, _ coshm(L —x)
T, — T,  cosh(mlL)
T—20  cosh10.954(L — L)
80 — 20 cosh(10.954 % 0.005)

T — 20 1
80— 20 1.153
T — 20

80— 20 0866

60
T = 72°C at the tip of the fin (Answer)

0
= 0866 —» T — 20 =52
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Example: a rod of carbon steel (k=54 W/m.K) with a cross section of an
Equilateral triangular (Each side is 5mm) is 80mm long. It is attached to a
plane wall which is maintained at a temperature of 400°C. The surrounding
environment is at 50°C and convection heat transfer coefficient is 90W/m? K.
Calculate the heat dissipated by the rod.

b sy Y s K s Sy 4l 4 (k=54 W/m.K) 0308 Y 3 (Sl 55 i g 5
saly Al o g ol Hlia AS s S5l 31 i) S i la e 533 (80mim) o5 o(S5mm) sS4
= A8 (o gain) & (S1S5la o5 4413(50°C) 41 v o3 54545 .13(400°C) (oS

A Jlaan o ASad g 58 (5 384y s sl e 48 s (90W/m2 K)

Given:
short findd 4ii o sa s 1 ah 5510 34 fin (s 530 AR 1aSH jl yy padd ;s

Type of the fin is short fin (end not insulated), thermal
conductivity=k=54W/m.K, length=L= 80mm=0.08m, Base temperature= T},=
400°C, surrounding temperature = T, =50°C , heat transfer coefficient=
h=90W/m? . K, Calculate the heat dissipated by the rod.

SCHEMATIC:

k

Cross sectional area of the fin
Tm =5 0‘ oC
h= 90 W/m2K
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Solution:
(0.005)% = H% 4 (0.0025)2 (Lo Rlus)
H=433%10"3m
From page 49 in the Data Book:

Perimeter = p =3 * 0.005=0.015m

1

Area = A =7*Base * Height
1

Area =A=7*Base*(H)

1
Area = A = — 0.005 % (4.33*1073)

A=1.08 * 107> m?2.

hP _J 90 % 0.015

I — 48.112
M= kA 54+ 108105 8
tanh(mL) + (h[l'{)
Q = (Tp — Two) ~ T | (hP kA)°
1+ (ﬁ) tanh(mL)
tanh(48.112 * 0.08) + (90 . 4g (1){132 54)
Q = (400 — 50) (90

0.08
1+ (90 - e i1y * 54) tanh(48.112 % 0.08)

% 0.015 * 54 * 1.08 * 107°)9>
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tanh(3.84) + (2.77 * 1073)
1+ (2.77 *1073) tanh(3.84)

Q= (350)( >(7.87 x 1074)0>

(0.99) + (2.77 * 1073)
1+ (2.77 * 10-3)(0.99)

Q= (350)< >(0.028)

0.99277
1+ (2.76 1073)

Q= (350)( )(0.028)

Q = (350)(0.99)(0.028) = 9.72W (Answer)

Example: Circumferential aluminum fins (K=200W/mk) is rectangular 1.5cm
wide and 1mm thick are fitted onto a 2.5cm diameter tube. The fin base
temperature is 170°C and the ambient fluid temperature is 25°C . Estimate
the heat lost per fin, If h=130W/m?k.

(mm1) o5 b (.5cml) 4waiiSV (K=200W/mk) OlS4ms sis e saiedddd o py 143 9 gad

55 5(70°C1) 4So_py 548 (o 48 54l (5(2.50m) o8 SAm 5 Aw 4l S 8 ) siudd
AR (S gty 4l aileddy 4o 555 3 dne 28 Lo (25°C) tasosed s4Se JELE a8 (o4l
.(h=130W/m?k)

Given: the type of the fin is circumferential fin <ui_Ses JlSud o 543 jla (5 3840
From page 50 at the Data Book:

Circumferential rectangular fin

t 0.001
Le=L+3= 0.0.15 + ——= 0.0155m
Tye =T + L, = 0.0125 + 0.0155 = 0.028m
A, = t(rye —17) = 0.01(0.028 — 0.0125) = 1.55 * 10~°> m?
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As = 2n(r2, — rf) = 2m(0.0282 — 0.0125%) = 1.5 * 1073 m?

0-5 130 0.5

h
— ) 1 15 ( ) - .
kAm) 0.0155 200 * 1.55 « 107> 0.395

X —axis = L1° (
= 0.4

e 0028 -
r,  0.0125

The curve =

A0 8 (5 p 548 curve 100 SA4Se curve number 2 s 5 (S Lliady X-gxis
%85 4ilSexS » Ay ) 302 fin efficiency os Y-axis A 3 rSes cliag alla
n =85% = 0.85
Q = n* Ag *h(T, = Too)
Q =0.85x1.5%1073x130(170 — 25)
Q = 24.033W  (Answer)

Example: A heating unit is made in the form of a vertical tube fitted with
rectangular section steel fins. The tube height is 1.2m and its outer diameter is
60mm. the fins are 50mm height and 3mm thickness along the tube. The
numbers of fins used are 20. The base and air surrounding temperature are
80°C and 18°C respectively, h=9.3W/m?k. for fin material (k=55.7W/mK).
Calculate the total heat transferred from the tube with fins.

(5480 g Ja8ad o 51 S 5ia Nl gls (S 50 (g0 s 4l o 5) S 50 ()38 a8 (SAnSAy 1 pa
OS4Se sty 5(60MmM) (=So o2 o 5 0(.2M1) 4S5 s ALY 48 Y 3
SS4Se p (5o )le S ASA ) 52 ) 3o LSl (3mm) % (50mm)

324 (8°C1) 55(80°C) susd s (s)sAn 5484y (e 18 (saly (4(20)e ) yiia Sy
Dt o g sl £ 0 4% () S . (k=55.7W/mK) 4Se_s saiue S 51 . (h=9.3W/m2K)
o AMSASe py (5384 0 ASAY ) 53 Al ASy

Given: the type of the fin is circumferential fin < Sed JSud o 45 jla (5 384,
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7 -0.11m |__ﬁ r = 60mm=0.06m
=2

)i (= 3mm=0.03m

I3 L
Cu) >
7.=18°C rl
1=93 Wim%K  80°C |
Solution:

Totol heat transfer with all fins
= heat transfer with one fin * number of fins

Calculation: for heat transfer with one fin :
From page 50 at the Data Book:

Circumferential rectangular fin

L. = L+%= 0.05+02;3= 0.065m
rye =1, + L, = 0.06 + 0.065 = 0.125m
Ay = t(rye —11) = 0.03(0.125 — 0.06) = 0.03(0.065) = 1.95 * 1073 m?
A = 2n(ry. — r{) = 2m(0.125% — 0.062)0.026m?

0.5 93 0.5

h
X — s = L15 (—) = 0.0651° ( ) = 0.153
s =Ee \ka,, 55.7 % 1.95 * 103
. 0.125
The curve = = =2.08=2
rn 006
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) 6 s4Se curve LS 4% curve number 2 A b (aSey Dlaady X-axis
999 4ilSe4S 5 g4k ) 333 fin efficiency o5 Y-axis s 3 (Sed Gliiay alla

n=99% = 0.99
Q =nxAg*h(T, — Ty)
Q = 0.99 * 0.026 * 9.3(80 — 18)
Q = 0.239(62) = 14.841W

Totol heat transfer with all fins
= heat transfer with one fin * number of fins

Totol heat transfer with all fins = 14.841 = 20 = 296.833 W (Answer)

Example 2-6 A current of 200 A is passed through a stainless steel wire (k=19
W/m:-°C). it is 3mm in diameter. The resistivity of the steel may be taken as 70
HQ-cm, and the length of the wire is 1m. The wire is submerged in a liquid at
110°C and experiences a convection heat transfer coefficient of 4kW/m2-°C.
Calculate the center temperature of the wire.

k=19 ) 18 Aa o 6V 50 Sy s 1S 0 o5 (5(200 A) Saas 15 (1.2) 4 e
(70 HQ-cm) 4 4l Al 4S5 (48453 5 R4 s(3mim) s 4l (W/m-°C
5(0°C11) 4 el al ) S o 83 4So sl 5 o(m1) 4Se ol 5 (54843 5550 5 i 180 o 5
54S4ae 2K gLy o ilSoadli (5(4kW/m*-°C) i 8d4a (e 18 (g0 saiind K (54<1 K 5l
A8 Dl JAa 4Se gl 5 (53 U

Solution. All the power generated in the wire must be dissipated by
convection to the liquid:
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o ASALE (5 3ady (i Sddady iy gliad Cuiied 14S0 s 5 4l galady (5L 53 g peta
P=1"R=q=hA(TyTe)
The resistance of the wire is calculated from
o) S Gl 4% sl 5 5 R 0

L _ (70x10°)(100)

R=
AT 2(015)

=0.099Q2

where p is the resistivity of the wire. The surface area of the wire is t dL, so
from Equation

4 43 S o(TrdL) 4Se_sil s 599y sy ARSe Al o R (p) sl
UA\S&Z}S;\A

(200)?(0.099) = 4000 (3 x 102 )(1)(T,, —110) = 3960 W
and Tw =215°C (419°F)
The heat generated per unit volume q is calculated from

ol Sl (‘.4 )20l (5484l 4o 5 galadtse 48

P—qV =qariL

so that
= =560 2MW /m? (5.41*10” Btu/h-ft’)
2(L5x107%)? (1)
) 8 3y2
729 ¢ (6802x10)15x10 )7 515 e goC
4k (4)(19)
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Chapter 3
Y i

Steady state conduction — multiple dimension

idao y o b - (el (8 s

Nodal Equation
T st s 500 (SIS o 48 ALy (5 3840 0 st 3 300 A o 348 (ol ()3 1 s

o S Al 5 0Sen Can s aSalla gy 3K §a o 0 nodal Equation o a4 :aYo
0 A ) jAaJ..S:\. &454&

nodal Equation (& _Siu 5 ) (4 s

32 (SASAIS gl i pileodS RS Caig 50 0 (NODE) s 4515 J& S canse ) 4w s Vs
55 (XA) SASASL 4S o ASAAEISY (o ASAAE 8 ) sa i 41nSe2 4% node Gl G s
2 ASAS K ) ea L) ASAEISY (s 5l 431 AS) ASAILA diisy 51 i (YA) ASAw ) o

Example: write the nodal Equation for node 1 and node 6 as shown in the
Figure below.
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Ol 130 g0 ) A (saSaiig Al o g a6 (IS 51 (S 3 s s (38 (AR Sl 1 g ga
_aJ\JJ

Answer:

31 (SASAEES gl ileedS S Cang y3 o (NOE) s 43l 5 JIa st o) 4k 53y Uis o

o5 iy (XA) 5ASASE 4S o ASASISY (o ASads R ) sa 5l 4iSea 4S5 node YLily (s s
2 ASAGE K ) ga L ASAIISY (g gl 4t A ASAllA dlhoy oy iy (YA) (548454

For node 1:

:DJ‘\_.\J‘)SJJ‘J
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25435 )3 Ko (conduction) 43 484 48 ¢ (1) A 510.50(2) Jiaal
05435 )3 Ko (conduction) 42 454 48 ¢ (1) A 510 59(3) Jiaal
244 53 K6 (conduction) 4 4S4ume 48 ¢ (1) A& 50 0(4) Jaad

254383 863 (conduction) 42 4Sdame 4% ¢ (1) & 310 55(5) Jlaal

Qg +q AV =0
(@z2+q3+qa+qs)+q AV =0

KA AT + KA a7 + KA il + KA i +q (AV)=0
Ax , Ay . Ax 4 Ay . ¢ (V)=

KA ar + KA =l + KA ar + KA a7 + A 1)=0
—_ — D _— ' * =
Ax , Ay . Ax 4 Ay . q (dreax1)

T, —T, T, — T, T,— T,

K(Ay = 1 K(Ax 1 K(Ay * 1 K(A
(ray « D 4 K D= 4 Ky = D=+ K (0
T, — T,
* 1) )+C[' (Ay *Ax+x1) =0 (Answer)
For node 6:
o sAda S35

05435 )31 Ko (conduction) 42 454 48 ¢ (1) A 510.59(7) Jiaad
545 3) Ko (conduction) 4 4S84 2% ¢ (1) LA 500 90(8) Juaal

545 3) Ko (conduction) 4 4S84 2% ¢ (1) A 500 90(9) Juaal
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2545 Sea (conduction) 42 4S4ae 4% ¢ (1) i 510 59(10) Jlaal
Q@) +q AV =0
(g7 +qs+qo+qi0) +q AV =0

(KA il + KA AT + KA il + KA ar >+ (AV)=0
Ax by g Cdx e by )1
(KA AT+KA AT+KA AT+1’(A AT)+ (A 1)=0
- _ - _— . * =
Ax Ay Ax Ay 4 larea
T7; — Tk Tg — T To — T
(K(Ay*l) + K(Ax * 1) + K(Ay * 1) + K(Ax
Ay Ax
T10 — Ts _ _
* 1)T +q (AyxAx*+1) =0 (Answer)

Example: write the nodal Equation for points 1,2,4 as shown in the Figure
below.

03103 iy 1o o)) A& (548 al oy 2,41 JA 5 dsssh (38 ABS s 14 g5
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insulation
_———

1 AX 2 3
AY

h-% {3 - .

Answer:
For node 1:

31 (SASAEES gl i ileeMS 5K Cug a0 (NODE) s 48l s Ja st oy 4y 51 Ui s
oy (XA) ASASs AS o ASAAESY (o ASAAE K ) ga 5L 434S 4Se node JLily (e s
o ASAE K ) g Ly ASAZISY (g gl Al Ay ASAILA iy o, s (yA) (548w ) A
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AX

AY insulation
s
1 AY p 3
2
AX
)
h— I3 5 6
AY AY
- AX | AX

o sAda S g
254383 863 (conduction) 42 4Sdam 2% ¢ (1) i 310 5(2) Jlaal
545 ) K6 (conduction) 42 4S4me 48 ¢ (1) A& 510 5(4) Jlaal

(o At S V4 ¢ laea 5y JailSalla 4l gl Lo (Conduction) 43 e /S o atin & o
_C_a\doajjv \MS«EDJVAEMDJAS (500 P2 (599 AS) Ar ) gliad Lgias (Convection) 4 an\g

Qg +q AV =0

(92 + 94 + Geonvection) + ¢ AV =0

KA il + KA —AT + hAAT | + A 1)=0
— - k3 =
Ax, Ay, q (Area x 1)

A T, —T Ax \T,—T A
[K(—y*l) 2 1+K( *1) “Ay 1+h(7y*1>(Too—T1)]

+q (— * —— * 1) =0 (Answer)



insulation4i s sl S J e 4Sisa 1 (A 50 Cuiali o 485 g0 s il ¢ i
For node 2:

51 SASAEES gl ilee S GAS Qg yd o (NODE) s 48l s Jla s oy 4wy 51 U s
55 (AX) (SASASL 4S o ASAAESY (o ASAAE 8 ) sa L 41nSe1 48 node Gl G s
o ASAS K ) ea L) ASAEISY (s 5l 4% Ay ASAILA iy 51 i (Ay) ASAw ) o

insulation
. ) e e ve—
1 AY 2 AY 3
2 2
AX AX
h—» 4 5 6“
AY AY
v AX AX

1o A3 S
05288 ) Re3 (conduction) 42 484 28 ¢ (2) (A5 520 5e(1) Jiaal
2545 3 5863 (conduction) 42 4S4ume A% ¢ (2) A 510 50(3) Jlaal
25453 sSe3 (conduction) 42 4S4ume 2% ¢ (2) A 310 50(5) Jlaal

Lgc_y\_'ﬁ.\.n)g eyv‘\_j ¢ Qe gy Jailaila O sl Lgsas (Conduction) 4 UAJ‘@ Lsoj&u; °
\Ja).éj -Q\JoJ}Q ‘.M.Sdo‘f\:\uojé\s (50 90 o S99 j‘\S\jM u\j;u‘d L@.\‘C\ (Convection) a“ GAJ‘\g
O (Convection) 43 4S5 9 98 ASAS s (64S) gan 48l 9o o) S J e (50 0 0 sss(Node 2)

o ever

Qg +q AV =0
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(91 + g3 + 95 + Qconvection) T ¢ AV =0

AT AT AT
KA El + KAE + KA ES + hAATconv <+ q (Area * 1) =0
3

T, —T,
Ax

T; — T, Ts — T,
+ K (A 1
Ax (Ax +1) Ay

lK(A%* 1) +K(%* 1) + h(Ax

* 1) (T — Tz)] +q (% * Ax * 1) =0 (Answer)

For node 4:
51 (SASAEES gl ilee S (ASG Cag jd o (NODE) s 4l s Jla st oy 4wy 51 U s
o5 (XA) SASASL 4S o ASAAESY (o ASAAE 8 ) sa L 41nSe1 48 node Gl G s
o ASAE Rl sa L ASAISY (g ol A ASy SIS Ay g iy (yA) (5484w )

insulation
e
1 2 3
AY L
h— 4 5 3
AX AX AY
2 7 2 | AX

1o gAda i )
445 ) o2 (conduction) 4 4Saue 148 ¢ (4) LA 510 50(1) Jaad
05435 )31 Ko (conduction) 42 454 48 ¢ (4) A 510 50(5) Juaal

A4 ) Se2 (conduction) 4x 4S4ue 248 ¢ (4) LA 510 50(7) Jaad
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oS o Atin K a4y ¢ Clasa 5 ) IlSAlA o g L (Conduction) 4x e S (e st K
(D263 g 5 14SA8s s J4AS (g0 0 g (5 59y ASI b () s3] L3 (Convection) 4

Qa)+q AV =0

(CI1 +qs +q7; + qconvection) +q AV =0

KA ar + KA ar + KA AT + hAAT, +qg (A 1) =0
—_— — —_— . k —_
Ay | Ax s Ay conv | +q" (Areax1)

[K(%*l)ﬂ PRy D5 K (S01) 5 +h(Ay*1>(Too—T1)]

Ay Ax 2 Ay
+q (AV)=0
Ax Tl _T4 T5 _T4_ AX T7 _T4
K(— 1) K(Ay * 1 K(— 1)
l 2 )y PRGyrD—— K 1)

+ h(Ay * 1)(T,, — Tl)] +q (AV)=0 (Answer)

Example: write the nodal Equation for node 1 as shown in the Figure below.

o5 9 Ol oo o )l oA (saSATi s Al oy a1 (S S dmssh (S GRS W 1 sa
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h T

-
1 2
h
1.,
3 4
AY
AX
Answer:

For node 1:
51 SASAEES gl ilee S (ASG Qg jd o (NODE) s 4l s Jla st oy 4wy 51 U s
oy (XA) ASASs AS o ASAAESY (o ASAAE K ) ga 5L 434S 48 node Jhily (e s
2 ASAE R ) a1y ASAEISY (s gl 4 A4Sy ASAILA a5 ks (YA) ASAw ) A

AX
h T,
AY
1 R
2
AX

h =
T,

3 4

AY

AX
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Q) +q AV =0

(CIZ +q3 + dconv—left + qconv—top) +q AV =0

AT AT
KA— + KA— + hAAT pny—ieft + hRAAT cony—top | + @ (Area = 1)
Ax Ay .

=0

A T, =T Ax T; —T. A
() e (B) P e ()

2 Ax 2 Ay 2
Ax Ay Ax
+h(7*1)(TOO—T1) +q (7*7* 1>=0 (Answer)

Example: write the nodal Equation for node 5 as shown in the Figure below.

2510 Gl Mo g0 ) 53 (saSaiig Al o g b 5 (IS 5a A g s (S (oAl 5l A g s
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AY h T,

AX

Answer:

For node 5:
51 (SASAEES gl i ilee S GASs Cag a0 (NODE) s 48l s JIa st o) 4y 51 Ui s
o5 (XA) 548481 4S5 ASAALKY (Gl oﬁ@dﬁ)\ﬁ 9L 486l 486 node GLEL (e g
2 ASAE R ) sa 1 ASAEISY (s gl 4 4S5 4SAlA a5 ks (YA) 4SAn )

h T,
1 2 3
AX AX
AY 2 3
-
4 5 ¢
AY
2
h
AY X I,
2
AX 7
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Qq)+q AV =0
(@2+qs+qs+q7;)+q AV =0
< AT AT AT AT

KA— +KA— +KA— +KA— |+q (4 1)=0
Ay Ax ¢ Ax 4 Ay7> q (dreax1)

Tz - Tl
Ay
I; - Ty

Te — T T, —T;
K (A 1
Ax T Kby« 1) Ax

Ax Ax
(K(Ax ‘1) I (CED +KG

* 1) ) +q (Ay*xAx+1) =0 (Answer)

Example: write the nodal Equation for node 2 as shown in the Figure below.

o5l Ol 130 g0 ) A saSaiig Al o s An 2 (R o dnes sy (S G4AAIS 5l 14d s 5ad

AY

AX




Answer:
For node 2:

51 SASAEES gl ilee S GAS Qg yd o (NODE) s 48l s Jla s oy 4wy 51 U s
55 (XA) SASASL 4S o ASAAEISY (o ASAAE 8 ) sa L 41nSe0 48 node Gl G s
o ASAE K ) g Ly ASAZISY (oo gl 4l Ay ASALA iy g, s (yA) (548w ) A

AY

AX

1o A S )
545 ) K6 (conduction) 42 4S4ue 48 ¢ (2) & 510 5(6) Jlaal
254531 %63 (conduction) 42 484 48 ¢ (2) A& 510 90(6) Jaal

o A8 (g st K 2V ¢ a5 JilSalla () gl L (Conduction) 4 a8 (so s &
(363 g 5 134848 s AS (g0 g0 03 (5 99y sAS) fAa () oiia] L3S (Convection) 4

. Slea gy (Convection) o st gy oo 4S5 sa 0 sk ) 50 (AB) (6 5300 4S 4y 51y
(AB).cs 350 (55 A 330 30 Oaiiod IS4y sy Rl 5Ly

(AB)? = (Ax)* + (Ay)? s Sld sl

AB = /(Ax)? + (Ay)?

Qg +q AV =0
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(96 + 94 + Qconvection) T4 AV =0

AT AT
<KA— + KA— + hAAT) +q (Area*x1) =0

Ax ¢ Ay ,
Te — T, Ty —T,
[K(Ay D) K (e )T R(AB = 1) (T~ T)

1
+q (E * Ay * Ax * 1) =0 Because area of triangel

1
=3 * base * height

lK(Ay * 1) TZ; 12 + K(Ax 1) fa— 1o + h (\/(Ax)2 + (Ay)? = 1) (Te
-1,)|
1
+q (E * Ay x Ax * 1) =0 (Answer)

Example: write the nodal Equation for node 1 as shown in the Figure below.

o5 ) Ol o o )l oA (saSATi s Al oy a1 (S B dmssh (S GRS 1 sa
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h T, 6 2

AY

wh

AX 4 3

Answer:
For node 1:

30 oASAIE gl ilee S (5ASs sy (NOE) 520 48l s Ja st e ) Ay 5y Lo s
o9 (XA) 48481 AS 5 ASAAIKY ojﬁwjfgj\ﬁ 9L 486l 48 node GLEL (e g
o ASAE R ) a L ASLIICY (i g 4 ASs ASAA dlhuy gy ol (YA) (5484 )

AX
AY R
£ |
]ﬁ_}, h T,
/? B
AX | AX
2 p]
6 2
h T,
AY
5  AX 4 3

1o Al i g
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05435 )3 Ko (conduction) 42 484 48 ¢ (1) A 510 50(6) Jiaal

o A8 (g st K 2V ¢ a5y JilSalla () gl Leiad (Conduction) 4 a8 (o s &
_Q\JaJ}JV \MS&::JV‘C\.\.MJAS (5090 0 (595) 34\5\)% u\j.-t‘-“d PRk (Convection) a“

a5 (Convection) s sy 5540 4S5 ga 0 Ay ) 50 (AB) (53500 A4S 4oy ol

(AB) 350 oo Ak 33 5 i HlSay ) Kl Ly

2 2 Z -
(AB)* = (Az) + (AJZI) ro Sl gLy
(Ax)*  (Ay)?
~ AB = +
\/ 2 2

Qg +q AV =0

(CI6 + Qconv—-left + CIconv—right) +q AV =0

AT
(KAA_ + hAAT + hAAT) +q (Area*1) =0

X 6
T6 - Tl Ay
[K@y« D=4 h (S 1) (T = T2) + hCAB + 1) (T = Ty)
1 Ay Ax _
+q (5 * 7 * 7 * 1) =0 Because area of triangel
1
=z* base * height
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Te — Ty Ay
K(Ay x 1) o +h<7*1) (T, — T1)

R

1
+q (g * Ay * Ax * 1) =0 (Answer)

Chapter 4 ¢ e

Unsteady state conduction Oul Sl s
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Chapter 4

Unsteady state

23aS% aldla Zutadl
paSe Sla peasd Sl e e Sl canslsa Sila ataiiy Sdla
Lumped Capacity  Semi Infinite with Semi Infinite with Infinite Solid
error function i Multi dimension
Convection Boundary
condition

wlagid ¢ (time) 51 LulieS s ytianliss oy, Chapter 4 S8s by 1 s

The process of heat transfer by conduction where the temperature varies with
time and with space coordinates, is called unsteady or transient.

JaBal 5 s Ja&al ) Koa aSae 4 (sl 1ol gl (aila8ay e 4% (5o sl S (5 )la S
(S b Sl s (el e Sl g

Lumped Capacity :p4S4: Al

Page 57 in the Data Book
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o sAialiod lalla g gy aaSay alls
Lgdq\ﬁ%&y}%d&ﬁc\ﬁm&yeﬂugwu\jbéa‘)uﬁ 1
ALy o 8

Ol e lasa b gl ¥ ) g0 Area s4Se_us 05 se volume 4S4eua (o L8 2

.0 54 ) g

CASed JlSd o sl add (5 3840 480 L

T —To

hA
To——Too = exp l—ﬁ T] at page 57 in the Data Book

Example: a thermocouple junction, which may be approximated as a sphere,
is to be used for temperature measurement in a gas. The h between the
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junction surface and the gas is 400W /m?. K With the junction properties are
K=20W/mK,

A a8 Ly sy 5o i ptiaed IS cay R o 5id el 5 4S (e A8 (Sl 50 1ad g ga
6 s ASAaiials Ja84l o(400W /m2. K) 13948 )R 5 540 55 o)) sl () 1Sy 8
¢« (K=20W/mK) 13485 )99

C, =400 J/kg.K and density 8500kg/m?3 .If thermocouple junction
diameter assumed to be 0.7mm, how long will it take for the junction to reach

199°C, If junction temperature is at 25°C and placed in a gas steam that is at
200°C.

Given: h = 400W /m?. K, Thermal conductivity= K=20W/mK, C, =

400 J/kg.K , density =p = 8500kg/m?3 junction diameter = 0.7mm—
radus = r = 0.35mm = 3.5 * 10~*m, , Initaial temperature T,=25°C, fluid
temperature=T,,=20°C.

Solution:
Lumped Capacity4etSay Silla detd 45 S 50 ,SA5 35 g sy (g0 45
From page 57 in the Data Book:

T—-Te
T, — T

hA;
- P [_ cVp Tl

Surface area of sphere = A; = 4 x w x 12

A; =4 xm*(3.5x107%)2 = 1.53 * 10"® m?

4 % %13

Volume of sphere =V = 3
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4 %10 % (3.5 % 10743
V= ( ) = 1.75% 10719 m3

3
T—-T, l hAg ]

T,—To Pl cvp *

— 400%1.53%¥107°
199-25 e_<400*1.75*10_10*8500>T
200 — 25

099 = e~ (D7

Taking logarithms for both sides
In099 = Ine™ 17
—001=-1

T = 0.041 sec (Answer)

92



Semi Infinite with error function:es 552 il

:5‘54_'\.4“1_'\03 \Jh; 9 94 eajjd ‘_;\S\A

ol .Qj)jgad ASdana GA)& Lfd".. j\S\_Fd 69 ‘V_,’_t\dl_a OledSdana &Lu\:ﬁ =2 4\55JMJ£
P JA A il 53 e A8 0 g1 348 Iy e flux (oo S oo 5

SU fluid omb e gl zands 4Ss sl »

tOMSed JSad o bl a4 (5 3840 4 Hla

Tx_To _

erf ad
Ti-To 23T

at page 58 in the Data Book

Example: A thick concrete wall fairly large in size initially at 30°C suddenly has
its surface temperature increased to 600°C . Determine the depth at which

the temperature become 400°C after 25 minutes. Thermal diffusivity is
4.92* 10~"m? /s and K=1.28 W/mK.

sl )l (30°C) 43 Lo s Dol al J ) lea) Y5 ) s (5 )S3 35S (S5 ) 590 140 5 g
Ay e ol oo A8 (54l 4S 48y (5 o 4S5 8 (600°C) 50 1S ol (5480 55y (e AS
. K=1.28 W/mK o5 «=4.92* 10~"m? /s.&lsa 25 )52 (400°C)

Given: Initaial temperature = T;=30 °C, surface temperature=T, =600°C. T
=400°C , Thermal diffusivity =x=4.92* 10~"m? /s,Thermal conductivity=
K=1.28 W/mK

Solution:
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At A3) 4S5 5 93 SA5 (5 fluid (b o 9 6 5 )0 AS4ans S dimension €M) 5 zua go A0 Al
‘\"Q"J}J ‘_;\}\A

Semi Infinite with error function

From page 58 in the Data Book:

Ty — T, X
=erf
T, — T, 2V T
400 — 600 X
30-600 2v4.92 * 10~7 = 1500
X
035 =erf 0.054
0.35 =erf(2)
. X
FZ= Gy e ey

According to the table from page 59 in the Data Book:

o siud e o sady 5323 0,35 Ula 1o erf(z) sl (maSed y 1ae4S4y 5 column 4
4 sle S A0 4d) 548 0.35 A4Sy 35 5 AS o5l e 530.35928 135S (5 3 ) Uil laedSay
U A0 A A3ledSo (2) (A iedi 050,33 41 Agiy 0 AS b5l a5 Lt a1 4S oy 53 Saoalaa

0 AASAy (AL ol

(D

X
33 =—— = 0.01782m = 1.782
0.33 0.052 - x=0.01782m 782 cm

The depth=x=0.01782 m=1.782 cm (Answer)
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Semi Infinite with Convection Boundary condition:e4s o s

:ojﬁguu::d \.lh; 9 94 (’4')(5““(;'4}1;
ol .Qj)jgad ASdana ‘5&)45 LSAA:‘ j\SM 69 (_,3.1\.3\.1 OlbedSdana &Lm\:é =2 ‘\SDJ\MJ:I
qA_/Ad%ﬁ%ﬁgb‘ﬁéﬁ\%oufluxwﬁbﬁbﬂagbd

25l Sy oo T (s4Sdne 48 aly 5uSe hoy CilSed fluid el 4o sl y

:0Sed JKalis o Chart atd (s 5840 45 jlau

1.0

0.8 -

0.4

0.2

0.02

0.1

0 0.5 1.0 1.

o ar
Fig. 4-5 Temperature distribution in the semi-infinite solid with
convection boundary condition.
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ASo sy ey s SHla Al AS a8 Lgid oo s (gaialla Ja8ad oy s Slls (6 ) sl
aS Q:tﬁ\jad \Jaﬂo‘j_@\ﬂt\g‘d T (FIU|d) ASdaa \JADJ\}% &M‘A Al e\g‘u ) (F|U|d)‘_,’_ul_1

0.5 Sy 4SeFuid (oo A8 o4l (b (5456 (h) aS4ylal4&4l ¢ Fluid

5 a4 (4 ySed S el ) siiAy LASA) AR ASAAB Jlw  3a 550 ety o s 4
toiSed Hl&ak s 0 60 5_aaY (s chart s 5a4e 456 ) il

5500 (time)ASails 14Se s jl jalas

554 (time)ASalS 1:4Se jluu pal a4

t 9530 (time)aSasls 1S sl yal A&

CilSea X (5o sAh 333 (5 513 o gi) sdaindy (L 1o x Al ClSea e 4 (Al (50 s 30 () 5l | g
aﬂ@ojl.aj A3lSs0 4\55}4.5\)}3.1 Y-axis UaJM Calisd J}.}\JJ (T) J4§4.‘1 ¢ (T)\J ‘_54)‘\5 é@a\{d

V- (540 e 5 dath € 55 S 5o § ATS03 gl 480 g4y ) 203 k(xt 4diSla a4 4% curve QLEb

OSed Cliiay JWA 5 ) ) 5 54 curve 19k sS4l s 54Ss curve A 3 oMSes cliiad axis
X-axis 35 (sASAS gla 4iluSdy s jla § pdlio 5,0y (503 1084 jla § 4 4S X-axis w5

(sl 5iAn pa ) g 1 x 4) g0 S (a8 (saly (g0 Al )30 5 sl aSad aYay, %M_tdmﬁi

ol 45 curve (L 4Ss sl ) 333 X-axis Ul ?‘\54:’ A5 50 414800 (g4 Aaiy d S GlaubyaS

hy/ot

laly sS4l o 9 4Se curve A 5 (ASed Cilliadt X-axis s4Se jla 5 4att ¢ o sy ) 5303 A iiSly
adio 5.y 3 (503 1284 e 5 A1 4S Yoaxis w51 MSed Cliiad JIA g0 | 40 (5 0 (5456 curve

Y-axis ¢ 4SS gl 4 ailuSay 4 jla

A3lSe 455)4.14)}3.\ Y-axis uDJM Calisd _}).)\J.J 43 (t|me)¢S‘LﬂS \J‘\Sa‘)hu‘)&d J‘\g‘\_\
> Ak ) 3% X-axis il sd (4Se2 (s assume 455 il ey S S (e ja il dle jla 3

5 OASed laans X-axis (s4Se_jle § 4t ¢ o Al ) J20 h\l/:Tt

4l ads 4Ss curve OLibis g
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Al 4S Yoaxis A 3 (pSed Cliiad JIA sti | sl (5 p (5456 curve 1ok sS4l s 5456 curve A
s pASAAS (8o 5 5) A 12 Y-axis (s (s4Se a5 JA8Al g sl 3 a5,y 0 (53 1284 jla 3
| 320 0 A4Sl (5 53 50 JA8AS ¢ 030 Ol (S35 0 sASAAd Ao Jla 3 550 pd (il 3 e 0 sadlay ) 30
Ui 5 AiSo0 )l 93 gy S sl (ladn o sty lailay Sy 53 (SHIS (5 5l Caion
Y-axis (s4Sduliadi o jla 3 Cuied (S Cuf ASed Caned (JlaSe e S

Example: a steel ingot (large in size) heated uniformly to 415°C is hardened by
quenching it in an engine oil maintain at 20°C with h = 58W /m?°C.

Determine the time required for the temperature to reach 595°C at a depth of

12mm. Steel has those properties p = 7833;—g C =465]/kg.K ,k =

3)

48W /m.°C. The ingot may be approximated as a large flat plate.

4 ) S A% (415°C) 3018 aAS g ga S sili 4y (obad ad J3) Y 3 (SAALS Hlo i g ga
S\ (h = 58W/m?°C) 4 (20°C) A s.ste sl slia 1o jaiis iy Siis ) 4l Slahgs

25 Y5 03(12mm) (A58 4 (595°C) 405a (e AR (54l (oo st 3 4Ky (5l o
aSaid a p = 7833%, C=465]/kg.K , k = 48W /m.°C 4ras saamaiays
o A8 a5 Sl o g W) 5 il )

Given: Initaial temperature = T;=415 °C, fluid temperature=T,, =20°C. T
=595°C, depth x= 12mm=0.012m. p = 7833 %, C =465]/kg.K ,k =
48W /m.°C

Solution:

4t 43) 4S5 5 S fluid (b o 0 5) )45 AS4ana S (dimension) €M) 5 zua (go A Al
Aty o Al
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Semi infinite with convection boundary condition.
From page 60 in the Data Book:
Ao A e JaBAD gty Ana

6)\%4\)6454\_15.\Sd'1~ o;oﬁYM

Infinite Solid :pe_) s> ills

GiSea Sl Heisler chart 4x (o54Se ) 3o oo b 48 o5 51eSh ) 3o o dd o)l 52 Sl
_é‘\,ﬁ&o‘)j; (o AR Mc‘j

1. Infinite plate
2. Longcylinder
3. Sphere

1. Infinite plate

-°‘5\J‘5.'t’.',’ 05454:\;\3.4: L;.u\‘ecjw (X) 53 (|_2) A3lSs2 Ls‘\s‘\_\.ul_a a8 ¢ oj\)}\j 6454.\.11:1 4\5;\.\.“.4.
4So jlew 1S (Fluid) Jagal 45) \AS.UL?\LI Ja&d l<ea convection aSaiily (oY g0 pao g
éu\ébjﬁd}\)ﬁ\jé@ﬁ)}jﬁﬂd@ \JA\S%LSJM\‘)VQJB‘GQEDJ@)&&%&D}M&)}J&D}\J

5 i ol S s LSS (5l 3] o St

Data 4165 s ¥ s chart | s 1aaSaiily in) o diada S e A8 (s4ly (50 Al )30 (g0 5la ASAS
Al ) S ssn Al 38 a8 (saly (g0 st )33 (505l ARG oV ¢ (i )84y 14SeBook
chart (s 34z o s )30 1Sl il o 5l 4l o 28 (sl Catiod Lo s | 55 oaSattly sl o oL
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Al o 48 Al (o A 550 3 Cied b (laiun shy 4S0 s 1MS4SeData Book 4 65 o Y
il o sl Al 5l 5315 (S ssn Al (a8 ALy il g s aSaily i gl Al 535 (S0
J¥S4SeData Book 4166 o ¥ s chart (sa4s s sy ) §2e Jaasaiily

SCHEMATIC:

|
|
|
|
|
|
1
1
|
I h T
|
|
|
|
|
|

o S g5yl gl ) Sdmyeaal 9903 S e 48 (oaly (g0 Ak )53 (5] 912 ASe sl yy 8D i
(X) 4S5 gn ASAED il o gl (g0 s8n () 3B Ay 590 pa5 Al Cilied | 43 0 0 (surface)d 430
p}\)}éﬁb}é\ﬁu\)b;ﬁd

Heat transfer ) 5538 63l S )Rl e 28 (5 1 o A% 330 () 510 480 Jlaw yy 8 1
1245 Data Book 4 (ualS4 67 o ¥ (s chart ) s 4S48ily (50 g0 o2 310 saSatily bl (rate
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Example: A plane wall is 0.12m thick ,made of material of density 7800kg/m?,
thermal conductivity 45W/mK, and specific heat 465 J/kg.K. It is initially at a
uniform temperature of 310°C, the wall is exposed suddenly to convection on
both sides at 30°C with a convection heat transfer coefficient of 450W /m?.K .
Determine the temperature after 8 minute at (1)mid plane (2) 0.03m from
center.

¢ (7800kg/m3) = Stivw #S (5 5) Sini g )3 o sival (0.12mM) el Sl g3 14d g gl
SAnLy 41 Uo (465 J/kg.K) o3 e S 5 «(45W/mK) (oo 28 (bl (Uil 5
(30°C) 4l o staSY 550 a4l i Klan sy 45 AS ppad 4So 5l 53 a3ld 310°C Sz (e S
48 (5 ) 4840 & saly (450W /m2.K) oS o saiind & 5 Klua SansI S s 4,

o goio g 4l (0.03m) (2) laaSadiads; ) Al p gl (1) ol Sl s (8) b

Given: density =p = 7800kg/m3, Thermal conductivity= K=20W/mK, C =400
J/kg.K Thickness=2L=0.12m — L = 0.06m ,initial temperature=T; = 310°C
,fluid temperature=T,,=30°C. h = 450W /m?.K , time =t =8
minute=8*60sec=480sec.

Solution:

GlSea convection 484l (oY s 4Aa o5 o) il ) ASiuly 0l 1346 jlaw yy 4l (g0 540 Al
320 sInfinite Solid po ) 53 (silla 4w 43l A< <1S (Fluid) JaZal 4 5 1S5 8L Jaal
infinite plate 43l 5 4luasay
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SCHEMATIC:

|
|
|
|
|
|
1
1
I
I h T
|
I
I
I
I
I

From page 63 and page 65 in the Data Book:

k20
" pxC, 7800 %400

o = 6.41 1076 m? /s

. XT  6.41%x10"° 480
X-axis=— = = 0.85
L? 0.062

hL_450*0.06_135
k 20 -

) 925 (5 p 54Se curve 1AL Sl s 5 4Ss curve dw i (ASed Cilliad X-gxis s4Se sl 4ad
0.52 4daiy s jla§ pdio 5.y o (503 13840 jla 5 41 4S Yoaxis s 32 ASed Cliad JIA g

The curve =

Y — axis = 052 = 2%
axiLs = u. _Ti—Too
057 T, — 30
"7 310-=30
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145.6 =T, — 30
145.6 +30 =T,
T, = 175.6°C

Temperature at the mid of the plate=
T, = 175.6°C (Answer)
From page 63 and page 66 in the Data Book:

. hL  450%0.06
X-axis=— = = 1.35
k 20

- _x 003
eCU,TUB—L—O.O6—

| 23 (5 1 548 curve 130 sS4l s 54Ss curve st i (4Sed Ciliiad X-gxis 4Se sl 4ad
0.89 4y e jla§ pdlo 5. Cu 3 (03 138400 jla§ 41 4S Y-axis a2 (paSed Cilias JIA sl

0.5

T, /1 — T
Y —axis = 0.89 = ;fO/L_—TOO
T, — 30
0.89 = 2/~
175.6 — 30

129.58 = Ty, — 30

Ty, = 159.58°C (Answer)
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Example: a plate of 20cm thickness at temperature of 500°C ; k=57W/m°C,
suddenly air at 25°C is blown over the surface with h=200W /m?2.°C,

x= 11.85 * 107°>m? /sec. (1) At what time the mid temperature will be
240°C. (2)At what time the temperature at 1cm from the surface will be
240°C.

Al ((k=57W/m°C) 13(500°C) e rAS (54l 4l ) sinel (20cm) Sy s 5
(x=11.85 % 107>m? /sec) «(h=200W /m?2.°C) 4 ) » 1a1Se 55, sauds (25°C)
A e A8 o4y 1SHIS a4 (2) .(240°C) iz Cand p sl e A8 54y 1SHS o 4l (1)

(240°C) 43iea (5450 55y 0 541 (1cm)

Given: Thickness=2L=20cm — L = 10cm = 0.1m, initial temperature=T; =
500°C ,Thermal conductivity= K=20W/mK, fluid temperature=T,,=25°C. K,
h = 200W /m?.°C, x= 11.85 * 10™>m? /s

Solution:

Ao convection AS4iily (Y 53 4a o5 o5 il ) aSiily il 1S jlas gy Al (6o A0 Al
32 sInfinite Solid so_) sa (illa deds ) 4SS (Fluid) JaSad 4l 5 1S5 ) &Ls JaZal
infinite plate 43 5 4lluaSay
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SCHEMATIC:

— X
[
|
|
[
|
|
|
I
h
L. | h T,

[
I
I
I
I
I

< 2L —

1-  Mid temperature:
From page 63 and page 65 in the Data Book:
Y . To — T
axis = T.—T,
v _ _240—25_045
T 500-25
- _hL_200>|<0.1_035
e curve = P 7 = 0.

X —axis = 2.7 according to the chart

X T

X—axis=2.7=L—2

, 11.85% 1072 x T
B 0.12

104



0.027 =11.85%*10 5%

_ 0027
~11.85% 1075

T = 227.84 sec (Answer)

2- At what time the mid temperature at 1cm from the surface will be
240°C.

QégaJ(OC25~) 450‘5‘5‘25‘541(?;1) duu\‘)vo‘gbﬁjﬂ\ggé\jﬁu&@d

o AASe gyl gl Y ) SAn 93l 5503 S e 48 (Al (5o AL )33 () 510 ASe iy SN A
(X) 4 on ASAED il o gl (o sRn () 3B Ay 550 paS Al Cilied | 43 0 g0 (surface)ad 430
_b)\)}éﬁb}‘\lﬂ\)vbjm

L=10cm but x=10-1=9cm =0.09m
From the chart of page 66 in the Data Book:

x 0.09
L 01
hL 200 *0.1
The curve = " = T = 0.35

Y —axis = 0.91 accorging to the chart

T, 1— Ty
Y—axis=0.91=;fo/l_—Too
091_240—25
T T, =25

0.91(T, — 25) = 215
(T, — 25) = 236.26
T, = 261.26°C
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Temperature at the mid of the plate=261.26°C when the surface will be
240°C.

ik (°C2E+) 4S5 lHISOC) 2711, 21=43ly) (Sl sl 4l (e 28 g4

From page 6 3in the Data Book:

v Ty = T
axlS_Ti_Too
v __261.26—25_049~05
axis = —gon e — 049 =0,

X-axis=2.35 according to the chart

X T
X—axis=2.35=F

XT

535 _ 11.85% 107> % T
R 0.12

0.0235=11.85%10"°*7

_0.0235
"~ 11.85% 1075

T = 207.04 sec (Answer)

2. Longcylinder
45454{9] (5090 02 (595009 _0_5\‘)_5;3:1. a\y\S‘\S‘d\,ﬂ ‘_é.m\‘ecjw (r) 5_5\)3\‘} &455‘):\35_9:\3 ASQ\SM)S
by (g0 548 533 (g0 5 4Se jlus 5 IS (Fluid) JaSad il 5 1aS )& Ls Jafad \Sea convection
é.j’.\\& LE\JM 0_34:\.\.&\‘20_91_.1 ‘d _5\‘).1\‘) é@)j}d 41 ULJ \J‘\S‘\S‘d)& é\.w\‘gbju ‘d OS2 GAJ‘\g
53 s ol sl S b
41 68 oY (s chart |5 1aSaSal gl il o sl 4l 38 e A8 (saly (g0 st )50 (o5 Al
S A 3 S e A8 aly (o i y30 oo gly a&ad Y4y ¢ iS4 1MSeData Book
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o A 53 14SASAT 1 il o g5 Al e A (AL ik Lo g | S 13SASAT o) i) o g3 41 ) 5305
sady (oo A 3 30 e L (laow 9 4S5 sa 104S4SsData Book 4 68 o 4Y s chart s sa4
5105 S50 Al (e A8 (saly il 50 0 aSaSal gl il gl al il ) (Sam g9 Al a8

JMS4SData Book 4169 o A¥ (5 chart 3840 o sty ) 520 134SaSal o} il o 5l

o AASe gyl gl Y ) SAn 93l 5503 S e S (Al (5o Al )33 () 510 ASe iy SN A
(r) A oo ASASal g1 i) o 5l (o3 oS () 3B Ay 559 add Al Ctiied | 3 0 0 (surface)4d 43l g
_a)\‘)‘};\ga‘yﬂu\‘gaju‘d

Heat transfer ) 5538 63l SRl e 48 (5 1 o Ak 330 () 510 4Se Jlam yy & 1 s
Data Book 4l (nial&4s 70 »_a¥ (s chart | s 4848l (g0 0 2 53 0 saSaSal ol (Ul (rate
134Se

Example: a long cylindrical bar of radius 80mm comes out off oven at 830°C
and is cooled by quenching in a large bath of 40°C coolant. The heat transfer
coefficient between the bar and coolant is 180W /m?. K . Determine the time
required the shaft center to reach 120°C . If (K=17.4 W/mK and <= 5.28 *
107% m?/sec)

Al Gy jaea s sial )50 050 303 (BOMM) e s (S5 ) 3300 (Shdnd 145 g e
GASASI S 5la o g0 14S3 jls (40°C) (1) (sSiske S 4l CilSod Sy 0 o 5l 2w 5 (830°C)
($480 5 53 Cansy iy S o(180W /M2 K) 050 ASI w5 ASInE (e 148 o il K () g4l
(K=17.4 W/mK and oc= 5.28 * 845 43 <50 (120°C) U o 5l 4S5 (5 )l
107% m?/sec)
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Given: Thermal conductivity= K=17.4W/mK, x= 5.28 * 107® m? /sec,
Ry, = 80mm = 0.08m, initial temperature=T; = 830°C ,fluid
temperature=T,,=40°C. h = 180W /mZ.K , T, = 120°C, time =t =7?

Solution:

JaZ4l ¢S convection 48484l ol (5 92 jAno 5 09l yil ) (54Ss o o1 ASISA o] by (g0 dd sl
@laes 5 33 (5 320 sInfinite Solid e sa lla 4w 43l 4SS (Fluid) Jalad 45 5 12 &L
Long cylinder 43l

From page 63 and page 68 in the Data Book:

okl ) gaSauS al TA o oy ¢ 1Y a}oﬁy‘d:

Y . To — T
axis = Ti — Too
Ve 12040
T 830-40
- _hRy _180:0.08
€ curve = 2 = 17 4 = V.
*10 6% *x10 6%
X-axis=2 = 0(1'2 _ 5.28 102 T _ 5.28%10 _31’
Ry 0.08 6.4x10

0.0128 =5.28 10 %1
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_0.0128
~ 5.28% 1076

T = 2424.24 sec (Answer)

3 548 curve 194 Sl o 5456 curve s 3 (rSed Ciliiayi Y-axis (s48e jla § 4arin 54848l
2 Adaiy e jla 3 a5, g3 (03 13840 a5 A1 4S X-axis e 32 (paSed lieans JIA st ) gl

3. Sphere

o0 03 (59905 05 ysh o ASU R Jiul g slial (r) ol il ) (548 o g 4Say R

50512 4So jlus yy 1S (Fluid) J4a8ad 43l 5 1585 580 Ja8al ¢ilSea convection 484 K

500 Samnast A ol 1SR i) el 4l lSey (0 A8 Ay (g0l )50
543 st Ol ) Sy )b (SELS () 54l & Al o U

o A & chart | 1S R il o sl ad 2 S oo 48 (ool (g0 gy )30 (g0 )y aSas
Al 3 S e 48 (ol (g0 A% 330 o sy AR oV ¢ (i JlS4y 1SeData Book 4 68
i) g g Al (a8 (sl Cuied Lo s | g 0 AS R il o sl 4l ) i) (S 500
4isa 1MS4SsData Book 41 68 o AN 5 chart a4 oAby xS S
el g Al 5l i) (Sam e A e a8 oaly o3 B e (G Ol b
o sty )32 1S4y R sl o gl 4l 5155 (San 0 ) e a8 aly il g 0 Sy R

J2484SData Book 4 69 o ¥ s chart a4

Y

o strtSo 55y Al g i) (S sl 950 S (e A8 ALy (0 st )33 () 513 ASe jlams yy ASAS T S
(r) 45.1_9% 4\54,3)@ ‘f'h.n\‘eo_gutgcﬁ;‘u. QgJﬁ%JJJJeﬁM;\SQQQcJ \_54\30_55 (surface)‘\i‘\i\j
_DJ\J‘%E.:ID)AL&\‘)VDJM
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Heat transfer )58 5l SRl (o0 28 (5 p (oo st 330 (51513 480l py ARG 1 s
)2Ss Data Book 4l (iialS4s 70 o Y (s chart ) 554840 8 (g0 50 o2 530 484 K 5Ll (rate

Multi dimension :pdaiiy s

From page 74 in the Data book:
1113 430 3) sl o 5 el

/P|I|S|),) PlI,bPuJ:)\

1
|

b2 .——l
(a) semi-inhinite plate; (b) infinte rectlangular bar
(.S(A‘rPnl‘nl'..t:n /P(x,lP(X_\)NX‘)

=

(c) semi-infinite (d) rectangular parralielepiped.
rectangular bar”

CO®)PX)

c@ s

(e) semi-infintte cylinder, (N short cylinder
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) 51246 Jlaw yo 50 ) Y ) (5484l 4STL (semi-infinite plate)daiy » (a) w4iis
4 S0 Calods g 5 ASATHL (gt Al Ab (551 i) ) (S50 DlSed A e AR (g4l (g0 g 32
_ajéh“)vajw‘j\‘)}‘)é@‘)jd01,30‘94:\“‘20‘91_3

P(X)S(X1) = ——=

() S = 5

45 infinite plate S ¢y P(X) (Ao S0
oSk by S(X1) o s lSed

45 Semi-infinite solid with convection boundary condition

) 513 4Se sl yo 90 9) il 5 Y 93 5 333 (infinite rectangular bar) 44 » (b) w4y
JoSdana Sl g gl lSea Glila o 4% saly (50 ny ) 50

(0]

P(Xy) P(X3) = T T

4l infinite plate oS o5 P(X;) Ao Sl

4l infinite plate oS o s P (X)) s lS0

4o jlaw yo 90 5 51l 5 6Y 53 s 530 (Semi-infinite rectangular bar) 4d4dh » (c) w4y
4 S0 oo 5 0 ASATHL (g 4l (550 i) ) (S50 DSen Allla o AR (saly (g0 Al )50 51 5l
_o}‘\h\)vajwj\)l\jé«ﬁ))dOL}{:}‘\L&J}}U
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(0.0)

SX) P(X1) PXy) = 7———
T, — T,
4l 5 infinite plate s_oSi by P (X)) s\l
45 infinite plate Sl &b s P(X,)) (i s lSud
G b g S(X) i s SeS

45 Semi-infinite solid with convection boundary condition

lamSay 5 yo Ja8ad o5l 5 6Y 53 s 330 (rectangular parallelepiped) 44y (d) i
S 69 Sl é@&;ﬂ Clea lila u.a)é\g Lg‘\l\ 60 gA )33 gl gla 450)1%&»#0}

(0¢]

P(X)P(Xy) P(Xs) = ——=
(XP(X3) P(X3) T.—T,

4l infinite plate oS by P (X)) Sl

4l 5 infinite plate S cby P(X,) o Sl

4l infinite plate cUSsd oy P(X3) i s S

S0 524 )33 (6) 910 4Se jlans yo 50 5) Y ) (5456 i3 (Semi-infinite cylinder) 4 » (e) w4y
ojﬁu‘gc)UﬁéﬁSchchjoﬂﬁdﬁd&gda}cj\)}\jé@‘)jd‘dQﬁcdtﬂg&w‘ﬁgdéﬂg

o Akl o sl ) 5l 5 (Sam )52 O
c6) S ==
T =Ty

iy C(0) S i
45 Infinite solid (Long cylinder)
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s d s S(X) i Sl

45 Semi-infinite solid with convection boundary condition

(51 0 48 Jlans y 5 12484y 53 53 Ja84d s 5l 5l 3 54Ss i (short cylinder) Ay (f) s4aiis
dﬂé‘gﬁaddada}aﬁﬁd}g@dg‘s\)}\jé@‘)‘gjQ\Sod&ﬂi&wﬁgdﬁ.aaﬂjjd
o sl o sl ol i) (S 59 Ol o A o 5l

c) PX) = #
l o0

solides C(O) o \Sud

4l 5 Infinite solid (Long cylinder)

A5 infinite plate Sed o s P(X) (e 1S

Example: a cube of aluminum 10cm on each side is initially at a temperature
of 300°C and is immersed in a fluid at 100°C . The heat transfer coefficient is
900W/m?.°C. Calculate the temperature in the center of one face after 1min.
Take ox= 8.418 * 10™°m? /s, k = 220W /m.°C

5(300°C) Spe 8 (salyalolio ps ¥ pn sl (10cm) p spieaad (S gllodads 14l g s
o il £ (900W/m2.°C) (oo AS 4nSasl S la (100°C) 41 ol Al iy (550 o sBsh
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0= 8.418 * o S 05 A T iy 55y g sASeio s 41 48y e San 4Sape 28 (4l
1075m?/s, k = 220W /m.°C

Given: 2L=10cm=0. 1m — L=0.05m, initial temperature =T;= 300°C, fluid
temperature =T,, =100°C, heat transfer coefficient =h=900W/m?. °C,
time=7=1 min=60sec. x= 8.418 * 10™°>m? /s k = 220W /m.°C

Solution:
SCHEMATIC:
From the chart of page 65 in the
Data Book: 7|T
GASAES 41 10 5 Y (saSay H\STia 5 4l 21 =0.1 |
1okl JL g
X T o 2L=0.1
X —axis = 1z k—2L=0.1—F
_ 8418*107° x 60
B 0.052
= 20.02 = 20
hL 900 = 0.05
The curve = —=———=10.2

k 220

Y —axis = 0.02 accorging to the chart

Y '—OOZ—P(X)—T_TOO

axis = 0.02 = 1 _Ti_Too
0,02 T — 100
7300 =100

0.02%200=T —100

4=T—-100 - T =100+ 4 =104°C (Answer)
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Example: a cube of aluminum 12cm on each side is initially at a temperature
of 400°C and is suddenly immersed in a tank of oil maintained at 85°C . The
heat transfer coefficient is 1100W/m?.°C. Calculate the temperature at 1cm
far from the three faces after 2 minutes. Take = 8.418 x 10~°>m?/s

k =220W /m.°C

5433 (400°C) o8 (saly Al Us_sws (12em) S As a jriedldd (S slludidd 145 5a
2 A8 o tiind K 4Sa<I K ol (85°C) 4l o o sla 5y SIS Al g g agigi pal

2 Lo AnSe 5 ) o a4l 550 (1em) A4Sy le 34s 4S4ae 148 s4ly 5(1100W/m?.°C)
ol A

Given: 2L=12cm=0. 12m — L=0.06m, initial temperature =T;= 400°C, fluid
temperature =T,, =85°C, heat transfer coefficient =h=1100W/m?. °C,
x=0.01m from the surfaces=0.11m from the center, time=7=2 min=120sec. Xx=

8.418 * 10™°>m?/s k = 220W /m.°C

0 frSo g gyl ol ¥ ) S )eral g9 S e 4S8 iy (g A )30 (5] 910 ASo jlans yy ASAG ;A
(X) 4Sign ASA R il o g (g0 d R0 (3K Ay 55 Al Ciied | 4l s 0 (surface)d 43l

p;\)}éﬁb}é\h\)ﬁ;ﬁd
Solution:
. SCHEMATIC:
From the chart of page 65 in the Data
Book:
P(X,) = P(X;) = P(Xs) T
21L=0.12
. XT 8.418 * 10_5 * 120 JL RN /?I
X —axis = 12 = 0.062 21=0.12
. 21.=0.12 '
— 285 - -
hL 1100 % 0.06
The curve = — = = 0.3

k 220

Y — axis = 0.48 accorging to the chart
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T, — T

Y —axis = 0.48 =
axis T.—T,

1cm from the surface:

b AASe g9yl gl ) SAm 93l 503 S e 48 (aly (5o Al )5 () 10 ASe s yy eSS ;A
(X) 4% san aSaiily il go gl (5o % Sy () B A 55 99 add 4l Ciiod | 5 0 0 (surface)4d 43l 5

p;\)}ﬁb}@\)vojm
L=0.06cm but x=0.06-0.01=0.05cm
From the chart of page 66 in the Data Book:
Th X2 _og
ve = — = = U.
C e = T 7 0.06 k—012__y
Y aie = ML _ 11005006 _ |
TR T T 220 T l 0.12
'0.5

Y — axis = 0.94 accorging to the chart :%‘

Ty~ Too

Y —axis = 094 = =
axis TO—TOO

P(Xy) = (Y —axis)y—¢ * (Y — axis) =g o5 = 0.94 * 0.48=0.45
P(X,) =0.45

P(X,) = P(X,) = P(X3) =0.45

T—T,
P(X1) * P(X3) * P(X3) = T, - T,
0.45 * 0.45 % 0.45 = — 52

400 — 85
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T — 85
315

287=T-85 - T =287+ 85=113.7°C(Anser)

0.091 =

Types of convection
fa sl S e

Free Convection (Chapter 7)

g Sl s &6 (fluid) @l <680
Forced Convection

Sk (Sl s (fluid) o <opds

Flow over flat plates Flow across tube or duct
(Chapter 5) (Chapter 6)
MODULE
CONVECTION

Convection Heat Transfer-Requirements

G (e A8 (o i R St 5l

The heat transfer by convection requires a solid - fluid interface, a
temperature difference between the solid surface and the surrounding fluid
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and a motion of the fluid. The process of heat transfer by convection would

occur when there is a movement of macro-particles of the fluid in space from

a region of higher temperature to lower temperature.

Al (Sl ((OBLE -Boy ) 5 AN e A enghy KA (e A8 (o gainl S

358 iy 4 LS Al ga o5 o sn s4Se LS 5 4Se AL 05y )il (S

Iulis 4l aSals lSeay5 aslpis  (gadsn LS s 5y, o Shads o A8 (oo il £
e e 28 il sae e i) e (e A8 gy (Sads g4l Cuivia

Convection Heat Transfer Mechanism Sa e 48 (oo i K e 3uilSae

Let us imagine a heated solid surface, say a plane wall at a temperature
Tw placed in an atmosphere at temperature T, Figure 2.1 Since all real fluids
are viscous, the fluid particles adjacent to the solid surface will stick to the
surface. The fluid particle at A, which is at a lower temperature, will receive
heat energy from the plate by conduction.

Al Al aad (Sl ol ol e A8 e (S ledd sl i e 4B b

o JELE 5 getn (oo iyl (2.1) Loty ¢ T, oS saly Al ISuiaS Ad i I T, e S

5480 55 A (b sind 5 ASo Ay 055y 51 (00 o sl ASe JIELE SISASs 53 ¢ lSadaial

B s oS oy Al Jied e AR (el Al a8y A 4l 4S JRLE lSass s
(OlaSay » aSaiilul

The internal energy of the particle would Increase and when the
particle moves away from the solid surface (wall or plate) and collides with
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another fluid particle at B which is at the ambient temperature, it will transfer
a part of its stored energy to B. And, the temperature of the fluid particle at B
would increase. In this way, the heat energy is transferred from the heated
plate to the surrounding fluid. Therefore in the process of heat transfer by
convection involves a combined action of heat conduction, energy storage and
transfer of energy by mixing motion of fluid particles.
D) 533) o gASA8s o g )4l il gmon ASAS] i LIS & 5 ClSoa aly ) ASASs S (Ko gl (50 ) 5
oS Al 1 aS 12 B Al ol JELE (5 5 (Sans] a4y CuidiSen (535 0 g (ily Oy
512 B AdaSe LS (0 A8 (saly o s B 520 s 3l Rod (5480 5l S AR 0 ) 5 (S cgld s ) 0
5480 JELE 330 4Ss o) e A8 il al o g ) ) Ro (e 48 (0 35 <)) pdd S0
AR (o gl S 5S (s )18 el Bdan s (e S (oo i & (o33 4l o 05 ad (503l 52
ASs J8LE Sas s o SIS (g4l ga 4055 (s il S 50 5 (SIS (a8

Figure Principle of heat transfer by convection

CEIAn 45 (e 48 (g0 i) R (slediy (54l

Free and Forced Convection ) S Ay s oy s 55 Saa

When the mixing motion of the fluid particles is the result of the density
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difference caused by a temperature gradient, the process of heat transfer is
called natural or free convection. When the mixing motion is created by an
artificial means (by some external agent), the process of heat transfer is called
forced convection, it is essential to have knowledge of the characteristics of
fluid flow. Since the effectiveness of heat transfer by convection depends
largely on the mixing

‘uby\sw;@\ju;@Mm)msuw@\s&,w@)s}&L;AJPams

&)\54)4 clivady) J)S.\.mod L;a\_ﬂ&fu aSaiy Khagy ddﬁﬂ\ﬁdﬁﬁ a_wujm L;u)ﬁ‘u
o0 gl S vy 5 8MAn e (e A8 (oo sl R (5 3 i jSen g0 ((So e
A8 oo iinl & (5 288 gl KL Sy ASpaadali ) 5 4888

GASMSE Al oty (53 e (S aay

Basic Difference between Laminar and Turbulent Flow
Sloid gy gl pdA W5, o s S Ak ) s

In laminar or streamline flow, the fluid particles move in layers such
that each fluid particle follows a smooth and continuous path. There is no
macroscopic mixing of fluid particles between successive layers, untill the fluid
will turn around a comer or an obstacle is to be crossed.

o sy O smed 4Se JELE  ISaSs gt ) saalia widn g, Al L Slpaa g, 4l
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s 5l (S i) igd 4 J8LE Sansipar aa aS gogad dloy As Opa (pn
Laa oailSasay (o) gaal @y dim (o)) il 4 L salaSss aSe J8LE 1SASs a3 g4l 5 0 55 S
o 5y i U 4SO 13 s (5 5034 0 TSty 4S5 JIELE (allS s

If a line dependent fluctuating motion is observed in directions which
are parallel and transverse to the main flow, i.e., there is a random
macroscopic mixing of fluid particles across successive layers of fluid flow, the
motion of the fluid is called' turbulent flow'. The path of a fluid particle would
then be zigzag and irregular, but on a statistical basis, the overall motion of
the macro-particles would be regular and predictable.

5 AT A4S ailSaiud Al i Sy i (5 S Al olas Al sa 4 g gy il ilin e84
s a0 55 486 8L ISAS) 43 ST 5 43 ASASo s 435 1 5
SASa ) od S § ) i ety 4Se JELE (sl s aSo JELE G5 SlSdin i gia
OB (gl a6 sline 5 Loty sl 2V e el YU 5 KI5 5 i HELE (54 s

e o) S g gl g iy (lSea ) g 4aS gl

Formation of a Boundary Layer st (Siia A3 S g g

When a fluid flows over a surface, irrespective of whether the flow is
laminar or turbulent, the fluid particles adjacent to the solid surface will
always stick to it and their velocity at the solid surface will be zero, because of
the viscosity of the fluid. Due to the shearing action of one fluid layer over the
adjacent layer moving at the faster rate, there would be a velocity gradient in
a direction normal to the flow.

15203 50 Ay Calda (S sy (oAl (g pea ISdygy ey SlHELE eluls
Crinagiod 5 4o sty 055y o (od o sld ASe LS SASS 5 co gl gid ly 4S pEA ASAtidy )
SIS 53a40 o 5ASe JIELE ] (53840 ¢ i Calied 1Mo sy 055 ) 4l Gl IR o5 0 A4S 55 2
D co il I (San i) 4n saSal sa 4S a0 e sl 0 (oA Sk ety 4% JBLE s ey )5
ASAEL § ) 3 () siedd 4 Cuiea alialy LS4 i
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U, = Free stream velocity
3 = Boundary layer thickness

— U,
' Edgeofthe [ % -
» boundary 1= ! |
> layer ‘ l‘ f—-——!}-
y k = -~ {_’;-—.1 T
T = i u X, y)
- " | ' |
Trm——R k

Figure 2.2: sketch of a boundary layer on a wall
Sl g0 Al gt (Sia o H\Slin
Let us consider a two-dimensional flow of a real fluid about a solid
(slender in cross-section) as shown in Figure 2.2. Detailed investigations have
revealed that the velocity of the fluid particles at the surface of the solid is
zero. The transition from zero velocity at the surface of the solid to the free
stream velocity at some distance away from the solid surface in the V-
direction (normal to the direction of flow) takes place in a very thin layer
called 'momentum or hydrodynamic boundary layer'. The flow field can thus
be divided in two regions:
Al el b)) s (S5 A Gaied 1o aadaial ) SEHBLE aae s SHEE 5, AaD b
A4S b giudily o0 OlSo gl yal o530 AwiSEy 1 (2.2) wAds A oglalin oy Aa (108 yuily
Al 1y (ol EA 4) 48y i 4Ss Ay 055 ) el o (lASA) I 4% JELE lSaSs s
Cilaed gy JaSid 3y (Sina 4l (AS4iidy g ) eaiul YU 50 G siudd) V aial YU 4 48 Ay (5059 )
Gy il ey ASATI 5 ) (5 )l A gileds (gl e b (s s S b a5 Qb iy (b
10 5 S Sl
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(i) A very thin layer in the vicinity 0, a velocity gradient normal to the
direction of flow, the velocity gradient du/dy being large. In this thin region,
even a very small Viscosity 1 of the fluid exerts a substantial Influence and
the shearing stress t=pdu/dy may assume large values. The thickness of the
boundary layer is very small and decreases with decreasing viscosity.

Al B ASATLR 5 ) (sAdul YU 5 4 gl Alaly (Sal s e el il @bl 55 e ()
Hoasald Sy H3) il Cailiad Sy )b 4 b A Gy J) (du/dy) aSawalald;
A i 1 il (c=pdu/dy) 0118 ol ey lSey S SG 8 Sy 5 )8
il (50 gt s g1 pdS JA8Ad S S 5 4S5 oa )5 4Se )5 siu S (5 siedd S )
(ii) In the remaining region, no such large velocity gradients exist and
the Influence of viscosity is unimportant. The flow can be considered
frictionless and potential.

Sl (6 A8 S g A e J) s gaalady ) A e saile saa 5L 4 (i)
ol lE 5 ile s LAl 4y i 1y il g gied ASAiiy g 480 RL

2.6. Thermal Boundary Layer Ao oa A8 s

Since the heat transfer by convection involves the motion of fluid
particles, we must superimpose the temperature field on the physical motion
of fluid and the two fields are bound to interact. It is intuitively evident that
the temperature distribution around a hot body in a fluid stream will often
have the same character as the velocity distribution in the boundary layer
flow.

(So2 (5 ) ndiay 4Se J8LE KA s (g g i Sady oo 1S (g0 i) R (g0 g4 ]
o1 590 5 4So LS GLid salen Al S e 48 (aly (ol (sslpe ) e Al
St (5 ) oMy e A8 (oaly (5 gaddly A4S b Hl o) 5 A o D (ASH Sy Al IS U () i
i3y A (O (il o s A Cified (M lets a5 1B (Sieda Al lae 48
LRI
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When a heated solid body is placed In a fluid stream, the temperature
of the fluid stream will also vary within a thin layer In the neighbourhood of
the solid body. The variation in temperature of the fluid stream also takes
place in a thin layer in the neighbourhood of the body and is termed 'thermal
boundary layer'.
detn o A8 gy 8L (St Al Cupied I gl S R (o an Sidal cliSil
Ly al oISy R Lao g An 104Ss sty 4sial 5yt gy g 4l 1SS S Uil ) Koo a6 8L
Cai 5 g0 (o g 1MSAEAl (6 gy 00 Al SIS St gl Clasd gy 4% J8LE (0483 0 4

' A0 e AS Sy

A +

y !
Y Region of uniform ‘
temperature | o ———
,{7_,'-" S /—"-'
//"' | }‘
Limit of thermal | \ T <T
boundary layer | ( T >T,
! \ Surface
Surface \ T,
hY | \ ¥ T, \ D;
— | ;
Temperature | Temperature

Figure2.3: The thermal boundary layer

D50 (e S S

2.9. Modified Grashof Number  (G)  slSilSues 83555 8 so )l

When a surface is being heated by an external source like solar
radiation incident on a wall, a surface heated by an electric heater or a wall
near a furnace, there is a uniform heat flux distribution along the surface. The
wall surface will not be an isothermal one. Extensive experiments have been
performed by many research workers for free convection on vertical and
inclined surfaces to water under constant heat flux conditions. the
temperature difference (AT) is not known beforehand, the Grashof number is
modified by multiplying it by Nusselt number. That is,
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Al (538 (AT lagsy oy (So e (S sla party il S o A8 iy ) LS

S padaly o 5 S el S b e S S ATaay 5l Se AR (Sagg )y el g

(o 53 Sl il yius § 3l 4l 4o ) 533 (555 ) 4S5y (o) M0 At Mo s e 48 (g gl

s B RN 50 A3 SIS (530 Sawled a8 Al sl e Ol )

s Iafial | 48 (5 R0 bl o e HI3AL U 0 OSe Y 5 s sia o5y 5l

oled Al SISy 4 G jSen (5 lSen 35 8 (se e ol iU (TA) oS by
ey paS liuds

G = Gry. Nuc= (g p AT/ v?) x (hx/k) =g p x" q/kv? (2.11)
where g is the wall heat flux in Wm?. g=h(aT)

It has been observed that the boundary layer remains laminar when the
cr’. Pr is less than 3 x 10" and fully

X

modified Rayleigh number, Ra*

turbulent flow appears for Ra* > 10™. The local heat transfer coefficient can
be calculated from:
by el dES b afiies (Spidd Aigyed aSdha A4S ol S i
Cu ASed a5l 53l S5 ) 55l s 5 (3% 10™7 ) A osiedS Pr . Ra* = Gr’e sl S )Kuen
Al S o i) giod (a5 e 48 o sind £ (4K la (Ra* > 10™) 3
g constant and 10° < Gr, <10™: Nu, = 0.60 (Gr). Pr)%?  (2.12)
q constant and 2 x 10"< Gr, < 10" : Nu,=0.17 (Gr. Pr)®*  (2.13)

Although these results are based on experiments for water, they are
applicable to air as well. The physical properties are to be evaluated at the
local film temperature.

OIS 43) iy S o Lo g s ¢ gl (HSe gtin S ] ()5l 3 iy adlalaiah add sads s

Jaa gb (358 e AR saly Al 0 58 Jan (ISl 5 dian st 5o S Sen o

125



Chapter 5

Principles of Convection
Ju=¢

S sledy

Forced convection (flow over flat plates)

Page 111 in the Data Book:
(Coded il e (g ) 3 S ol 55 i K

o) asamiS Al 111 oY
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pladiy ity (G180 )l

by Soplacy
=2 Boundary thickness

VPR LTI S P LGP ' ¢Sé_;'l:u.u_;:|

2. Find properties value at Tayrage,
3 . _ +#UX
Re- =

4 Laminar or Turbulent

5 . Chooce suitable rule according to the Re.
for boundery thickness.

6. Findh from Nu- =

a0 =

KA LW Q Uﬂ-HL;i 45::_)’51&#
G'C'IJ‘S"'“ r ﬁﬂb_ﬂ-:n.u_;d
e R T T

Find Tavrage.

Find properties value at Tayrage,

ux
Re- £
V;

. Laminar or Turbulent

. Chooce suitable rule according to

the Re. for Nusselt number

hL

7. Q-hAAT

2 Laminar Flow Forced Convection Heat Transfer

ST 3 T 4 e a8 e il & SdA 5, 2

2.1 Forced Convection Heat Transfer Principles

SIS 5D R 4 e A8 (g0 gt & (slealy
The mechanism of heat transfer by convection requires mixing of one
portion of fluid with another portion due to gross movement of the mass of

the fluid. The transfer of heat energy from one fluid particle or a molecule to
another one is by conduction but the energy is transported from one point in

space to another by the displacement of fluid.

Cuien 48 LG Sy oy oSS 4y Jien sy 5 SdAads (e 18 (o saiinl K (5484 3ilSaa
g Al oo 48 (50 )5 (0 sl 8o 1S JELE (sainn jb ol SE sl sa s e i SIS JW84l
g Al o il )31 Kon 4S5 Yy alubaly i LSSy 5o AS A8 ()l 0 e JBLE (5485 g

ASe J8LE (S ) Boady i (Si Iali g al o salla
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When the motion of fluid is created by the imposition of external forces
in the form of pressure differences, the process of heat transfer is called
‘forced convection’. And the motion of fluid particles may be either laminar or
turbulent and that depends upon the relative magnitude of inertia and viscous
forces, determined by the dimensionless parameter Reynolds number. In free
convection, the velocity of fluid particle is very small in comparison with the
velocity of fluid particles in forced convection, whether laminar or turbulent.
In forced convection heat transfer, Gr/Re2<< 1, in free convection heat
transfer, GrRe’>>1 and we have combined free and forced convection when
Gr/Re’ ~1.
la il (S ) shen (50 5 Al (JlSaSo o 0 Jin (il i S0 a5 ;0% JELE (g4l g LIS

4S5 8L SAS] s sal g 5 ' S5 HSIAN S (i (e A8 (g0 i R g0
G 5 Oy RAL (03 (50 4 Calded Cudiy 4S5 iy ) 53 b i & 54 )l 4l
SSAS F0 ol A ¢ g e R Al a5 ol S (s S 3ads 05l S (5 ez
SR 4l aSs JELE S48y g ol i JaSad a5l 4S5 s 3 4Se JBLS
¢S5 (8 40 1 8 (g sl K Al iy ) 023 b b A p3a a8ad dagl Sal 55
8 4ati s 5 (GrREPS>L) s e (355048 4 lase 48 (oo gaiivl £ 41 (Gr/Re’<< 1)
(Gr/Re? ~1) <LiilS o gtio 5 52 S 3 lagl S 555 5 (Sidhg

2.2. Methods for Determining Heat Transfer Coefficient
e A8 o gain) R (aSI3S gla (53 S (5 )l o lSaSd
The convective heat transfer coefficient in forced flow can be evaluated
by:  (a) Dimensional Analysis combined with experiments;

(b) Reynolds Analogy — an analogy between heat and momentum
transfer;

(c) Analytical Methods — exact and approximate analyses of boundary
layer Equations.
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e i Jaa i) gion 1ag) JSH )55 iy 4l 5l 8dan (e A8 o stind K (54ST S la
¢23lSs gain HSAL J“g‘d o9 S S SR ) (5o A3 ol (a)

1205 545 (g0 gt R 5 (a8 (g0 sl & () gl i g gai - Halday ) 5435541 (D)

A0 i AR g SH 3 (ge i JSad g Cang ) - oAl IS IS8 ()

2.3. Method of Dimensional Analysis SRy (5o A S 645-54

As pointed out in Chapter 5, dimensional analysis does not yield
Equations which can be solved. It simply combines the pertinent variables into
non-dimensional numbers which facilitate the interpretation and extend the
range of application of experimental data. The relevant variables for forced
convection heat transfer phenomenon whether laminar or turbulent, are:

(i)  the properties of the fluid — density p, specific heat capacity C,,
dynamic or absolute viscosity p, thermal conductivity k.

(ii) the properties of flow — flow velocity Y, and the characteristic
dimension of the system L.

4S pdn_py A3EEAL SIS gla (5200 (0 5403 jSud o S (5L 13(5) i 4l o s ma

48 MSaSag o jla§ gl 5o gailSen S (S gy 5]y I8 edlty IS0 IS (43 53 oo
S5 )R Lo simSen 310 Sy g sa a8 4 il ) (S Sindain (e (ASed Gl 4Se il il
cslsbh O A pha a8as gl S50 (B A as 4y e A8 (oo sl K (g0 ) 32 e sy

rad O

Al Ul g ey caid b el e (s e A8 (o - ASe LG Saaiaianls ()
RIS

ASAalu (gaMN (gaMAe y g ¢ ln gy ) A — 4\54.\3.;.».1_5‘) (S AL (||)

As such, the convective heat transfer coefficient, h, is written as
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o g A8 s 5 503 ch ¢ (e A8 o gl K (GaST 3K gla cduo 51l oy
h=f(p’ VI LI L, Cpl k)=0 (514)

there are seven variables and four primary dimensions, we would
expect three dimensionless numbers. As before, we choose four independent
or core variables as p,V, L, k, and calculate the dimensionless numbers by
applying Buckingham =’s method:

sl ASh ool com el (Ard Sy MR Dl 5 51 GAa sl
,V, p)caﬂon% u\.SASjL\ej\Jjg oL u.\_).\_).ibddAA A A J\PM.VLI cu@dﬂojﬂ CASed
aleSasay (5480 ) 028 coadaindn (paSed Cluna lSaSagiy o jle 5 5 ¢(L, k

n, = p*VPL°Kh = (ML‘3)a (LT‘l)b (L) (MLT‘36‘1)d (MT%67)

= M°L°T°@°

Equationuating the powers of M, L, T and 6 on both sides, we get
M:a+d+1=0

L:-3a+b+c+d=0

T:-b-3d-3=0 By solving them, we have
0:-d-1=0. D=-1,a=0,b=0,c=1.
Therefore, n,= hL/k is the Nusselt number.

n, = paVbLCde=(ML‘3)a(LT‘l)b(L)C(MLT‘39‘1)d(ML‘lT‘l)

= M°L°T°@°

Equationuating the powers of M, L, T and on both sides, we get
M:a+d+1=0

L:-3a+b+c+d=1=0

T:-b—-3d-1=0

0:-d=0.
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By solving them,d=0,b=-1,a=-1,c=-1

and =, = p/pVLor,my = — = PVE
T2 K

(Reynolds number is a flow parameter of greatest significance. It is the
ratio of inertia forces to viscous forces and is of prime importance to ascertain
the conditions under which a flow is laminar or turbulent. It also compares
one flow with another provided the corresponding length and velocities are
comparable in two flows. There would be a similarity in flow between two
flows when the Reynolds numbers are Equal and the geometrical similarities
are taken into consideration.)

GO 3am ) Kol K6 30 (g0 5y 0 AD ARl Gy e I (SIS iy ge S
O 48 3iA ASERL S ) S i o Sy Ll aSaills U aaSay 8 R a5 gl
o Jbsle Anl A 5 (5500 4S o i (Say JaSal ClSen (i gy iy (5350 A Lo s An a5 o) il
Ol sl Gl g ) Al Cufiedinn g jo Sl g eaSal g gl Jasidn gy 590 Al e sl (JSs gha S i
Fo0iRen oy S lais gkl 5 iliSay e jalaiay; s jle SIS latidg, g0

RS skae

n, = p°VPLkIC, = (ML’3)a(LT’l)b(L)C(MLT’:"O’l)d (L'T%0)

M°L°T?0°

Equationuating the powers of M, L, T, on both Sides, we get
M:a+d=0; L:-3a+b+c+d+2=0
T:-b-3d-2=0; 0:-d-—1=0

By solving them,

d=-1,a=1,b=1Ic=]1,

pVL . .
TC4:T p’ TE5:TC4XTE2

C
_ c x M HYp

k P pVvL Kk

131



. g is Prandtl number.
Therefore, the functional relationship is expressed as:
o s Ad ) ped g3 (e ji (a3 sy Ay 5y
Nu =f (Re, Pr); or Nu=CRe™ Pr" (5.15)
where the values of ¢, m and n are determined experimentally.

HSed ()b o pia SB35 ¢, M sASAA il el

Example: in a process, water at 30°C flows over a plate maintained at 10°C
with a free stream velocity of 0.3m/s. Determine the hydrodynamic boundary
layer thickness, thermal boundary thickness, convection heat transfer
coefficient, heat transferred rate . Consider the plate of Im*1m. Take the
following properties of air: v=1.006*10"°m?/ sec , k=0.5978W/m.°C, Pr=7.02

4 0 g gla 13(10°C) 4 4S &l 5 poa JaSTHL 4y (30°C) A U claSadn § gy 4l 14d g gad
5k liadiylan Hula (5 45 03 i () siedd (0.3m/s) et e 548 5 (Sl A
o 31y «CAMA 4y (e A8 (go i R (aSI5S sl «(5 pas ) 03 (e AR (o sl (ASS

o S s ) AR (Al s i 10 (Im*Im) 4 484l | e 48 6 il S

v=1.006*10"°m?/ sec , k=0.5978W/m.°C, Pr=7.02

Given:Fluid temperature= T, =30°C, plate temperature=T,, =10°C stream
velocity =u= 0.3m/s. plate Im*1m. Kinematic viscosity=v=1.006*10"%m?/
sec , thermal conductivity=k=0.5978W/m.°C, Pr=7.02. Determine the
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hydrodynamic boundary layer thickness, thermal boundary thickness,
convection heat transfer coefficient, heat transfer rate?

SCHEMATIC:
Ty =10 °C
water s /_
To =30°C — © / ‘t%,{
| Tm
1 m%l/
Solution :

sy ) e i (Fluid)) 435 <l 80 o 5 4an il o jlams yy ol (50 55 a0l
> (Chapter 5) s sl o add 43) AS «Cadion pais

From Page 111 in the Data Book:

ul
Reynolds Number = Re = —
R lds Numb R 03x1 298210.735 < 5 % 10°
= = = : *
eyno S Numpber e 1_006* 10—6

=~ the type of the flow is laminar flow

From Page 112 in the Data Book:

Hydroulic boundery thickness = 8, = 5x * Reg?®
Hydroulic boundery thickness = 8, = 5 * 1(298210.735)705

Shx = 9.156 1073 m  (Answer)
~0.333
Thermal boundery thickness = 6, = 0y, Pr
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8tx = (9.156 x 1073) * (7.02)7 %333 = 4,784 x 10~3m (Answer)

From Page 112 in the Data Book:

o5l 53 4 siiedy 1S (Data Book) st4d (Nusselt Number) bl 1
o (548t ) cathan (i 5idied 4S (Nuy = 0.332 % RedS x Pro-333 )

>

A gl
0.333
Nusselt Number = Nu, = 0.664 * Rel-> x Pr

Nu, = 0.664 * (298210.735)°5 * (7.02)0-333
Nu, = 0.664 * (546.086) * (1.913)
Nu, = 693.84 ...cc oo . (1)

From Page 111 in the Data Book:

hL

Nusselt Number = Nu,, = -

B h*1 B h
~0.5978 0.5978 "
Equation (1)= Equation (2)

-(2)

Nu,

693.84 = —— - h = 693.84 * 0.5978
0.5978

h=414.777 % .°C
m
Convection heat transfer coefficient=h=207.388W/m?.°C (Answer)

Heat transfer rate =Q=hAAT=hA(T, — Ty,)
Q = 414.777(1*1)(30 — 10)
Q = 414.777 (20)
Q = 8295551 W (Answer)
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Example: water flows over a flat plate which its surface has a uniform
temperature of 80°C, the plate is 15mm * 15mm side. The Water is at 20°C
and the flow velocity is 3m/sec. Determine the heat carried away by the
water. Use the following properties, Pr=3.68, v=0.5675*10"%m?/ sec ,
k=0.6395W/m.K

448 (5(80°C) Szisx oo A8 oAl (s4Se 5 4S il oo Iaidad Soiily Audy ol 4 g ga
2(3m/sec) ASaiidy 5 ) A 5 413(20°C) Al 4Se b 5(15mm * 15mm) (SSY casaily
Pr=3.68, ¢t 1Sy ailhaiaiagli adh 4y (5 b 4Se 5b (s 3adn ol p80an e 18
v=0.5675*10"%m?/sec , k=0.6395W/m.K

Given: plate temperature=T,, =80°C, plate 0.015m*0.015m. Fluid
temperature= T, =20°C, stream velocity =u= 3m/s. Kinematic
viscosity=v=0.5675*10"m?/ sec Pr=3.68, thermal
conductivity=k=0.6395W/m.K. Determine heat trandfer rate?

SCHEMATIC:
Ty =80°C
water
To=200C ~ © */
—
5 m
|e0 015 m—¥
Solution :

ety gl yidas &l (Fluidl) 4605 b 8LE o 5 aa Glaiily o sl 5o pad (g0 50yl
.o (Chapter 5) s jlis y1 a3 45) sAS «Cubiod s
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From Page 111 in the Data Book:

ul
Reynolds Number = Re = —
R lds Numb R 3+0.015 79295.154 < 5 * 105
= = = : *
CYnotas Umber = € = 55675 x 10-6

=~ the type of the flow is laminar flow
From Page 112 in the Data Book:

o5l 53 4 siiedy 1S (Data Book) st4d (Nusselt Number) bl 1
o (sASAT) ) cathaa (i 5idieds 4S (Nuy = 0.332 % RedS » Pro-333 )

v o
Ao sl

0.333
o sASadial ) U 3A 4SS (NuX = 0.664 * Re2® * Pr )

0.333
Nusselt Number = Nu, = 0.664 * Rel-> x Pr

Nu, = 0.664  (79295.154)05 « (3.68)0-333
Nu, = 0.664 * (281.593) * (1.543)
Nu, = 288.546 .............(1)

From Page 111 in the Data Book:

hL

Nusselt Number = Nu,, = -

_ R%0.015

Nux = 35978
Nuy, = 0.023 % oo ... (2)

Equation (1)= Equation (2)

288.546 = 0.023 xh — h =2282%6 4 _

0.023
12 301.676 W /m?.K

Convection heat transfer coefficient=h=6150.838W /m?*.K
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Heat transfer rate =Q=hAAT= hA(T,, — T)
Q = 12301.676(0.015 * 0.015)(80 — 20)
Q = 2.76 (60)
Q = 165.6W (Answer)

Example: A plate of 100cm*50cm and 2cm thick is placed in a horizontal
plane. The top surface is maintained at 100°C . If the air is flowing over the
plate at 3m/sec and 20°C . Find the heat lost by the plate per hour. What
should be the bottom temperature of the plate at steady state condition?
Take thermal conductivity of the plate 20W/m.k, 100cm side of the plate is
parallel to the air flow. Take properties of air at mean temperature of 60°C .

5480 55 ) )il lap 3l (SHadi ) 4l ) giedd (2em) 5 (100cm™*50cm) Sl 140 sa

s (3m/sec) A Sl 1MSaiily o s 4S) a8 o s 5l la (100°C) 4 (5050
Sl e Al 1SS e FS s 4l o g ) 5 0 sASAly (5 3a4s 4S5 50 ) 3 4e 18 13(20°C)
o S o s ASatly o A8 il (L) 55 Saia aliies 4SATly (g0 g0 )35 (e AS (s4ly 12,80

Al ) (ASapaiaianli 4S) s 5 ) 4 A AS 484l (54843(100cm) Y «(20W/m k)
o 505 13(60°C) (oS 54y () S

Given: plate 1Im*0.5m,plate temperature=T,, =100°C, stream velocity =u=
3m/s Fluid temperature= T,, =20°C, thermal conductivity of the
plate=k=20W/m.K, Determine heat trandfer rate?

137



SCHEMATIC:

. . %—Twﬂﬂﬂ

= 0
To =20°C 50 cm=0.5m

|
l—100 cm-=1m
2cm=0.02m

Solution :

ety gl pidas i (Fluid)) 4805 <l 8LE o 5 aa Glaiily oo sl 0 ad (50 5 pisal
o (Chapter 5) s jluu jy p4d 43l S il il

From Page 33 in the Data Book we will find properties of air at mean

temperature of 60°C
) S5 oae A8 (Al 4l o iy 350 ) g (il Al (5 )il ) (sASAES Al YV 5 o i 4l

Kinematic viscosity=v=18.97*10"%m?/ sec Pr=0.696, thermal conductivity of
the air=k=0.02896W/m.K,

From Page 111 in the Data Book:

ul
Reynolds Number = Re = -

3x1
R lds Number = Re = = 158144.438 < 5 % 10°
eynolds Number e 1897 » 10-6 < 5%

=~ the type of the flow is laminar flow

From Page 112 in the Data Book:

0.333
Nusselt Number = Nu, = 0.664 * Rel> * Pr

Nu, = 0.664 * (158144.438)°5 x (0.696)0333
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Nu, = 0.664 x (397.673)  (0.886)
Nu, = 234.036 oo oo oo (1)

From Page 111 in the Data Book:

hL
Nusselt Number = Nu, = -
N = hx1
Ux = 5.02896
h
Nu, =————...........(2
Ux = 9.02896 2)

thermal )<l 448 (e (thermal conductivity) 5.5 12 sl y sl 43,1380

thermal ) G Iy(Nu)sluly sl < i )lS4y (conductivity of the plate

S(Convection)4esds 455 sa i HiiglS4y (conductivity of the air
Equation (1)= Equation (2)

234.036 = —— — h = 234.036 * 0.02896
0.02896

h=6776 W/m%.K

Convection heat transfer coefficient=h=3.388W /m?. K
Heat transfer rate =Q=hAAT= hA(T,, — Tw)
Q = 6.776 (1 x0.5)(100 — 20)
Q = 6.776 0.5 * (80)
Q = 2711w
Heat lost per second=Q = 271.1 W
Heat lost per hour=Q * 3600 = 975.986 KW (Answer)

Bottom temperature:



(T, — T)

= KA
¢ Ax

Gued 13(Q) by bl i yil jlS4y (thermal conductivity of the air)<uwl
s(Conduction)4estd 485 52 & yiiglS40 (thermal conductivity of the plate)
(T; — 100)
0.02
(T; — 100)
0.02
(T; —100)

0.02

0.54 =T, —100 - T, = 100.54°C (Answer)

271.1 = 20(0.5 % 1)

271.1 =10 =

2711 =

Example: a flat plate 1m wide and 1.5m long is to be maintained at 90°C in air
with temperature of 10°C. Determine the velocity with which air must flow
over the plate so that heat dissipated from plate is 3.75 Kw. Take air property
at 50°C. Take the flow laminar.

il 40 1 sta 41 (90°C) 4 o stisligs B 3550 (1.5m) 5 sl (1m) (ides Sy 1 ga
(o 5As o ISy gy g p Y ) IR 40 ey 4S) s 4S5 (5L L(10°C) e S
(50°C) 4o R sl sa ASApaiaianli <y (3.75 Kw) o s4aSaiily 4l s 5l 45yt o0 S
o R ey 38 il

Given: plate 1Im*1.5m,plate temperature=T,, =90°C, Fluid temperature=
T =10°C, heat dissipated from plate =Q= 3.75 Kw=3750W.
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SCHEMATIC:

. %TWQU"C

To =10°C
+—15 %I/

Solution: From Page 33 in the Data Book we will find properties of air at mean

temperature of 50°C

a8 (saly Al s Al )30 | st o daiA A (5Ll ) (sASAES Al Y'Y 0 g0 ¥ Al 1 Sl
) SE

Kinematic viscosity=v=17.95*10"%m?/ sec , Prandtl Number=Pr=0.6968,
thermal conductivity of the air=k=0.02826W/m.K,

Heat transfer rate =Q=hAAT= hA(T,, — T)

3750= h(1.5*1)(90 — 10)

3750= 120*h
h=370 s /me
= g0 ~ SL2W/m”.

From Page 111 in the Data Book:

hL
Nusselt Number = Nu, = -

31.25% 1.5

Nu, = — = 1658.704
Yx = 70.02826

From Page 112 in the Data Book:
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the type of the flow is laminar flow

0.333
- Nusselt Number = Nu, = 0.664 * Re2> x Pr

1658.704 = 0.664 * Rel-> * (0.698)0-333
1658.704 = 0.664 * Re> * (0.887)

1658.704 = 0.588 * Re25

poos _ 1658704
T 70588 '

JRe, = 2820925
(JRer ) = (2820.925)?

Re, = 7957 618.81

From Page 111 in the Data Book:

ul
Reynolds Number = Re, = —
795761881 = — ' 1
T 17.95% 1076
142.83

14283 =u=*15 - u= = 95.22 m/sec (Answer)

Example: air at 30°C flows with a velocity of 2.8m/s over a plate 1000mm
length 600mm width 25mm thickness. The top surface of the plate is
maintained at 90°C. If the thermal conductivity of the material is 25W/m.°C,
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(i) calculate heat lost by the plate (ii) calculate bottom temperature of the
plate.

¢33 (1000mm)  SEEL s Ol g 03 (2.8m/s) 2 3 42 13(30°C) A ) s 4 g g
A8 s g% 51 )Lia(90°C) 4l A4Sl (50 90 rus (555 .2 sS (25mm) Ok (600mm)
30 4S5 5052 o2 A8 (i) i (25W/M.C) 4SS (g 1S 1k (5l 5
A e Sas aSaiily (oo o)) 53 (e A8 (54l (i) 4

Use the following properties for air: p = 1.06kg/m?3, C=1.005Kj/kg.K,
k=0.02894W/m. °C,v=18.97*10"°m? /s, Pr=0.696.

Solution:
SCHEMATIC:
T 90 °C

— ~

=30°C | éﬁ

.0Mm
ke 1m — ¢
0.025m
Solution :

sy ) e i (Fluid)) 435 <l 80 o 5 4an il o jlams gy ol (50 55 a0l
o (Chapter 5) oyl y add 48l AS (Ciind s

From Page 111 in the Data Book:

ul
Reynolds Number = Re = —

2.8x1
R lds Number = Re = = 147601.476 < 5 x 10°
eynolds Number e 1897 » 10-6 < O

=~ the type of the flow is laminar flow
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From Page 112 in the Data Book:

0.333
Nusselt Number = Nu, = 0.664 * Rel> * Pr

Nu, = 0.664 * (147601.476)%° * (0.696)°333
Nu, = 0.664 x (384.189) * (0.886)
Nu, = 226.02 ... ... ... .... (1)

From Page 111 in the Data Book:

rs Ol ) saSaiS 4l 1717 b0 ¥ 4l

hL
Nusselt Number = Nu,, = -
N = hx1
Ux = 0.02896
h
Nu, =———...cc...... (2
Ux = 0.02894 2)

ety gl yinas i (Fluid)) 4805 i80S o 5 aa Glaiily oo sl 30 pad (0 50 pasal
.0 (Chapter 5) a‘)\gu):j e‘\_‘a 43) S “..—‘.'t’:"’d‘)f‘r,‘és
Equation (1)= Equation (2)

h
0.02894

h = 6.54 W /m2.°C

226.02 = — h = 226.02 * 0.02894

Convection heat transfer coefficient=h=6.54 W /m?.K
Heat transfer rate =Q=hAAT= hA(T,, — Ty)
Q = 6.54(1+0.6)(90 —30)
Q = 23544 W
Heatlost Q = 235.44 W (Answer)

Bottom temperature:
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e 13(Q) sy bl i yin 84y (thermal conductivity of the air)<il
s(Conduction)4edd 455 ea & yiiglS4y (thermal conductivity of the plate)

(T1 —90)
0.025

(Ty —90)
0.025

(T1 — 90)
0.025

0392 =T, —90 —» T; =90.392°C (Answer)

235.44 = 25(1 = 0.6)

235.44 = 15 %

15.696 =
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Example: a square plate 1m? area heated uniformly to constant temperature
of 90°C after that is cooled by air at 20°C flowing over the plate at 2m/sec.
Calculate heat lost from the plate. Take the following properties of air,

p= 1.075kg/m3, C=1.008Kj/kg.K, k=0. 0286W/m k, u = 19.8 * 107 Ns/m?.

SR e S aly 51 S a8 i (S din (1m?) o 48 8l Sl 14l 5 ga
(2m/sec) 4o lasaiily s Gl g 03 (20°C) Al ) Aada o s 5l S 3l o g3 3L (°CA )
p=rco B s ) Ab (LN adh A e s o ASAl Al 51 (5 ) (e A8
1.075kg/m3 , C=1.008Kj/kg.K, k=0.0286W/m.k, u = 19.8 * 107°% Ns/m?,

Given: plate Im*1m,plate temperature=T,, =90°C , Fluid temperature=

T, =20°C, stream velocity =u= 2m/s thermal conductivity of the
plate=k=20W/m.K, p = 1.075kg/m3, C=1.008Kj/kg.K, k=0.0286W/m. °C,u =
19.8 * 10~® Ns/m?, Determine heat trandfer rate?

SCHEMATIC:
Ve Tw=90°C
Caie > — %
T =200°C / //4
| Tm
Solution :

sy byl yides i (Fluid) 435 <l 80 o 5 4an laiily oo jlans g a4l (50 55 a0l
2 (Chapter 5) ol a4 43 s4AS (Cabod padl

From Page 111 in the Data Book:
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C*u
Prandtl Number = Pr =

k
pr— 1.008 * 19.8 * 107 — 0.697
"= 0.0286 -
ulLp
Reynolds Number = Re = T
2%1x%1.075
Reynolds Number = Re = — 108585.858 < 5 * 105

19.8 x10~°
=~ the type of the flow is laminar flow

From Page 112 in the Data Book:

0.333
Nusselt Number = Nu, = 0.664 * Rel> x Pr

Nu, = 0.664 = (108585.858)°5 « (0.697)°-333
Nu, = 0.664 * (329.523) * (0.887)
Nuy, = 194.07 oo ovs vee e (1)

From Page 111 in the Data Book:

hL
Nusselt Number = Nu, = -

h =1

= 0.0286
h

=0.0286|||-||-|||

Nu,

Nu, .(2)
Equation (1)= Equation (2)

h
0.0286

194.07 = — h =194.07 = 0.0286

h =555 W/m?.K

Convection heat transfer coefficient=h=5.55W /m?.K
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Heat transfer rate =Q=hAAT= hA(T,, — T)
Q = 5.55(1%1)(90—20)
Q = 388544 W/
Heat lost =Q = 388.544 W/ (Answer)

Example: air at 20°C is flowing over a flat plate which is 200mm wide and
500mm long. The plate is maintained at 100°C . Find the heat lost per hour
from the plate if the air is flowing parallel to 500mm side with 2m/sec
velocity. if the flow is parallel to 200mm side, What will be the effect on heat
transfer? Properties of air at 60°C are these: v=18.97*10_6m2/ sec , Pr=0.7,
thermal conductivity of the air=k=0.025W/m.k .

(500mm) 5435l % (200mm) 4S laiaas SEl dds il 5 03 (20°C) Al ) A 140 g gl
D183 5 S e Ao g0 0 333 5520 (2 S 13(100°C) 4o sl lin 1oaSaily o 350
A8 (2m/sec) i 43 4S(500mm) Y 5 s e S 4S) s 84 s aSaily

¢ o (3 (oo A8 (oo il K ] aSay 480 S 0 g0 4Se(200mm) Y 3 A AT ASATLE §
:v=18.97*107%m?/sec , Pr=0.7, thermal 43 (60°C) 4l ) sAa (xiaadanls
conductivity of the air=k=0.025W/m.k .

Given: Fluid temperature= T, =20°Cplate 0.5m*0.2m,plate temperature=
T,, =100°C, stream velocity =u= 2m/s , Kinematic
viscosity=v=18.97*10"m?/ sec , Pr=0.7, thermal conductivity of the
air=k=0.025W/m.K,Determine heat trandfer rate?

Solution : (A)If the air is floeing parallel to the 500mm side

Y (e 0) A (i) aSisn A8 (a) 1S
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SCHEMATIC:

“ . %Twﬂoo

Tp =20°C
200mm=0.2m

 500mm=05m—t

ety gl yidas i (Fluid)) 4805 i80S o 5 aa Glaiily oo sl o el (0 5 pisal
o (Chapter 5) s jluu jy a4d 43l S il il

From Page 111 in the Data Book:

ul
Reynolds Number = Re = —

2*0.5
R N = Re = = 52714.812 10°
eynolds Number e 18.97 » 10-6 5 812 < 5%10

=~ the type of the flow is laminar flow

From Page 112 in the Data Book:

0.333
Nusselt Number = Nu, = 0.664 * Rel> * Pr

Nu, = 0.664 * (52714.812)%5 « (0.7)0-333
Nu, = 0.664 * (229.597)  (0.888)
Nu, = 135378 o cce cer . (1)

From Page 111 in the Data Book:

hL

Nusselt Number = Nu,, = -
Nu. = h * 0.5
Yx = 70,025
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Equation (1)= Equation (2)

135.378
20

h=6.768W/m%.K

135378 =20*xh > h =

Convection heat transfer coefficient=h=6.768 W /m?.K
Heat transfer rate =Q=hAAT= hA(T,, — T)
Q = 6.768 (0.2 * 0.5)(100 — 20)
Q = 6.768 x 0.1 * (80)
Q =54.15W
Heat lost per second=Q = 54.15W
Heat lost per hour=Q * 3600 = 194 940 W (Answer)

(B)If the air is floeing parallel to the 200mm side:
455(200mm) Y 5 s qu AT 4S) e 4845 (b)

SCHEMATIC:

ﬂ‘b —_—i / / v

To =20°C
@ 05
|+0 2m=¢

From Page 111 in the Data Book:

ul
Reynolds Number = Re = —
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2%0.2
— D, — _ 5
Reynolds Number = Re = 1897 = 10-6 — 21085.9258 < 5% 10

=~ the type of the flow is laminar flow

From Page 112 in the Data Book:

0.333
Nusselt Number = Nu, = 0.664 * Rel> * Pr

Nu, = 0.664 * (21085.9258)%5 « (0.7)0-333
Nu, = 0.664 * (145.209) * (0.888)
Ny = 85.62 v evevveeen. (1)

From Page 111 in the Data Book:

hL
Nusselt Number = Nu, = -

_h*0.2

0.025
Nu, =8x*h...........(2)

Equation (1)= Equation (2)

Nu,

85.62=8*h—>h=8%

h =10.7W/m?.K
Convection heat transfer coefficient=h=10.7W /m?.K
Heat transfer rate =Q=hAAT= hA(T,, — T)
Q =10.7 (0.2 *0.5)(100 — 20)
Q =10.7 0.1 * (80)
Q = 85.616 W
Heat lost per second=Q = 85.616 W 4S,a4l 55 )0 =A% (=Q)

Heat lost per hour=Q * 3600 = 308 232 W (Answer)
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Dk S A 55 (55 e S
The effect on the heat transfer: < A8 (548 aiind 8 ol 4Say 485 IS

heat transfer will increase from 54.15 Watt to 85.62 Watt.

Chapter 6

Forced convection (flow across tubes or ducts)
T

(s b som A Gidas)) o S o s o e
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piiuicd it oiS' yl

External Flow

Enternal Flow

s(Lminan gl o gl 15 (External Flow) o : oo
o S, 8 &.3_; Sleadnis oS 53 ﬂajdb.b[TurbU|ent}

Flow across one tube or
one duct page 115

tedTaaliad b gyl A s‘-—'tb\ﬁ-"‘u p ‘SéJ'l:u-nog

1 . F'nd Tavrage_

2‘ Find properties value at Tavrage.

. »ud
3. Re- v

m 0333
4 Nu-CRe Pr

at page 115 in the Data Book

S. FindC and m
at page 115 in the Data Book

6. Findh from Nu:th

7. Q-hAAT

across tube Banks
page 120

PSS 8 sl sa UL g Ko olany
1. maximum velocity_Umax
2. Find Tayrage.
3‘ Find properties value at Tayrage.
£lUmax d
4‘ Re: Vi
rT -
5. Nu-C Re atpage 122 in the Data Book

B, Find C and n at page 122 in the Data Book

7. Findh from Nu:th

8 As-TrdLN
w3 S S WlSaSld 5 gnad 505005 N

9. M=run(sl) «sseusn

10. @-hAAT=m C AT

Flow over one tube or one duct, page 115 in the Data Book
SOl s Al 115 o ¥ ¢ ol g ol g (o lan ) ga My s i 3
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Example: air at 90°C and 1 atmosphere, flows across a heated 1.5mm
diameter wire at a velocity of 6m/sec. The wire is a temperature of 150°C .
Use the following data. Kinematic viscosity 25.6*107%m?/sec , thermal
conductivity of the air 0.03365W/m.K, Pr=0.689, Calculate heat lost per unit
length.

43 13(1.5mm) s oo A8 (KAl s Ay )5 JadaS 1 5 (90°C) 4l ) sAn 14 sa
il Ak lSas il il ) s 4313(150°C) (o AS (saly Al 4So il 5 (6m/sec) Gl yia
«(0.03365W/m.K) A8 (o A8 5xila& (5Ll 55 ¢ 25.6%107%m? / sec s¥ss

(s Y 5484y (o i R0 48y JlaJra 55 5 <48 ¢(Pr=0.689)

Given: Fluid temperature= T, =90°C, wire diameter=d=0.5mm=1.5*1073, air
velocity =u= 6m/s, wire temperature=T,, =150°C, Kinematic
viscosity=v=25.6*10"%m?/ sec , thermal conductivity of the
air=k=0.03365W/m.K, Pr=0.689, Determine heat lost per unit Iength=% ?

Solution :

u
Reynolds Number = Re = —

Revnolds Number = Re = 13107 o e
eynolds Number = Re = ————-— = 351.

From Page 115 in the Data Book:

0.333
Nusselt Number = Nup = C * Re' * Pr

Reynolds numbaer is between 40-4000
~. C=0.683 , m=0.466 from the table at page 115 in the Data Book.
Nusselt Number = Nup = 0.683 * (351.562)%466 x (0.689)0-333
Nu, = 0.683 * (15.361) = (0.883)
Nu, =9.267 .............(1)

From Page 111 in the Data Book:
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hd
k
_h*15% 1073

N = —503365
Niy = 0.044 % b oo . ... (2)

Equation (1)= Equation (2)

Nusselt Number = Nu, =

9.267 = 0.044 + h —» h = 227
0.044

h =207.889 W/m2.K
Convection heat transfer coefficient=h=207.889W /m?.K
Surfacearea = A;=mdL=m* 15103+ L =4712x10"3 %L
Heat transfer rate =Q=hA;AT= hA(T,, — T )
Q = 207.889(4.712 1073 x L) (150 —90)
Q =0979 =L = (60)

Q w
— =58.779 —
L m

w
Heat lost per unit length = % = 58.779 pooy (Answer)
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Example: air at 20°C flows with a velocity of 0.33m/s is around of 25mm
diameter horizontal tube 400mm long, calculate heat transfer if the tube wall
is maintained at 180 °C .

3l S s s e Gl s e 5(0.33m/s) Sawl A 4 (20°C) 1A 14d g gal
4S84y )51 5l w2 AR Ay JleAn (e S (o sAdind £ ¢ 333 (400mm) s(25mm) s
13(180 °C) 4} o g3 Hlig

Given: Fluid temperature= T,, =20°C, air velocity =u= 6m/s, tube
diameter=d=25mm=0.025m, tube length=L 400mm=0.4m, tube temperature=
T,, =180°C, Determine heat transfer rate .

Solution :

_ T, +T, 180+ 20 200 .
film temperature = T = > = > == 100°C

We will find properties for air atTr = 100°C
From page 33 in the Data Book: p = 0.946kg/m?3

Kinematic viscosity=v=23.13*10"%m?/ sec , Pr=0.688, C=1009j/kg.K, thermal
conductivity of the air=k=0.0321W/m.K,

From page 111 in the Data Book:

ud
Reynolds Number = Re = —
R lds Number = R _0.33*0.025_356679
eynolds Number = Re = 3132105 _

From Page 115 in the Data Book:

0.333
Nusselt Number = Nup = C * Re[' * Pr

Reynolds numbaer is between 40-4000
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~ C=0.683 , m=0.466 from the table at page 115 in the Data Book.

Nusselt Number = Nup = 0.683 * (356.679)°4%¢ x (0.688)0-333
Nu, = 0.683 * (15.465) * (0.882)
Ni, = 9.325 oo oo (1)

From Page 111 in the Data Book:

hd
Nusselt Number = Nu,, = -

_ h%0.025

Nux = —50321
Nuy = 0.778 % b o oo ... (2)

Equation (1)= Equation (2)

9.325 = 0.778 % h — h = 2222
0.778

h =11.973W /m?.K
Convection heat transfer coefficient=h=11.973W /m?.K
Surface area = A, =nwd L =m*0.025 % 0.4 = 0.031 m?
Heat transfer rate =Q=hA;AT=hA;(T,, — Te)
Q =11.973(0.031) (180 — 20)
Q =60182W
heat transfer rate=Q = 60.182 W (Answer)

157



Flow across tube Banks, page 120 in the Data Book
) saSadi€al 12+ oY oy 5 Sibad (fidy g

[PETE R 1y v

External Flow

Enternal Flow

5 (Lminan gl as gilies .1 (External Flow) & s
2038t By plaian S350 e L(Turbulent)

Flow across one tube or
one duct page 115

Fod a8 s el ORI p ey <Sa by

1 . Find Tayraga_

2. Find properties value at Tavraga,

- ud
3. Re- v
m 0333
4. Nu-CRe Pr

at page 115 in the Data Book

5. FindC and m
at page 115 in the Data Book

6. Find h from Nu-= h—d

k
7. Q-hAAT

across tube Banks
page 120

o Se el o pegpa I 0 Solaeny
1. maximum velocity_Umax
2. Find Tayrage,
3_ Find properies value at Tawage.
Il
4. Re- Tf“—d
5. Nu-C Rg at page 122 in the Data Book

f. Find C and n at page 122 in the Data Book

7. Findh from Nu- th

8 Ag-Trd LN
gl S S WSS pnis o)l N

9. m= .y L!c n LS L} dﬁn}ﬂgn‘;hjn

10. a-hAAT = m C AT
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123> 53° (Upax)4 s(maximum velocity) e st )3

Umax = (St%D) U, to5Ah ) Jhed 4dliS olb od g3l ) 540 ¢ 950 (in line) A4 1

559 a3 (53843 o Ak ) 5% (Upay) D 553545 ¢ 552 (Staggered) s .2
IS (e 40 553 02 o) A8 JLslS 6 500 0 ) 53 (54045 la

St
(1) Umax = <St — D) Uoo

S

muw which Sd = Slz + (—)

(2) Upgx =

Example: a tube bank uses an in-line arrangement of 30mm diameter tubes
with Cp=Cn=60mm a tube length is 2m. There are 10 tube rows in the flow
direction and seven tubes high. Air at 27°C and 15m/s flow in cross flow over
the tubes, while a tube wall temperature is maintained at 100°C . Determine
the temperature of air leaving the tube bank and the rate of heat transfer.

JaSad S(30mMm) st A oy (SHEILASS ) Cuiined IS4y (55 SIS 14 5 gad
A ASAI § ) aiul B A 8 20y 10 M e(2m) oy s 352 (Cp=Cn=60mm)
e o Ay o (LI § 40 Dl 5 03 (15m/s) 5 (27°C) A )sAs o) A R DAs

|48 o2a 28 (54ly 13(100°C) b oo 5l lin iy 5 (5 ) 503 (o S (saly 1aSISAT (hailSay ) 34
ASS (5l 484 A (g0 e S (5031 ) 5 4Ky (5 )lud 0 sASAL 5 5o ASHL 4l 4Ss g5 )

Given: tubes diameter=30mm=0.03m, pitch transverse to flow=S5;=Sp =
Cp=60mm=0.06m, pitch along the flow=S§,=S,, = C,;=60mm=0.06m,tube
length=L=2m, number of rows=n=10, Total number of tubes = N = row *
column = 10 x 7 = 70 Tubes , air velocity=15 m/s, air
temperature=T,,1=27°C, tube wall temperature =100°C.

Solution:
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T+ T 1004270 127

> > > = 63.5 = 60 °C

film temperature = Tf =

We will find properties for air atT; = 60°C
From page 33 in the Data Book: p = 1.06kg/m3

Kinematic viscosity=v=18.97*10"%m?/ sec , Prandtl Number=Pr=0.696,
C=1005 j/kg.K, thermal conductivity of the air=k=0.02896W/m.K.

It is in-line arrangement.From page 120 in the Data Book:

S
maximum velocity = Uy, g, = (S : D) Ueo
-

0.06 ) 0.06
*

0.06 — 0.03 =2x15=30m/s

”m“"z( = 0.03

Reynolds Number to be calculated on the basis of maximum fluid velocity

(Umax):

From page 111 in the Data Book:

Umaxd
Reynolds Number = Re = m;x
Reynolds Number = Re = ————0> _ _ 47 443331
eynolds Number = Re = o0 = :

From Page 122 in the Data Book:
(FLOW ACROSS BANKS TUBES)

Nusselt Number = Nu = C * Re™
The values of C and n are given in table of page 122:
St 0.06
D 003
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S, 0.06

=——=2
D 0.03
~ C=0.229 ,n=0.632

Nusselt Number = Nu = C = Re™
Nu = 0.229 = (47 443.331)%32 = 0.229 (902.282)

Nu = 206.622 ... .......(1)
From Page 111 in the Data Book:

hd
Nusselt Number = Nu = -

h % 0.03

= 0.02896
Nu =1.035%h oo oo (2)

Equation (1)= Equation (2)

Nu

206.622
1.035

h = 199.459 W /m?.K

206.622 =1.035xh > h =

Convection heat transfer coefficient=h=199.459 W /m?.K
Surfacearea = A; =mdL*N (N istotal number of tubes)
A; =m%0.03 %2 %70 = 13.194 m?
Heat transfer rate =Q=h A; AT=hA,(T,, — T)
Q = 199.459(13.194) (100 — 27)
Q =192121.363 W
Total heat transfer rate=Q = 192 121.363 W (Answer)
Mass flow rate=m" = po, * U, * N * §;

m' = 1.06 * 15 * 10 * 0.06 = 9.45 kg /s
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q=m C (Toz = Teo1)

192 121.363 = 9.45 % 1005 (T, — 27)
192 121.363 = 9 587.7 (T — 27)
20.038 = (Twop — 27)

20.038 + 27 = Twy
Ty = 47.038°C

The exit air temperature=T,,, = 47.038°C (Answer)

Example: 20mm out diameter copper tubes are arranged in in-line at 30mm
pitch Sp and 25mm pitch Sn. The entry velocity of air is Im/s at 20°C . The
tube wall is at 40°C. Determine the exit air temperature and total heat
transfer rate if the numbers of tube are arranged as 6 rows with 6 columns.

¢ (30mm) Al divds (oo sty (3 AR Gl IS(20mMm) 4xSe_ysd oy 4sse Ay )3 1405 sad
13(20°C) A o(1m/s) 4S) a5 3 adgsa (2 38 | Sns 5B s (25mm) 5 Sp sk
S0 pha e 5 4S5 (50 450 ga 03 | st (e A8 (saly 43(40°C) Al 4S5 s 0

6 Jo8al 50,y 6 (o sidn i Sliy lSan )5 (oo sle ) AR A4Sy ()l (o0 AS b il £
T

Given: tubes diameter=20mm=0.02m, pitch transverse to
flow=S;=Sp=30mm=0.03m, pitch along the flow=5,=5,,=25mm=0.025m, air
velocity=1 m/s, air temperature=20°C, tube wall temperature =40°C

of is at 20°C the tube wall is at 40°C , number of rows =6 rows, number of
columns =6 columns.

Solution:
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, T, +T, 40+20 60 .
film temperature = Tr = > = =5 = 30°C

We will find properties for air atT; = 60°C
From page 33 in the Data Book: p = 1.165kg/m3

Kinematic viscosity=v=16*10"%m?/ sec , Pr=0.701, C=1005 j/kg.K, thermal
conductivity of the air=k=0.02675W/m.K.

It is in-line arrangement.From page 120 in the Data Book:

St
maximum velocity = Uy, g, = ( )uoo

S, — D
( 0.03 ) _003
= k = — =
tmax = \(,03 = 0.02 001~ >™m/s

Reynolds Number to be calculated on the basis of maximum fluid velocity

(Umax):

From page 111 in the Data Book:

Umaxd
Reynolds Number = Re = m;x
Reynolds Number = Re = % = 3750
eynolds Number = Re = -——-— =

From Page 122 in the Data Book:
(FLOW ACROSS BANKS TUBES)

Nusselt Number = Nu = C * Re™
The values of C and n are given in table of page 122:
S¢  0.03

D  0.02 15
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S, 0.025

D~ 00z %
~C=0367 n=0586

Nusselt Number = Nu = C * Re™
Nu = 0.367 = (3750)°%°8¢ = 0.367(124.274)

Nu = 45.608

(Nusselt Number)<uied 43) S o yiadS 35 10 A (lSo 3 y (5o e § (g0 0 Al ;i
S (C1) S olaass

note: Rows deep= column Ossim = Js s 30y sind

Multiply the above Nusselt Number by C1. See tables 122:
Forin line tubes C1=0.94
Nu = 45.608 x 0.94 = 42.871 ... .... ... (1)

From Page 111 in the Data Book:

hd
Nusselt Number = Nu = "

h x 0.02

= 0.02675
Nu = 0.747 % h e e .. (2)

Equation (1)= Equation (2)

Nu

42.871
0.747

42871 =0.747xh - h =
h =57.391 W/m?. K
Convection heat transfer coefficient=h=57.391 W /m?. K
Assuming the length of tubes =1m

Surfacearea = A, =mdL*N (N istotal number of tubes)
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A, =m*0.02+1%36=2261m?
Heat transfer rate =Q=hA;AT=hA,(T,, — Ts)
Q =57.391(2.261) (40 — 20)
Q =57.391(2.261) (20)

Q = 2595.247W
Total heat transfer rate=Q = 2595.247 W (Answer)
Mass flow rate=m = py, * U, * N * §;
m = 1.165%x1x6x0.025=0.174 kg/s
q=mC (Towz = Tw1)
2595.247 = 0.174 * 1005 (T, — 20)
2595.247 = 174.87 (T, — 20)
14.841 = (T, — 20)
14.841 + 20 = T,
Tw, = 34.841°C

The exit air temperature=34.841°C (Answer)
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Example: air 1 atmosphere and 10°C flows across a bank of tubes 15 rows
high and 10 rows deep at a velocity of 7m/s measured before entering the
tube bank. The tubes are maintained at 65°C. The diameter of the tubes is
2.54cm they are arranged in an in-line manner so that the spacing in both
normal and parallel directions to the flow is 3.8cm. Calculate the total heat
transfer per unit length for the tube bank and the exit temperature. Air
properties at 27.5°C are p = 1.137kg/m3, viscosity = u = 1.894
10~°kg/m.sec , Pr=0.706, C=1007 j/kg.K, thermal conductivity of the
air=k=0.027W/m.K.

) 5 UAS T An 405 5a810°C o3 SIS s S 03 (15 5 DA iy 10 A dssf
) ) ARTM/s) Al ASA )5 0 sASay 55 SIL Sl (i 4l )5k (65°C Lo st sbinea 1 (

) OS5 o i2.540m Al aShagle (o a5 5 Nalinay (S g Al (4 sRea el () g4 o

) ASafidy gy 5 law AT g (o giedd Akl )l 550 A83.8Cm (e AS (s il S et A o
Al ) Ad (ASAGL A4S0 s oo | AR 5 ASA ) 51 4SS 5 a3 ) SanSay a4y s
)27.5°C 4 & » 13(p = 1.137kg/m3, viscosity = u = 1.894 « 10~ 5kg/
m.sec , Pr=0.706, C=1007 j/kg.K, thermal conductivity of the
air=k=0.027W/m.K.

Given: air temperature=T,=10°C, air velocity=u,=7 m/s, number of
rows=n=15 rows, number of columns=rows deep =10 columns, tube wall
temperature =65°C, tubes diameter=2.54 cm=0.0254m, pitch transverse to
flow=S;=Sp=3.81cm=0.0381 m, pitch along the flow=S5,=5,,=3.81cm=0.0381 m,
p = 1.137kg/m3, viscosity = u = 1.894 x 10~°kg /m. sec , Pr=0.706,
C=1007 j/kg.K, thermal conductivity of the air=k=0.027W/m.K.

Solution:

note : Rows deep= column

It is in-line arrangement.From page 120 in the Data Book:
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S
maximum velocity = Uy g, = (S : D) Ugo
¢ —

0.0381
0.0381 — 0.0254

umax=( )*7=21m/s

Reynolds Number to be calculated on the basis of maximum fluid velocity

(Umax):

From page 111 in the Data Book:

Umaxd
Reynolds Number = Re = p rZax
Revnolds Number — Re — Lo *21+00254 0 097
eynolds Numper = Re = N TEET _ |

From Page 122 in the Data Book:
(FLOW ACROSS BANKS TUBES)

Nusselt Number = Nu = C * Re™

The values of C and n are given in table of page 122:
St _ 0.0381

D~ 00254 1°
S, 0.0381
D 0.0254

~ C =0.250 ,n = 0.620
Nusselt Number = Nu = C * Re™
Nu = 0.250 =(32020.897)%620 = 0.250(621.396)

Nu = 155349 ..........(1)

From Page 111 in the Data Book:

hd

Nusselt Number = Nu = "
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h * 0.0254

0.027
Nu =094 *h........(2)

Equation (1)= Equation (2)

Nu =

155.349 = 0.94 + h — h = =>>349
0.94

h = 165.134 W /m?.K
Convection heat transfer coefficient=h=165.134 W /m?.K

Surface area = A =mdL*N (N istotal number of tubes = 10 * 15
= 150)

A; =m+0.0254 « L 150 = 11.969 = L
Heat transfer rate = Q = hAJAT = hA(T,, — Ty)
Q =165.134(11.969 = L) (65— 10)
Q =108711.137 * L

=108 711.137 W/m

~]Q

Total heat transfer per unit Iength=% = 108711.137 W /m (Answer)

Mass flow rate=m = py, * U, * N * §;
m = 1137 %7 *15%0.0381 = 4.548 kg/s
q=mC (Towz = Tw1)
108 711.137 = 4.548 * 10057 (T, — 10)
108 711.137 = 4580.408 (T, — 10)
23.733 = (T, — 10)
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23.733 + 10 = Top,
To, = 33.733°C

The exit air temperature=33.733°C (Answer)

Internal flow at Page 123 in the Data Book
ki) A8 Al 12V o ¥ Al A o i g

External Flow Enternal Flow

TedSe 3 IEaE 8 syl e PLHP LS pts <Solaneyy

1 . Flnd Tavrage_

2 . Find properties value at Tavrage.

_ . ud
3. Re- v

4. Laminar or Trbulent
5 .Find Nu
in page127 59’ ud 14 (TabIE) ad Baasd g4 Laminar A4l

0.8
exinis Nu-0.023Re Pr sttt st aives s Trbulent s
at page 125 in the Data Book

6. Findh from Nu- th

/. Q-hAAT = C AT

Example: In a straight tube of 60mm diameter, water is flowing at a velocity of
12m/sec. The tube surface temperature is maintained at 70°C and the flowing
‘ water will be heated from the inlet temperature 15°C to an outlet ‘
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temperature of 45°C . Take properties of water at its mean temperature.

Calculate (1) heat transfer
coefficient. (2) Heat transferred. (3)
The length of the tube.

wall temperature 70 °C

o Sy S A s

Sl I8 43 &l g a5l J(60mm)
4S5 559 e AS 4l 13(12m/sec)
4Ss 5 513 ) 0 sl o5 (70°C) A o 5l lin
505 A5 (5484 A8 (aly 4l Cujon o S
sl ) Sl o K g g Sapaiuaianli (45°C) o0 eisa (o 48 54k 530 50(15°C)
S ir sl & oS (2) S e (o S o Al A s (1) Iase S
A Dl A S, 5 380 (V)

Water
12 m/sec

Given: tubes diameter=60 mm=0.06m, water velocity=u=1 m/s, tube wall
temperature =70°C, inlet temperature=T,,=15°C, outlet
temperature=T},=45°C.

: Tpi+T 15445 60
Solution: Bulk mean temperature = T,,, = blz 2 — — =—=30°C

We will find properties for water at T = 30°C

From page 21 in the Data Book:

Water properties at 30°C are not possess, we will find Water properties at
20°C and 40°C after that we will find at 30°C due to interpolation.
(40°C) 5(20°C) 4o gahjgaea s ariaiauli 4alt axi 13(30°C) 45U AlSapdanls
o SBT3 M (5 3043 0 34053303 13(30°C) 4l 4 il
temperature density Kinematic  Number(Pr) specific thermal

(p) viscosity(v) heat( C) conductivity
(k)
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20°C 1000 1.006%¥10~° 7.020 4178 0.5978
40°C 995 0.657*107° 4.34 4178 0.628

Water properties at 30°C:

P20+ Pso 1000+ 995
P30 = 5 = >

Vyo + Vg 1.006 + 1076 + 0.657 x 1076

= 997.5kg/m3

= = (. 1 1 —6,,,2
V30 5 > 0.8315 % 10™°m*/s
Pry,, + Pr. 7.02 + 4.34
Prsy = ————= = = 5.68
2 2
Coo+Chp 417844178
30 = = = 4178 J/kg.K
2 2
koo + ks 0.5978 + 0.628
30 = = = 0.6129 W /m.K
2 2
From page 111 in the Data Book:
ud
Reynolds Number = Re = —
Reynolds Number = Re = ——0* 12 _ 065904991
SYRONES HRer = M T 08315« 106 '

Re > 2300
~ The type of the flow is turbulent

From Page 125 in the Data Book:

Dittus — Boelter equation: Nusselt Number = Nup
= 0.023 * Rep® = Prn
N=0.4 for heating of fluids
N=0.3 for cooling of fluids
Outlet temperature (45 °C) > inlet temperature (15 °C)
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=~ it is heating of fluids and n = 0.4
Nup = 0.023 * (865 904.991)°8 x (5.68)04
Nu, = 0.683 * (56231.05) * (2)

Nu, = 2586.628 ... ..........(1)

From Page 111 in the Data Book:

hd
Nusselt Number = Nu, = -

h % 0.06

= 0.06129
Ny = 0.097 % h e vve oo (2)

Equation (1)= Equation (2)

Nu,

2586.628
0.097

2586.628 = 0.097 xh - h =
h = 26422.405 W /m?.K
Convection heat transfer coefficient=h=26422.405 % .K (Answer)

7sz_7TO.O62
4 4

Cross sectional area = A, = = 2.827 * 1073 m?

Mass flow rate=m = p xu * A,
m = 997.5 %12 2,827« 1073 = 33.844 kg/s
q=m C (Tpz — Tp1)
q = 33.844 4178 (45 — 15)
q = 4242006.96 W
2. The heat transferred =q = 4242006.96 W (Answer)

)

Heat transfer rate =Q=hA;AT= hA((T,, — Tp1+Th2
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4242006.96 = 26422.405 x A; (70 — 30)

4242006.96 = 26422.405 * 40 * A,

4242006.96

A = = 4.013 m?
s = 36422405 2 20 +013m

Surface area = Ag =mdlL

4013 =m*0.06 x L

L—4'013—21 289 A
=01sg ~ 2L m (Answer)

o sl 243 (5 3840 o A% ) 53 (hydraulic diameter)caiss | s g sxi 45 3l leaSalSs julas
4A

A4S 1284l 5 5 geda 4l s 114 Data Book) sidl 4 126 o_a 4148 (Dh = ?)

(hydraulic diameter) ) 54 5 san 1aSluly Ul (d) ¢ )840 1348 sy (A3 S S
030 52 (540 g o g i S

Example: Water flows in a duct having a cross section 5mm*10mm with a
mean bulk temperature of 20°C . The duct wall temperature is constant at
60°C, for fully laminar flow, calculate the water flow velocity and amount of
heat transfer, if exit water temperature is30°C . Take the following properties
of water. p=100kg/m?3 ,v=1.006*10"%m?/sec, Pr=7.02, C=4216J/kg.K,
k=0.5978W/m.K ..

Ay | S5 4 (Smm*10mm) o s Ay (Sal o Sodn 1aSaml 55l 4y &l g e g 1 gad
530 50 13(60°C) 4l y3Ras aSal gl (5 ) 33 (e A8 (54Ly (20°C) (Sorm (e 28
gl A% Sy Clauns e 28 (g0 sl K (5 55U I 5 ) ol i @ 3da Ty
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p:]_OOkg/m3 _a)quaj j\.‘\ Lg‘\ql_}m‘\_\:\u e‘\ﬁ &_1;1.1(300(:) j\.‘\ (50 90 ol 4.’1}& ‘fmj‘\g
,v=1.006%10"°m?/sec, Pr=7.02, C=4216J/kg.K, k=0.5978W/m.K .

Given:
Bulk mean temperature=T,, = 20°C, exit temperature = Ty, = 30°C,
duct wall temperature =60°C.

Solution:
o niom Tpp +Tp
Bulk mean temperature = T,;, = 20°C = —
Ty, + 30
- 20=——o— -
40 =Ty, + 30 - Ty, = 10°C 5

The type of the flow is Laminar. From Page 127 in the [~—10—]
Data Book:

2b 5 1 :
Because — = — = - and the duct wall temperature is constant

~ Nu=3391.......(0

Cross sectional area = A, = 0.005 x 0.01 =5 * 10> m?
perimeter = 2(Length) + 2(width)
P=2%x0.0054+2%0.01=0.03m

from page 126 in the Data Book:

4 x Area
Hydraulic diameter = .
Perimeter
D 4 A
h= p



p, = 25107 103
= = 6. *
h 0.03 m

Assuming duct length=1 m.
Surfacearea = A;=mdL =m*6.66*1073 %1 = 0.02 m?
From Page 111 in the Data Book:
ﬂ
k

h * 6.66 *x 1073

3.391 =

0.5978
2.027 = h* 6.66 * 1073
2.027

= 6.66 103
Tpy > Tpq

Nusselt Number = Nu,, =

= 304.101 W/m2.K

~ it is heating

Ty, +T
Heat transfer rate = Q = m: C(Ty, — Tp1) = hA; (TW - 2 bl)
Tp1 + Tpy
m C(sz — Tbl) = hAs (TW - 2 )

m *4216(30 — 10) = 304.1 % 0.02(60 — 20)
m % 4216(20) = 304.1 = 0.02(40)
m *x 84320 = 243.28

24328
™ =84320

= 2.885#% 1073 kg/sec

Mass flow rate = m = pud,

2.885% 1073 = 1000 *u* 510>
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2.885 %1073 =0.05*u

2.885 % 1073
u =
0.05

m
= 0.0577 — (Answer)
sec

Amount of heat transfer:

Ty t Tbl)
2

Q =304.1x0.02(60 — 20)

Q = hag (T,

Q =243.28W

Heat transfer rate=Q = 243.28 W (Answer)

Example: n-butyl alcohol flows through a square duct of 0.1m side with a
‘ velocity of 30mm/sec. the duct is 4m long. The walls are at constant
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temperature of 27°C . The bulk mean temperature of n-butyl is 20°C . ‘
Determine Heat transferred. Take the following properties of n-butyl. ‘

p=810kg/m3,
©=29.5%*10"*Ns/m?, Pr=50.8, /j\'}
- I

k=0.167W/m.K..

Sl 55l sl i g (a1 g g
4 &l g e la (0_1m) M Lgdjgj‘ﬁ
4m 4Sdy40 (30mm/sec) B

e A8 Al Al S ) 3 o 550

b ) SE L 1(27°C) R
A ad 4Ky () ol il K (o A8 5(20°C) 4Se(J ssi) 4y (e S
p=810kg/m3, u=29.5¥10"*Ns/m?2, Pr=50.8, k=0.167W/m.K . .o_S s s (Jsise-0k) \

°C
30 mm/sec Duct wall temperature 27

Given: duct wall temperature =27°C, fluid velocity=u=30mm/sec=0.03m/sec,
Bulk mean temperature=T,, = 20°C.

Solution:

The type of the flow is Laminar. From Page 127 in the Data Book:

2b 0.1 .
Because m T o1 1 and the duct wall temperature is constant

Nu = 2976 ..........(1)
Cross sectional area = A, = Length » width
=0.1%0.1=0.01 m?
perimeter = 2(Length) + 2(width)
P=2x014+2%x01=04m
from page 126 in the Data Book:
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4 % Area

Hydraulic diameter =

Perimeter
=44
P
D, = 4 % 0.01 _ 0.04 —01m
0.4 0.4

From Page 111 in the Data Book:

hd

Nusselt Number = Nup = "

2976 = 201
T 0167

2.976 = h x 0.598

976
_ _ 2
= 3598 4969 W /m*.K

Surfacearea = A, =mdL=m*4%0.1=1256m?

T,, > T,
~ it is heating
Tpr + Tp1
Heat transfer rate = Q = hA; (T, -—
Ty, +T
q=hAS(TW— b1 2 b1>

q = 4.962 *x 1.256(27 — 20)
q = 43.648W
Heat transfer rate=Q = 43.648 W (Answer)
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Example: Air at 20°C flows through a tube 8cm diameter with a velocity of
9m/sec. The tube wall is 80°C . Determine the tube length required for exit air
temperature of 36°C .

S5 .(IM/sec) (s 40 Gl e 13(8em) et (S 54 13(20°C) Al ) sAaa 14 g s
(5050 3 415 93 (e AS (saly (g0 543 0 4Ky (5 ) A4y 3 (e sy (2 5% .0(80°C) 4S4u 3
(36°C) &5

Given: inlet temperature=T};=20°C, tube diameter=d=8cm=0.08m, air
velocity=u=9 m/s, tube wall temperature =80°C, outlet
temperature=T},=45°C.

Solution:

Ty +Tp, 20+36 56
Bulk mean temperature = T,, = = = — = 28°C

2 2 2
= 30°C

We will find properties for air atT; = 30°C

From page 33 in the Data Book:

p =1165kg/m3v =16 x107°m?/s, Pr = 0.701,C = 1005 J/kg. K,k =
0.02675 W /m. K

From page 111 in the Data Book:

ud
Reynolds Number = Re = —
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R lds Number = Re = 0+ 0.08 = 45000
eynoltds Number = 8_16*10‘6_

Re > 2300
~ The type of the flow is turbulent

From Page 125 in the Data Book:

Dittus-Boelter Equation:
Nusselt Number = Nup = 0.023 * Rep® * Prm

N=0.4 for heating of fluids
N=0.3 for cooling of fluids
Outlet temperature (36 °C) > inlet temperature (20 °C)

=~ it is heating of fluids and n = 0.4

Nup = 0.023 * (45000)°8 % (0.701)04
Nu, = 0.683 * (5279.223) * (0.867)
Nu, = 105.337 ...... ....... (1)

From Page 111 in the Data Book:

hd
Nusselt Number = Nu, = -

h *0.08

= 0.02675
Nu, =299 +h........(2)

Equation (1)= Equation (2)

Nu,

105.337 = 2.99 « R — h = ~9>:337
2.99

h =3522W/m%.K

md? m(0.08)

7 7 = 5% 1073 m?

Cross sectional area = A, =
Mass flow rate=m = p *u * A,
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m =1.165*9 5% 1073 = 0.052 kg/s
q=m C (Tpz = Tp1)
g = 0.052 * 1005 * (36 — 20)
g = 847.47 W

Tp1+Th2

Heat transfer rate =Q=hA;AT= hA,(T,, — )

847.47 = 35.222 x A; (80 — 28)

847.47 = 1831.544 * A

847.47

A= —20  _0.462 m?
s = 1831544 0462m

Surface area = Ag =mdlL
0.462 = = 0.08 * L

0.462 = 0.25 * L

_0.462
"~ 0.25

Tube length=1=1.838 m (Answer)

= 1.838 m (Answer)
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Chapter 7
Free Convection
Y Ui

PR PY WS VY

(Reynolds Number) <lSU Cu g5 &l ) 3a ada < 13 (Free convection) 41 : (i
Constant wall ) 4 slss 55 3 (50 4% 3 5% (Grashof Number)4ius sk a¥4s .o Al ) 52
S 5 e A )30 (Modify Grashof Number) 48 4oy oh s 5 s 448 (L (temperature
4xa (L (Constant heat flux) w4 s

Example: a flat electrical heater of 0. 4 m*0.4m size is placed vertically in air
at 20°C . The flux from the heater is 1200W/m?. Determine the value of
convection heat transfer coefficient and the plate temperature.
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ad 1ol A Al i yHien 1o (g i 4r 5(0. 4 M*0.4m ) o bl slo IS (345 S Ak 140 g gal
42 oS (o il K (AT 5la (A 51 o(1200W/m?) o 4 s 4l 4% Uil 13(20°C)
A (s ASaily e A8 (el 5 i Sdaa

Given: Area=(0.4 m*0.4 m)air, temperature=T,=20°C, heat flux=q=1200
W/m?.

SCHEMATIC:

Q - 1200 Wint

T.=20°C

Solution: From page 33 in the Data Book:
We will find air properties at 20°C

J3(20°C) 4o st )53 | gAd (il Al

temperature density Kinematic = Number(Pr) thermal thermal
(p) viscosity(v) diffusivity(<) conductivity
(k)
20°C 1.205  15.06*107° 0.703 21.417*107° 0.02593

We will find coefficient of thermal expansion () from page 29 in the Data
Book at20°C.

B=342+x10"3 K1

This question is constant heat flux. o845 e A8 (5 il s jlus 5 add
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Constant heat ) 43l b 545 5 5054 ) 32 (Modify Grashof Number) 4S 4y sis
A ol (flux

gBqx*
kv?

. (9.81)(3.42 * 1073)(1200)(0.4)*
~ (0.02593)(15.06 * 1076)2

B 1.03
~ 5.88x10-12

Gr* = pr = 1.75 * 1011 « 0.703 = 1.23 « 101! > 10°

Modify Grashof Number = Gr* =

= 1.75x 1011

Gr*

It is turbulent o) 53 » 43

We will choose a suitable rule to find Nusselt Number (Nu): from page 135 in
the Data Book:

ASai€ Al 135 090 AdY Al (NU) o 30 lai o jla 5 U 0 yi5u JAa slad Sl 4ats
okl

Nu, = 0.17(Gr* = pr)®2>
Nu, = 0.17(1.23 * 1011)025

Nu, = 0.17(592.35) = 100.7 ... ... .... (1)

hL
Nusselt Number = Nu, = -

h * 0.4

= 0.02593
Nu, = 15426 % h ... ........(2)

Nu,
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Equation (1)= Equation (2)

100.7
15.426

h=652W/m%K

100.7 = 15426 * h - h =

Convection heat transfer coefficient=h = 6.52 %.K (Answer)

Heat transfer rate =Q=hA AT=hA (T, — Ts)
Q= hA(Ty —Tw)

Q_
+=h (= T)

1200 = 6.52 (T,, — 20)
183.82 = (T, — 20)
183.82+20= T,
T, = 203.82°C

The plate temperature=T,, = 203.82 °C (Answer)

.50 Sa 4 (g0 0 yus 5543l s (Upper surface is heated) ;s
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Example: A flat plate 1m by 1m is inclined at 30° with the horizontal and
exposed to atmospheric air at 30°C . The plate receives a net radiant heat
energy flux from the sun of 700W/m? which then is dissipated to the
surrounding by free convection. What temperature will be attained by the
plate?

A AA 51330 BT (309) 4o stal S Y e (Im) 4 (1m) (385 (Sl 14 g sa
25 (700W/M?) 35 53 55 oS e A4S (50 35 (oS3 shill aSaiily 13(30°C) Al (4SS s) sAn
Al s 80 43 ) ea )l s 30 s AT )Sed (5 A 5l 50 4S b g 3a 4l g Ko
?5‘5454333.4@ (S 4 &L\é}‘\SDJ QT GAJAE

Given: Length=L=1 m, width=w=1 m, angle with the horizontal=30°
angle with the Vertical = 6 = 90 — 30 = 60°, air temperature=T,, = 30°C,
heat flux=q=700 W/m?.

Inclined plate

Solution: From page 33 in the Data Book:

We will find air properties at30°C.

r ) ASAEiS Al VY 5 g0 W Al IS0
(30°C) 4o jaon ) Aa eyl 4l
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temperature density Kinematic  Number(Pr) Specific  thermal
(p) viscosity(v) heat (C)  conductivity
(k)
20°C 1.165 16*10°¢  0.701 1005 0.02675

We will find coefficient of thermal expansion () from page 29 in the Data
Book at30°C.

A (5l 5 ASAEE 41 29 o ¥ Al (B) 054155 03 (e AR (550 () 518 (4SS sl
13(30°C)
B =33%10"3K"1

This question is constant heat flux.

Constant heat ) 43l _lus_n 545 5 5o 54 )32 (Modify Grashof Number) 4S 4y sis

A Ok (flux
4
X
Modify Grashof Number = Gr™ = b4
kv?
. (9.81)(3.3 * 1073)(700) (1)*
T T T 0.02675)(16 * 10-6)2
Gr 22.66 2351012
= — ] *
’ 6.848 x 1012

Gr* « pr = (3.3 * 1012) ¥ 0.701 = 2.31 * 10%*? > 10°
It is turbulent

We will choose a suitable rule to find Nusselt Number (Nu): from page 136 in
the Data Book:

Gr* * pr * cos 60 = (2.31 * 10'?) * (0.5) = 1.155 * 1012
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Nu, = 0.17(Gr* = pr)°®2>
Nu, = 0.17(2.31 * 1012)025
Nu, = 209.58 ......... (1)

from page 111 in the Data Book:

hL

Nusselt Number = Nu, = k

h=*1

= 0.02675
Nu, = 37.38 % A e oo o (2)

Equation (1)= Equation (2)

Nu,

209.58
37.38

209.58 =3738*xh > h =
h=56W/m%K
Convection heat transfer coefficient=h = 5.6W/m? .K (Answer)
Heat transfer rate =Q=hA AT=hA (T,, — T)
Q= hA(T, —Ty)

Q_
Z_ h (TW_TOO)

700 = 5.6 (T,, — 30)
124.86 = (T,, — 30)
12486 +30 = T,
T, = 154.86 °C

The wall plate temperature=T,, = 154.86 °C (Answer)
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Example: consider a surface 0.5m high kept in an angle of 45° from the
horizontal and the wall has a constant temperature of 40°C, in air at 20°C.
Determine the value of convective heat transfer coefficient.

4S5 )l 523 5 05 3uli 4l (459) (543 K 4y o stiilines 40 (0.5m) Sy cold (s 14 g sal
o sl 8 (548158 5la 353 13(20°C) ) sAs 4 carma (40°C) s R (e S (Samly
ASy 5 sl B e 8

Given: Length=L=1 m, angle with the
horizontal=45° .. angle with the Vertical = 6 = 90 — 45 = 459, air
temperature=T,, = 20°C, wall temperature = Ty, =40 °C.

Inclined plate

Solution:

_ T, +T, 40+20 60 .
film temperature = T = > = =5 = 30°C

From page 33 in the Data Book:
We will find air properties at30°C.

temperature density Kinematic ~ Number(Pr) Specific  thermal
(p) viscosity(v) heat (C)  conductivity

(k)
20°C 1.165 16*107¢  0.701 1005 0.02675
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We will find coefficient of thermal expansion () from page 29 in the Data
Book at30°C.

B=33x10"3K1

This question is constant wall temperature.

(Constant wall temperature) 43! )b n 3 51 (50 40 ) 5% (Grashof Number)4io si

AL Ol
gpx3AT ,
Grashof Number = Gr = —7 (at page 134 in the Data Book)
~ (981)(33 = 1073)(0.5)3(40 — 20)
"= (16 * 10-6)2
0.08
Gr = S Ee10-10 312 500 000

Gr =pr = (312500 000) * 0.701 = 219 062 500 < 10°
It is Laminar.

We will choose a suitable rule to find Nusselt Number (Nu): from page 134 in
the Data Book:

Nu, = 0.59(Gr * pr * cos 45)%2°

Nu, = 0.59((219 062 500) * (0.707)) ™

Nu, = 0.59(111.56)
Nuy = 65.82 .. evv e (1)

From page 111 in the Data Book:

hL

Nusselt Number = Nu,, = k
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h % 0.5

Nu, = ————
Yx = 0.02675
Nu, = 18.69 * h ... ... (2)
Equation (1)= Equation (2)
65.82 = 18.69x h —» h = 2%
18.69

h =3.52W/m2K

Convection heat transfer coefficient=h = 3.52W/m? .K (Answer)

Example: a long rectangular duct of width and height of 0.75m and 0.3m
respectively. The outerSurface temperature of the duct is maintained at 45°C.
If the duct is exposed to air at 15°C in a ramp space beneath a home, what is
the heat loss from the duct per meter length?

A8 sl 1S4 5343 (0.3m) 5 (0.75m) (A 5 Sl 300 iKY (SHSen 14l ga
Al 13(15°C) 4l ) sma Ay Al iy 4Saion A8 13(45°C) Al s s 5 lia 4SATSea 5 50 00 (555
$ 5 SiMaAa (501 Sy o ST Al din gty (oa A (aSille 5 e (Sald

Given: width=0.75 m and height = 0.3 m, Surface temperature =T,,= 45°C. air
temperature=T,, = 15°C

L/_>\

<5+ %
\

0.75m—| b ct wal temperature 45 °C
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Solution:

, T, +T, 45+15 60 .
film temperature = Ty = > = =5 = 30°C

From page 33 in the Data Book:
We will find air properties at30°C.

temperature density Kinematic  Number(Pr) Specific  thermal
(p) viscosity(v) heat (C)  conductivity
(k)

20°C 1.165 16*107° 0.701 1005 0.02675

We will find coefficient of thermal expansion () from page 29 in the Data
Book at30°C.

f=33+x103K!

Cross sectional area = A, = height * width
= 0.75* 0.3 = 0.225 m?
perimeter = 2(height) + 2(width)
P=2x%(075)4+2%(03)=21m

from page 126 in the Data Book:

4 % Area
Hydraulic diameter = .
Perimeter
D, — 4 A
h= p
D _4*0.225 B 0.9 _ 042
hTTToq g1 rem

This question is constant wall temperature.
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(Constant wall temperature) 43 )b n 3 51 (50 44 ) 5% (Grashof Number)4io s

A Ol
gpD3AT ,
Grashof Number = Gr = 7 (at page 134 in the Data Book)
~ (981)(3.3 1073)(0.42)3(45 — 15)
" (16 * 107)2
0.071

= 281 068 455.9

Gr =
" T 256+10-10

Gr =pr = (281068 455.9) * 0.701 = 197 028 987.6 < 10°
It is Laminar.

We will choose a suitable rule to find Nusselt Number (Nu): from page 137 in
the Data Book:

3.1 Horizontal cylinders long cylinders:
Nu, = C(Gr =pr)™
107 < Gr *pr <102 . C =0.125,m = 0.333

Nu, = 0.125((281 068 455.9) » (0.707))****

Nu, = 0.125(587.2)
Nuy = 72.27 oo (1)

From page 111 in the Data Book:

hL

Nusselt Number = Nu,, = k

_ hx042

~0.02675
Nu, =157 % h .o (2)

193

Nu,




Equation (1)= Equation (2)

7227 =157 % h —» h = 2
15.7

h=46W/m*K
Convection heat transfer coefficient=h = 4.6/m? .K (Answer)
Q= hA (T, — Ty)
Q = 4.6(1.319 x L)(45 — 15)

% = 182.02 Watt
the heat loss from the duct per meter length=
% = 182.02 Watt (Answer)

Example: A vertical slot of 20mm thickness is formed by two 2m*2m square
plates. If the temperatures of the plates are 115°C and 25°C respectively,
calculate the following: (1) the effective thermal conductivity. (2) The rate of
the heat flow through the slot.

(2m*2m) 4SS s Al 50 4 e iy sindd (20mMm) (Sssie SSI) 3 A5 sad
U5 (1) 148y Jleas adletliclaSanl sva (2(25°C) 5 (115°C) oSaiily o 48 saly S
J34Ss 50 gy (A8 LS5y (58 50 (2) L AKIS (e S il

Given: Length=L=20mm=0.02 m, width=2 m and height = 2 m , temperature of
plate 1 =T;=115 °C . temperature of plate 2 =T,= 25°C
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([SCHEMATIC: ]
T, -115°C T, 25 °C
2m
2m
L=20mm
\ k= =D.02m%|

Solution:

T,+T, 115425 140

ilm temperature = Ty = = 70°C
f P A 2 2
From page 33 in the Data Book:
We will find air properties at70°C.
temperature density Kinematic  Number(Pr) thermal thermal
(p) viscosity(v) diffusivity(<) conductivity
(k)
70°C 1.029  20.02*107° 0.694 28.55*107° 0.02966

We will find coefficient of thermal expansion () from page 29 in the Data
Book at70°C.

B=291x10"3 K1

_ gBIAT
T xvp

Ra (at page 137 in the Data Book)
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~(9.81)(2.91 * 1073)(0.02)3 (115 — 25)
~ (28.556 * 107%) (20.02 * 1076)

2x107°

= To1s10-10 34983.92

Ra

We will choose a suitable rule to find Nusselt Number (Nu): from page 138 in
the Data Book:

PT 0.23 H 0.25
Nu, =022 (——— <R 2
u, =0 (0.2+Pr* a) (L)

. 0.23 2 0.25
Nu, = 0.22 4983.92 <
u, =0 (O.2+O.694*3 9839) (o.oz)
Nu, = 0.22(10.46)(3.16) = 7.27 s e .. (1)

From page 111 in the Data Book:

hL
Nusselt Number = Nu; = -

h *0.02

= 0.02966
Nu, = 0.67 %R oee. (2)

Equation (1)= Equation (2)

NuL

727 =067 xh - h =22
0.67

h =10.86 W/m2.K
Convection heat transfer coefficient=h = 10.86 W/m? .K (Answer)
Q= hA(T, —T)
Q = 10.86(2 * 2)(115 — 25)
Q = 10.86(4)(90)
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Q =3909.6 W (Answer)

Example: The horizontal air space over a solar collector has a spacing of
2.5cm. The lower plate is maintained at 70°C while the upper plate is at 30°C..
Calculate the free heat convection across the space for air at 1 atm.

A (2.5em) ©lasde o S ASES ] sl (o) b SAld 5 1Al g ga
Gi8MA 4413(30°C) A 4 o s (sASAL 1aSISAl 13(70°C) 4l o s sl i o sty (sasal
S ] Al a5 1aSanli Al A Hle Aa by gu e 48

Given: Length=L=2.5 cm=0.025 m, temperature of plate 1 =T;=70°C .
temperature of plate 2 =T,=30°C

" )

T.-30 °C
Upper plate / 2

L-25ecm=0.025m

O
T,-70°C
N

-

Solution:

, T,+T, 30+70 100 .
film temperature = Ty = S =T == 50°C

From page 33 in the Data Book:
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We will find air properties at50°C.

temperature density Kinematic  Number(Pr) thermal thermal
(p) viscosity(v) diffusivity(<) conductivity
(k)
50°C 17.95*107° 0.698 25.722*107° 0.02826

We will find coefficient of thermal expansion () from page 29 in the Data
Book at70°C.

B =310x10"3 K1
gBL3AT
a = ——

X v

~(9.81)(3.10 ¥ 1073)(0.025)3(70 — 30)
~ (25.722%1076) (17.952 * 1076)

(at page 137 in the Data Book)

1.9%107°

= e 70T = 4115138

Ra

We will choose a suitable rule to find Nusselt Number (Nu): from page 138 in
the Data Book:

Nu; = 0.069 Rq0-333 py0-074
Nuy, = 0.069 (41 151.38)°333 (0.698)°07*
Nu, = 0.22(34.402)(0.973) = 2311 ... ... (1)

From page 111 in the Data Book:

hL
Nusselt Number = Nu; = -
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h % 0.025

~70.02826
Nu; =088 xh ...........(2)

Equation (1)= Equation (2)

Nuy

2311 =088+ h — h =221
0.88

h =2.612W /m?2.°C
Convection heat transfer coefficient=h = 10.86 W/m? .K (Answer)
Q= hA(T1 —T,)
Q= 2.612*xAx (70— 30)

% = 2.612 % (40) - % = 104.494 W (Answer)
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Chapter 8
A i
Radiation Heat Transfer

OIS 4y e 48 (g0 il S

8.1RADIATION

Definition: Radiation is the energy transfer across a system boundary due to a
AT, by the mechanism of photon emission or electromagnetic wave emission.
Because the mechanism of transmission is photon emission, unlike conduction
and convection. The significance of this is that radiation will be the only
mechanism for heat transfer whenever a vacuum is present.

o Sty ((AT) (53840 1 iatinss (5 gy 5o sy 4Ss g (o giind & ()i 1anliyy
3 ped 0L e 5ilSie aSisa (5 S 5a 5 IS gl (S Ay pen Gl 038 (Sl g e
5 Caied o ilSae Lia (S50 4S (g0 Al (g detd Al (8 Kas 5 a8 4l s iz

JARTCY Y d@g\.ﬁ:}gé\iﬂ@ﬁgdcf\ﬁ“\;
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4.2 Electromagnetic Phenomena.

We are well acquainted with a wide range of electromagnetic phenomena in
modern life. These phenomena are sometimes thought of as wave
phenomena and are, consequently, often described in terms of
electromagnetic wave length, A. Examples are given in terms of the wave
distribution as shown below:

RER LYV BIPPIXEIX

D23 pasle (L5 Al (6588 s 3IS (o )n (5l (Sala e JaBal Cpaealidlh iy (L 4
u.ut_i ‘)\;‘)jj c\MMddea.ﬁjgddoJﬂ oﬂéﬁbd&d\ﬁﬁ JIACQMA 4_'1‘.3‘)‘_1”.3 6‘\:’

O\ sudidgly Al 3 (5 54y O 0 ST 5 5a8 () ¢ 58 5a 5 S (s (5350 40 G sSen
:QJ\JJOL:L:\}::}::)\)';AJ‘\S
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—

Liierowaves

(X Ry

Visible Light, 0.4-0.7um

Waveleneth. 2. um

One aspect of electromagnetic radiation is that the related topics are more
closely associated with optics and electronics than with those normally found
in  mechanical engineering courses. Nevertheless, these are widely
encountered topics and the student is familiar with them through every day
life experiences.
O sy 0 Ay 3] il ) ()lSs jluie gy 4l 4S 4 a5 (g L a3 IS (JIaSEE g
S 3 Al o st 550 (s (Saue s 4y 4l s JaSad Al 5 Sl i) ) 5 (S il JaSal
USR5 o 5 )@ A OSAEL (S e i Aledd (e A () o e SilSae ()l I
o3 (35, el e s sad o) s JaSad iy
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4.3 Stefan-Boltzman Law

Both Stefan and Boltzman were physicists; any student taking a course in
guantum physics will become well acquainted with Boltzman’s work as he
made a number of important contributions to the field. Both were
contemporaries of Einstein so we see that the subject is of fairly recent
vintage. (Recall that the basic Equation for convection heat transfer is
attributed to Newton)

Ol -l il

2] 68 (ol 3l Al S o g el H3S Gli B s ¢ 900 ) Jhmd la il 5 5 038w 990 A
S Ko R L SiaSan e jle§ (o yladias 4 gle 31l 5 (S HIS Jalal cuiealidli Lo il
(sASAAL A 590 a0 AS (el Al Ay o (g9 9 (AL Medd gl LS 953 A8 4Se ) 0 &
A (g0 Al S 51 (o ALy (S4LIS sla AS 0 0 ASy ) Lol Sk (LG5 A eal )1
(i Jlg 45 2 e S

_ 4
Eb - G'Tabs

where: E, = Emissive Power, the gross energy emitted from an ideal surface
per unit area, time.

A8 Al el (S Al AnSe sl i 0 8 )5 (I SE s ed GUlE = Ep tlap Al
s c\JJ‘L}JJV

o = Stefan Boltzman constant, 5.67-10° W/mz-K4
Tabs = Absolute temperature of the emitting surface, K.

Take particular note of the fact that absolute temperatures are used in
Radiation. It is suggested, as a matter of good practice, to convert all
temperatures to the absolute scale as an initial step in all radiation problems.

JaslaCag Al o yiiaes IS4y SWe ) dne 4S8 (saly 4S o K jo 5 ASaiul (55l Sy by (Saning
Gopsh 3 OSdae 28 Al gsedd )R 5ol 1S SEAL dlo g A (i Sen L b s

JalaSan oS4 8 g ped al ol s S5 lSn el g Aa Lo
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You will notice that the Equation does not include any heat flux term, q”.
Instead we have a term the emissive power. The relationship between these
terms is as follows. Consider two infinite plane surfaces, both facing one
another. Both surfaces are ideal surfaces. One surface is found to be at
temperature, T1, the other at temperature, T2. both temperatures are at
temperatures above absolute zero, both will radiate energy as described by
the Stefan-Boltzman law. The heat flux will be the net radiant flow as given by:

anfi Shaal g7 o S0 3aal e 48 (g gLl (S gl ) ) s 4SS gl 4S S i @
G () g (o o g Aa Ao gl ) ) adledd () gia] ASAaaie gy A la g o e Ul &8 (g0 5 ) )
59545055y 559 A (RS 55 sy OS50 AR ¢ shud (AT 953 (HSe
T2eon 8 (oaly 4l 4% (g0 g ey 1o Te o S (oaly 41 U o s ) 53200 55 iy (partl g
GLigi 0 )9 LS 93 A8 O ATy (5 piae 5 e (HSAge 8 ALy 4l aSase 18 (aly 550 b i
S Sl 4y Cuien aSge A8 (bl e il -l sl 4 s 5) Sl o g (00

:@DJ\JJQDJQSTJ

q" = Ebl - Ebg = G°T14 - G‘T24

Blackbody Radiation (e y (40 (AlaSAs

Blackbody — a perfect emitter & absorber of radiation -Emits radiation
uniformly in all directions

Al 5 5 geta 4z 0 gailSon gy ISES - IES (5 Sala 5 5l AT (S AL 5 - oy (S
Sl g S iy

s=Stefan-Boltzmann constant =5.67 x10°® W/mzK4
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4.4 Plank’s Law

While the Stefan-Boltzman law is useful for studying overall energy emissions,
it does not allow us to treat those interactions, which deal specifically with
wavelength, A. This problem was overcome by another of the modern
physicists, Max Plank, who developed a relationship for wave-based
emissions.

(I8 A sy S e SR e i R e o) (SRS el - clidie sl 1SSl
L) o sAdl 30 J 3 (5 350 Al Sl 48 (s oSl IS s Jaad adaale 5 clals (e
A8 5 4ndS g Dl uSle oo llSAA i la 43 Dl (YAl a8 P Ay Ol (

OSSR pa o0 (55 il (N5l 50 UieShy (Sdatie sy

Eu. = F(3)

W om™um

.

Wavelength. 7. um

We haven’t yet defined the Monochromatic Emissive Power, E,. An implicit
definition is provided by the following Equation:

Al aj\JLﬁ: ‘554..)@\_133 (Eb}\) cajjJ)SM M\_ﬁ.\ uLA?x.\b)SL& SR ed LQL’\jS Ll 4aly
1o A 5la add (5 384 jSe

E

, =l E,;-dA
We may view this Equation graphically as follows:
1o 5l o g A (i Al o AS sl add dafl 4l g4l
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Womoam

e

Wavelength. 7. um

A definition of monochromatic Emissive Power would be obtained by
differentiating the integral Equation:

1485 5) g% (SAIS 5o (5 \Slan o yiiaed Canddy Kis SU (5 50 pty o3 (5Ll 5 Sty

dE,
Ebi = d},

The actual form of Plank’s law is: 41 4 y bl (sluly (saidain y (oo gl

C,

1

Eb;. - . G
o o]

C, = 2-7t-h-c<,2 = 3.742-10° V\f-pun"/m2
C, =h-cy/k =1.439:10* pm-K

Where: h, c,, k are all parameters from quantum physics. We need not worry
about their precise definition here.

L;o‘)\_j‘)a.l O U\,)‘\g‘-..‘" | NI &_muj:uw Aol UA‘\_L\\)S Lﬁh..,):‘s u_'\lSaJlSjA 9. 904 (h, Co, k) :Csfd
N2 8 b o) 8 sanliny
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This Equation may be solved at any T, A to give the value of the
monochromatic emissivity at that condition. Alternatively, the function may
be substituted into the integral E, =1y Ey,-d2 to find the Emissive power for
any temperature. While performing this integral by hand is difficult, students
may readily evaluate the integral through one of several computer programs,
i.e. MathCad, Maple, Mathmatica, etc.

8 A ed LIS (A Hlab 5 1T, A) oA A S Sl )l 4aaliS e sl
) S aAs gl ) 5 Ulaihadl ASaiads @S SanSG  daaidla 484K SIS
ISEISa] e 28 gl A 3 e U wesid x b (B =l Eyyidh
Jan 44y SI i 0alals (S gy O ST A cABano ) Cand 43 A IS 5l AT a3 Sinduia
A (Sladle (Jile calS3la i SAI g o g0 S ana 38 (NSl py 4l LS (5 3ady i

E,=ly E,,cdi=0-T

Planck’s Distribution Law AL A gy sluly

Sometimes we’re interested in radiation at a certain wavelength.
blackbody emissive power (E,) = “amount of radiation energy emitted
by a blackbody at an absolute temperature T per unit time, per unit
surface area, and per unit wavelength about the wavelength A.”

S e Ui G lagl i) (S5l o550 4l GlaSAS aSen Ma 4ad s o

(T) laloo y (oo A8 (Saalyalosilio ) (ST Al g2 o3 HISAS (50 )5 (5 "= il

S U3 5510 ASA o iR 5 sy A ASA (5ol S (IS 5484y (so i Ry
A ASad 3l (s 35 )

Cl
. Eb/l(T): 5
For a surface in a vacuum or gas 2lexp(C, /AT

W/m? . um
= )
where

C, = 2zhc? =3.742x10° W -um* /m?

C, = 7k =1.439x10* pm-K

k =13805x10 % J/K = Boltzmann's constant



Other media: replace C; with C,/n’
Integrating this function over all, A gives us the Equation for E.
Ep 5 o GLeASASIS la N A BRAd o se (30 S 5] 3
4.5 Emission Over Specific Wave Length Bands
SIS0k (il 650 e oS el g 0

Consider the problem of designing a tanning machine. As a part of the
machine, we will need to design a very powerful incandescent light source.
We may wish to know how much energy is being emitted over the ultraviolet
band (10" to 0.4 Knm).

Aafi caSo_ial (Siin oo g a3 S Ay Skl (3 S g 50 (o484 K il o)

U Sy 500 U Al sl Al | (S g )3 0 gLl g0y diady 5§ (SUg gy b gla A Ca ol

(0.4 um 3107 um ) (e s 55 A (5038 s Aul Cui Ao 3 5 )5 M Ol s
0.4-1on

E (00001 04)= | .. o Ey; A/

With a computer available, evaluation of this integral is trivial. Alternatively,
the text books provide a table of integrals. The format used is as follows:

A€ g S Al A3ALh A4St Aedd SiSaaba (Cued ST AT e S 4
aetd o s A (lSe 5l Jlin 4y 5 gl (ASed ey (SAy JIS 5l AT (SAALIA (SAandgia
. 0.4 ye - 0.0001-
EJ00015 04) |oprmEo-dh [S7E .di P™"E .di

= == - —=F(0~ 04)- F(0~ 00001
E, I, E,.-di I, E,.-dA I, E,,-dA ( )= )
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