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UNIT-V

RADIATION HEAT TRANSFER

Thermal radiation is the process by which the surface of an object radiates its thermal

energy as a result of a temperature difference, AT, by the mechanism of photon emission or
electromagnetic wave emission.

Because the mechanism of transmission is photon emission, unlike conduction and

convection, there need be no intermediate matter to enable transmission.

The significance of this is that radiation will be the only mechanism for heat transfer
whenever a vacuum is present.

An example of thermal radiation is the infrared radiation emitted by a common
household radiator or electric heater.

An example a person near a raging bonfire will feel the radiated heat of the fire, even if
the surrounding air is very cold. Thermal radiation is generated when heat from the
movement of charged particles within atoms is converted to electromagnetic radiation.

Solar radiation heats the earth during the day, while at night the earth re-radiates some

heat back into space.
Thermodynamic considerations show that an ideal thermal radiator, or blackbody, will

emit energy at a rate proportional to the fourth power of the absolute temperature of the body
and directly proportional to its surface area. Thus
Gemitted = cAT'
where a is the proportionality constant and is called the Stefan-Boltzmann constant with the
value of o = 5.669 X 10 W/m® K'. Eq" 1 is called the Stefan-Boltzmann law of thermal
radiation, and it applies and governs only radiation emitted by a blackbody.
The net radiant exchange between two surfaces will be proportional to the difference in

absolute temperatures to the fourth power; i.e.,

{net exchange

o(T} = T3)
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4 We call such a body black because black surfaces,
carbon black.

Solar radiation:

such as a piece of metal covered with

A body that emits some radiation in the visible range is called a light source. The sun is

obviously our primary light source. The electromagnetic radiation emitted by the sun is

known as solar radiation, and nearly all of it falls into the wavelength band 0.3-3 um.
Almost half of solar radiation is light (i.e., it falls into the visible range), with the remaining
being ultraviolet and infrared.

The radiation emitted by bodies at room temperature falls into the infrared region of

the spectrum, which extends from 0.76 to 100 um. Bodies start emitting noticeable visible
radiation at temperatures above 800 K.

The ultraviolet radiation includes the low-wavelength end of the thermal radiation

spectrum and lies between the wavelengths 0.01 and 0.40 pm. Ultraviolet rays are to be
avoided since they can kill microorganisms and cause serious damage to humans and other
living organisms. About 12 percent of solar radiation is in the ultraviolet range.

Microwave ovens utilize electromagnetic radiation in the microwave region of the
spectrum generated by microwave tubes called magnetrons. Microwaves in the range of 102—
105 pm are very suitable for use in cooking since they are reflected by metals, transmitted by
glass and plastics, and absorbed by food (especially water) molecules. Thus. the electric
energy converted to radiation in a microwave oven eventually becomes part of the internal
energy of the food.

The wavelength of the electromagnetic waves used in radio and TV broadcasting

usually ranges between 1 and 1000 m in the radio wave region of the spectrum.
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"4
" RADIATION PROPERTIES

When radiant energy strikes o material surface, part of the radiation is reflected, part is
absorbed, and part is transmitted, as shown in Figure 1. We define the reflectivity p as the
fraction reflected, the absorptivity @ as the fraction absorbed, and the transmissivity r as the

fraction transmitted. Thus,

pra+r=|

Absorptivity: The rate at which radiant energy is absorbed by a surface is indicated by
the absorptivity of the surface, a, with values, 0 < ¢ < | Opaque surfaces can absorb or
reflect incident radiation, Generally, dull, rough surfaces absorb more radiant energy than
bright, polished surfaces, and bright surfaces reflect more than dull surfaces.

Transmissivity: The rate at which radiant energy is transmitted by a surface is
indicated by the transmissivity of the material. 1. with values, 0 < 1t < |. Some substances,
such as gases and liquids, glass, etc., are capable of transmitting radiation. Most gases have
high transmissivity, i.e. t = | and p = a = 0 (like air at atmospheric pressure). However, some
other gases (water vapour, CO; ete.) may be highly absorptive to thermal radiation, at least at
certain wavelength,

Reflectivity: And finally, the rate at which radiant energy is reflected by a surface is
indicated by the reflectivity of the material. p, with values, 0 < p < 1. Bright surfaces reflect
incident radiation more than dull surfaces.

Emissivity (€ ) is the ratio of a surface's ability to emit radiant energy compared with
the ability of a perfect black body of the same area at the same temperature. The ratio E/E, is
known as emissivity (€) of a surface. Emissivity is a dimensionless constant having values

between 0 and | i.e. 0 <€ < 1. Perfect reflectors would have € = 0. Perfect absorbers would

have €= 1. Where, E, is called the blackbody emissive power and the emissive power of a

- body E is defined as the energy emitted by the body per unit area and per unit time..

A material with high emissivity is efficient in both absorbing radiation energy as well
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// Opaque Body:

' A body is considered transparent if it can transmit some of the radiation waves falling
on its surface. Opaque surfaces can absorb or reflect incident radiation.
If electromagnetic waves are not transmitted through the substance it is therefore called
opaque. When radiation waves hit the surface of an opaque body, some of the waves are
reflected back while the other waves are absorbed by a thin layer of the material close to the
surface. For engineering purposes all materials are thick enough that they can be considered
for opaque surfaces, T =0 and equation p + @+ r=1 reducingto: a+p=1.

The Gray Body:

A gray body is defined such that the monochromatic emissivity €; of the body is
independent of wavelength. The monochromatic emissivity is defined as the ratio of the
monochromatic emissive power of the body to the monochromatic emissive power of a
blackbody at the same wavelength and temperature. Thus

— l:."
i Elu\

€

Blackbody
Within the visual band of radiation, any material, which absorbs all visible light,

appears as black. Extending this concept to the much broader thermal band, we speak of
surfaces with @ = 1 (therefore @ = 0 and p = 0) as also being “black™ or “thermally black™. It
follows that for such a surface, € = 1 and the surface will behave as an ideal emitter. The

terms ideal surface and black surface are used interchangeably.
A blackbody is defined as a perfect emitter and absorber of radiation. At a specified

temperature and wavelength, no surface can emit more energy than a blackbody. A

blackbody absorbs all incident radiation, regardless of wavelength and direction. Also, a

blackbody emits radiation energy uniformly in all directions per unit area normal to direction

.'dfqmission. That is, a blackbody is a diffuse emitter. The term diffuse means “independent of

direction.”

VIVEK B. VAIDYA




VIVEK B. VAIDYA K. D, K. COLLEGE OF ENGINEERING

The radiaton energy emitted by u blackbody por unit time snd per unit surface area
was expressed a8 B, (T) = o4, £) > W { it A

where a = 567 x 10" W/

| .
K' in the Stefun-Boltzmunn constant and T is the
ubsolute temperature of the surfice in K and f

{1 called the blackbody emissive power.

We a ' -

il such a body black because black surfaces, such as u piece of metal covered
with carbon black.

Emissive power

Itis the emitted thermal radiation leaving  system per unit time, per unit area of surface. The

total emissive power of a surfuce is all the emitted energy, summed over all the direction and

all: wavelengths, and is usually denoted ns E. The total emissive power is found to be

dependent upon the temperature of the emitting surface, the subsystem which this system is
composed, and the nature of the surface structure or texture. The monochromatic emissive
power EA, is defined as the rate, per unit area, at which the surface emits thermal radiation at

a particular wavelength A, Thus the total and monochromatic hemispherical emissive power
wre related by

E= [ EydA E - W[m*

and the functional dependency of E; on A must be known to evaluate E.

Laws of Radiation

1) Stefan—Boltzmann law:

Thermodynamic considerations show that an ideal thermal radiator, or blackbody, will
':' mit energy at a rate propomonal to the fourth power of the absolute temperature of the body
epeitied = watt
E; H > W/ m
o is the proporuonahty constant and is called the Stefan-Boltzmann constant with the
o = 5.669x10° W/m® K'. E, is the energy radiated per unit time and per unit area

tor, where £y, = Qcnieq 1S in Watts per square meter and T'is in degrees
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ke vin. The subscript b in Eq" 1 denotes that this is the radiation from a blackbody, W

.: - blackbody radiation because materials that obey this law appear black to theye ee: “

appear black because they do not reflect any radiation. Thus a blackbody is also consx)(;e'red-z

one that absorbs all radiation incident upon it. E is called the emissive power of a blackbody.
Eq" 1 is called the Stefan-Boltzmann law of thermal radiation which states that heat

radiated is proportional to the fourth power of the absolute temperature of the surface, and it

applies and governs only radiation emitted by a blackbody.

2) Planck’s law:

The monochromatic emissivity is defined as the ratio of the monochromatic

emissive power of the body to the monochromatic emissive power (Ep;) of a blackbody at the

same wavelength 4 and temperature 7. Thus
E; Me nac hre™? H'e CM"““V"" ey, ‘F'”’y &'1
el e m ki Ve pv-vv-'of-unkbvl/

EX =" S Meonue g ma Nt ¢
Ep
The variation of monochromatic emissive power with wave length is given by Planck’s

law derived in 1900 using quantum theory. The monochromatic emissive power at any given
‘_’___’___'—--'—‘

wavelength and temperature is given by
Ebl(‘ T) W/mzl m
#e ( #ewn(32)1]

C,=3742x 10" W.m2

C,=1.4388 x 107 mK

Also, T is the absolute temperature of the surface, A is the wavelength of the radiation

emitted,
The variation of the spectral bla

igure fgr selected temperatures. Several observa
wed radiation is a continuous function o

ses with wavelength, reaches a peak, and then decr

ckbody emissive power with wavelength is plotted in
tions can be made from this figure:
f wavelength. At any specified

eases with increasing
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. Atany wavelength, .lhe amount of emitted radiation increases with increasing temperature,
3. As the temperature increases, the maximum value is found to occur at lower wavelengths.
Consequently, a larger fraction of the radiation is emitted at shorter wavelengths at higher
temperatures.

4. The radiation emitted by the sun, which is considered to be a blackbody at 5780 K (or
.roug,hly at 5800 K), reaches its peak in the visible region of the spectrum. Therefore, the sun
is in tune with our eyes. On the other hand, surfaces at 7< 800 K emit almost entirely in the

infrared region and thus are not visible to the eye unless they reflect light coming from other

sources.

74
/

Visible
range

law AT = 2898 umK
i T i B R
100
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) wien’s displacement law:

,,// The Wth‘:lcngth at which the maximum value of monochromatic emissive power ( Fai)
oceurs at any given temperature can be determined by differentiating the Eq” 2 with respect
to & while holding T constant and equating it 10 zero. As the temperature increases, the peak
of the curve in Figure shifis toward shorter wavelengths. The wavelength at which the peak
occurs for a specified temperature is given by Wien’s displacement law @s

honan T =2.898 x 107 mK
Wien’s Displacement law states that the wavelength Amax corresponding to the

maximum energy is inversely proportional to the absolute temperature T of the hot body.

A plot of Wien's displacement law, which is the locus of the peaks of the radiation emission

curves, is also given in Figure. It is seen that Ay decreases as T increases,

4) Kirchhoff’s law:

An important relationship between emissivity (€) and absorbtivity (1) was postulated

by Kirchhoff. The statement of the law is
““The absorptivity of a surface at a temperature and wavelength is equal to the

emissivity of the surface at the same temperature and wavelength’.
the ratio of the emissive power of a body to the emissive power of a blackbody at the same
temperature is equal to the absorptivity of the body.
E
l?h =a
This ratio is defined as the emissivity (£) of the body,
E —
-E—b -

is called Kirchhoff’s identity.

€

so that €= Q
Equation € = a is the Kirchhoff’s law, which states that the emissivity of a body which is

in thermal equilibrium with its surrounding is equal to its absorptivity of the body. It

should be noted that the source temperature is equal to the temperature of the irradiated

surface. However, in practical purposes it is assumed that emissivity and absorptivity of a
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system are equal even if it is not in thermal equilibrium with the surrounding. The reason

the absorptivity of most real surfaces is relatively insensitive o temperature and

being
body. The emissivity is

wavelength. This particular assumption leads to the concept of grey

considered to be independent of the wavelength of radiation for grey body.

5) Lambert’s Cosine Law:
The law states that the total emissive power Eq

al to the cosine of the angle of en

he radiating surface and th

of a radiating plane surface in any

direction is directly proportion \ission. The angle of emission
0 is the angle subtended by the normal to t
be the total emi

e direction vector o:-

emission of the receiving surface. I E, ssive power of radiating surface in the
E,cos
for diffused radiation surface. Th

1, is constant. Th

direction of its normal, then Eg =
o radiation emanating

The above equation is true only
e law is also

surface is termed diffused in the intensity,

from a point on

known Lambert’s Cosine Law on diffuse radiation.

Irradiation:
All surfaces emit radiation,
e intensity of incident radiation /i

ncident from the (0, @) direction
per unit solid angle about this direction (Fig.). Here 0

but they also receive radiation emitted or reflected by
other surfaces. Th (0, @) is defined as the rate at whi.';‘_; ;
radiation energy dG is i ng
surface normal to this direction and

the zenith angle between the direction of incident radiation and the normal of the surface

@ is the azimuth angle.

The radiation flux incident o radiation G.

n a surface from all directions is called ir
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Radiosity
t, and

ulation of radiation
from a surface,
t time and pe

as well as reflect i
d parts. The cale
ergy streaming away
leaving a surface per uni

faces emit radiation
consists of emitted and reflecte
surfaces involves the total radiation en
its origin. The total radiation energy
the radiosity and is denoted by J.

Sur

Radiosity. J
/‘
Incident Reflected Emitted
radiation radiation radiation

Surface

um of the energy emitted and the

As shown in Figure, the radiosity is the s
ed, or

when no energy is transmitt

J) can be expressed as

that is gray and opaque, the radiosity (
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Jehere € 1S the emissivity and E, is the blackbody emissi
y emissive power and G is the irradiati
irradiation i.e.

 otal radiation incident upon o
t pon a surface per unit time and per unit area. Since the transmissivi
: smissivity

s assumed to be zero, the reflectivity (p) may be expressed as

p=1-a=1-¢€
So that J=€E,+(1-€)G W/

Where E; = ¢T" is the blackbody emissive power of surface.
That is. the radiosity of a blackbody is equal to its emissive

since a blackbody does not reflect any radiation, and thus radiation €O

power. This is expected,
ming from a blackbody

is due to emission only.

view factor, configuration factor:

Shape Factors, Angle factor,
orientation of the surfaces

Radiation heat transfer between surfaces depends on the

| as their radiation properties and tem
n two surfaces. Shape factor

relative to each other as wel peratures. Radiation shape
s of radiative heat exchange betwee
hat is diffused from one surface of the element

s. The view factor from a

factor is useful in the analysi

is defined as the fraction of radiative energy !
directly with no intervening reflection

and strikes the other surface

ed by Fi —J or just Fij, and is defined as

strikes surface j directly.

that strikes surface 2

surface i to a surface j is denot
n leaving surface i that

¢ fraction of radiation leaving surface |
e 2 that strikes surface

Fij _ the fraction of the radiatio
the view factor F12 represents th

directly, and F21 represents the fraction of the radiation leaving surfac

| directly.
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Reciprocity Theorm:

Consider two black surfaces Ay and Ay, as shown in Figure.

[o obtain a general expression for the energy exchange

between these surfaces when they are muaintained at

different temperatures, The problem becomes essentially

one of determining (he amount of energy that leaves one

surface and reaches the other. To solve this problem the

radiation shape factors are defined as fraction of radiant
energy emission form surface | reaching the surface 2.

The energy leaving surface 1 and arriving at surface 2 18 ‘ ,
white , frrles) ve. fwm“

Ql-.‘:EM«"lFl-.‘ g 2T {

dby A, surface is 0= A0 = Eni
fo? ENE 'mk

And rate of total energy radiate

N - (Qn r“{\}

and the energy leaving surface 2 and arriving at surface 118

Q= EpA:Fai
Q:= ATy = Enda

And rate of total energy radiated by Az surface 18
the rate of energy leav ing area Ay and impinging on ared A, is given by

Q12 _ EpAr1F1-2 _ F
R e G

@ EpAy
Jeaving area Az and impinging o1

Hence the fraction of

And the fraction of the rate of energy L area A, is given by

Q2-1 _
Angle factor, view factor, configuration factor.

Fraor Fo is known as Shape Factors,
i1l be absorbed, and the net energy

Since the surfaces are black, all the incident radiation W

EyA Fr2—EpA2F21= Q-2

at the same temperature, there can be no heat exchange, that is, Q12 BO;."
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Ey =E),
AiF); =A,F,,

S, e 0
Equation is known as a reciprocity relation, and it applies in a general way for any tW
surfacesiand j: A Fy =A;F,

so that

Radiation shield:

The radiative heat transfer from one surface to another with any interfering surface (an
interfering shield) in between, which is termed as radiation shield. A radiation shield is a
barrier wall of low emissivity placed between two surfaces which reduce the radiation
between the bodies. In fact, the radiation shield will put additional resistance 10 the radiattvc
heat transfer between the surfaces. Radiation shields are used to reduce the rate of radl.allOD
heat transfer to or from an object that must be thermally isolated. The lower the emissivity of
the shield, the higher the resistance. Radiation shields are commonly used on Spacecraf.l
where radiation is the sole mechanism for heat transfer. Radiation shields are also used in
temperature measurements of fluids to reduce the error caused by the radiation effect whe.n
the temperature sensor is exposed to surfaces that are much hotter or colder than the fluid

itself.

- FIGURE: The radiation shield placed between two parallel plates

and the radiation network associated with it.
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‘Ques. |

A thin aluminum sheet with an emissivity of 0.1 on both sides 18 placed between WO
very large parallel plates that are maintained at uniform temperatures Ti = 200 K and T2 =
500 K and have emissivities € = 0.2 and &, = 0.7, respectively. Determine the net rate of
radiation heat transfer between the two plates per unit surface area of the plates and compare

the result to that without the shield.

Solution:

® ® @

Fig.: The two parallel plates without shield Fig.: The two parallel plates with shield

0, off-TH (567107 W/m? - KH1(800 K)* — (500 K)*]
q.ll = A = | 1 i _l__ N ‘

1
) 02 ' 01
= 3625 W/m?

the net rate of radiation heat transfer between the two plates per unit surface area of the plates

without the shield.

0 12, one shicld_ o(T{ = T3)

TR T 1 {
(5_|+§£_ l) x (83.\ 5. €32
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_ (5.67 X 1078 W/m2 . K4)[(800 K)* — (500 K)*]

el
@2*07‘
= 806 W/m?

Note that the rate of radiation heat transfer reduces to about onefourth of what it was as a

result of placing a radiation shield between the two parallel plates.

.l.l..lll.IIIII.l.llll.l.ll.l.!ll.ll..lll.l..l.I.I.lIlll-li'..ll.lll..llllllll..l.l..ll-
Ques:

Determine the maximum value of Ey; at a temperature of 1400 K. Also determine the value at

a wavelength of 4 x 10° m.

Solution: Using Wien's law A_,_=2.898 x 10-/1400 = 2.07 % 10 m
substituting in equation

o Cy 2
E (A, T) = [omr(@) 1] W/m?’/ m

C,=3.742x 10"  W.m2/
C,=1.4388x 107 mK

P o 3.7415% 107

=6.919 x 10'° W/m*/m

Check: Using eqn. (13.2 (b))

E) nax = 12.87x 107 (1400)° = 6.922 x 101 W/m?2/m
At 4 micrometer

37415x107' 0
Ey = = =3.031 x 10 Wim¥m.
L2 (4 x 1078)0[(14388x10 ’1400x 4x10°®) -1 s
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Ques:
~HES: Consider a2

0 cm dj -
diameter spherical ball at 800 K suspended in air. Assuming !
the

‘closcl ,
Y approy;
< TFPIOXImatec
“1€S a blackbody; determine (a) the total blackbody emissive power, (b)
y emissive

lotal

AMount of raa:
of radiat; :

Bowe: radiation emitted by the ball in 5 min, and (¢) the spectral blackbod
A& Wavelength of 3 um,

Analtysj

St fysls (a) The total blackbody emissive power is determined from the
€lan-Boltzmann law to be

Ey=oT*=(5.67 %108 W/m? - K800 K)* = 23.2 x 10° W/m? = 23.2 kW/m?*

That is, the ball emits 23.2 kJ of energy in the form of electromagnetic radia-

tion per second per m? of the surface area of the ball.

(b) The tqtal amount of radiation energy emitted from the entire ball in 5 min

is determined by multiplying the blackbody emissive power obtained above by

the total surface area of the ball and the given time interval:

A = aD?> = w(0.2m)> = 0.1257 m?

Ar = (5 mim(ﬂ.’*-) ~ 3005
1 min
e A 3 > 7 o0 1 kJ___)
Oras = ExA, At = (23.2 kKW/m?)(0.1257 m)(300 $) To50 W~ s
= 876 k]
That is, the ball loses 876 kJ of its internal energy in the form of electromag-
netic waves to the surroundings in 5 min, which is enough energy to raise the
temperature of 1 kg of water by 50°C. Note that the surface temperature of the
ball cannot remain constant at 800 K unless there is an equal amount of energy
flow to the surface from the surroundings or from the interior regions of the ball

through some mechanisms such as chemical or nuclear reactions.
(c) The spectral blackbody emissive power at a wavelength of 3 pm is deter

mined from Planck’s distribution law to be
C, » 3.743 X 10° W - pm*/m’

=}\5 (0) 1‘3 T (1.4387x1049~m'K) l
[exp } (3 pm) FXP (3 pm)(800 K) X

Eh.\
AT

= 3848 W/m?* - pm
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aining solic

eat flow

(a) Regenerators: In a regen
alternately through @ 5pace cont
alternately a sink and a source for b i
Examples - (1) I.C. engincs ‘m‘ 2!
furnaces: (1) Air heaters of blast furnaces gl o
Sempoior 1 o nr.pun.a‘m»lj..pc “!.“]tl‘I (in the imm of pipes Of
eat are on either \h!lc\:.l:c:ll%gl;%ﬁ;:j“:'c‘mm.1 % i s s

hearth ind glass melung
] Cuis L =

« wrbines: (1) Opel

(b) Recuperators:
flowing fluids exchanging h
tubes generally). These heat exchangers are used
i.c.. when the mixing is undesirable

Exam Igg_(i) Automobile radiators, (1) ¢ il coolers, inter
Sll;ic—rhé.'l’licrs. condensers and surface feed heaters of a steam power p
pasteurising plant, (iv) Evaporator ol an ice plant

and recuperators may be treated

air preheaters gconomise!

lant. (iti) Milk chiller ol

coolers.

as steady state while '

The flow through direct heat exchangers
through regenerators the flow is essentially transient

2. Relative direction of fluid motion
assified

According 1o the relative dircctions of two tluid streams the heat exchangers are cl

into the following three categories
(i) Parallel flow or unidirectional tlow. (i1) Counter-flow, (iii) Cross-flow

(i) Parallel flow or unidirection fMow
The simplest type of heat exchanger consists of two concentric pipes of different diameters. as
shown in Figure 1.2, called the double-pipe heat exchanger. Two types of flow arrangement
are possible in a double-pipe heat exchanger: in parallel flow. both the hot and cold fluids
‘enter the heat exchanger at the same end and move in the same direction.
“Examples: Oil coolers. oil heaters, water heaters ete
iB'cI two fluids are separated by a wall, this type of heat exchanger may be called parallel
W recuperator or surface heat exchanger
i) Counter-flow
ounter flow, on the other hand. the hot and cold fluids enter the heat exchanger at
gite ends and flow in opposite directions. -
’pmcr-ﬂow heat exchanger, the two fluids flow in opposite directions. The hot and cold
enter at the opposite ends. The flow arrangement and temperature distribution for such
Ichz.mgcr are shown schematically in Fig. 1.2. The temperature difference between
uids remains more or less nearly constant. Thi » of he
. ! . : 1y Loqstapl. lh}s type of heat exchanger, due to
low, gives maximum rate of heat transfer for a given surface arca. Hence such heat
s are most favoured for heating and cooling of fluids. o

changcrs the Iwo fluids (.hol and cold) cross one another in space
._gwhnch is specifically designed 10 realize a large heat lragsstiLn'acé

- g. 1.3 shows a schematic di; :
feross-flow heat exchangers, ematic diagram of

Vivek Vaidya
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Hot Hiv
— i m
A 36 e

i

L
'

Cold

o

() Parallel Hlow
) Counter 1oy

Figure 1.2:- Differ
&= ilferent flow me P
exchanger (a)Paralle regfines and associated tlemperature profiles | i

ger (a)Parallel Now and (b) (Toumcmr e protiles n a double-pipe heat

Compact heat exchangers enable us 10 achieve hi _ i
small vol r : 1eve high heat transfer rates betw B R
olume, and they are commonly used in annl: oies octiween two fluids in a
weight and volume of heat C‘Changerq"l‘h:] n .nppthcauons with strict himitations on the
: ; ; g - large surtace area in ¢ . :
obtained by attac . e area in compact heat ex :
Auids. - ; fruhmg closely spaced thin plate or corrugated fins to l‘}:c wall “ios:
two fluids. There are two types of cross flow heat exchangers IR G
- (a) Unmixed, Examples: Automobile radiator etc. and ‘
c 3%(b) Mixed flow. Examples: The cooling unit of refriseration system ete

i.

Cross-flow
Lenen ey

e W o=
Tube flow Tube flow
Canmived) Ceonumexedd)

(hy One fluid mixed. one nd unmaxed
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Shell-and-tube heat exchangers

“tubes (sometimes several hundred)
Shell-and-tube heat exchangers contain a large number of mbw-(M:”-:;‘gl;'::i,ktcs i i
packed in a shell with their axes parallel to that of the shell. !kal' r u;l)c‘ B ke el
fluid flows inside the tubes while the other fluid flows oulsldc llf.d ) tiu\\' a0
Batfles are commonly placed in the shell to force lhg shell-side flul ltb A aCros

to enhance heat transfer and 1o maintain uniform spacing between the tubes

Tt Shell

outhet mlet Balfes

Front-end

header

Rear-end
headér

Shell
outler

Figure 1.4:- The schematic of a shell-and-tube heat exchanger.
Common examples of heat exchangers

are shell and tube exchangers, automobile radiators.
condensers, evaporators. air prehe

aters. and cooling towers

THE OVERALL HEAT TRANSFER COEFFICIENT

N Heat
\\dq lranster
\ \
S
. \L \ Cold >
B st M 7
Hot ud / g e /
A —.,’ \V(l”‘}",

ros Al
h/ L n

transter \

Outer tube

f ol l 1Cr I‘\Ll lul'k
/; A l“ nne \ nne -
I \AWA— <AV — - AN~ i I(’

fhid A =nD L
I A
Ris=2 R Rl A=nhL
B P Uy R

Figure 1.5:- The two heat transfer surface areas with thermal resistance network associated
with heat transfer in a double-pipe heat exchanger.

~ A hear exchanger typically involves two flow

- transferred from the hot fluid to the wall by

from all to the cold fluid again by cony
on heat transfer coefficients.

ing fluids separated by a solid wall. Heat is first
convection, through the wall by conduction, and
ection. Any radiation effects are usually included

Vivek Vaidya
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Phe thermnd resbminee netwerk mooniated with this heat wanster process involves two
CORYOCTION WD One onduv tion reststanees, as shown i Figace |13
the thermmal resbranes ob e wibie swall i this case (s

by
R s AL WY
wall Y
whoete Kt the theemnd conductiviey of the wall materiol and L s the length of the tube. Then

e ot thermil tesistonee becomes
| RVANGN ‘
i\ Ytk I, N,

When one Dukd aws foshde a eirenlar tibe and the other ouside of it, we have A =zD, L and
A =ab, |

I the analysis of hent exchangers, It is convenient o combine all the thermal resistances in
the path of heat Now from the hot flaid o the ¢old one into o single resistance R. and to

express (the rate ol hont tanster between the two Huds as

(! \,.’ 'V N/ (LA Q7 { B \Y J
’ . \ . .

X The Yulye "( e \“‘\QT‘CY\‘M v ool 5‘0\«' "f'rnh‘on end (His on)y Aeptndant en
"'\““’ V"»“‘H\ svid WAL Bl condy Wans devma s wn\-k\nt" vhe v valye daeg net chnvge‘
where U is the overall heat teanster coetticient, whose unit is W/m® “(

If the Muids are separated by a twbe wall as shown in Fig, LS. (he overall heat transter
coefficient for Inner surlhee is given by Uand tor Tnner surface is given by Uy
1

Ny e Uy -

7:—'0-%4"
i

r 4
4 —=In(r,/r) A

- —- | \
(rofry) vl rg) X h—‘ (ry /7D Tl? k h,

Note that U, A, = U, A,

Fouling Factor

The performance of heat exchangers usually deteriorates with time as a result of
accumulation of deposits on heat transter surfaces. The layer of deposits represents additional
resistance to heat transfer and causes the rate of heat transter in a heat exchanger to decrease.
The net effect of these accumulations on heat transter is represented by a fouling factor Ry .

" which is a measure of the thermal resistance introduced by fouling

Fouling can be caused by the followiny sources:

";‘Scaling is the most common form of fouling and is associated with inverse solubility salts.
mples of such salts are CaCO3, CaSOs, Cas(PO).. CaSiOy, Ca(OH)2. Mg(OH)2, MgSiOs,
O, LiSOs, and Li2COs.
on fouling is caused by chemical re
¢ material,

stion fouling involves chemical re
terial on the heat exchanger tubes. This commonly oceurs in food

action of some fluid constituents with the heat

actions in the process stream which results

Vivek Vaidya
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MR near the freezing
paraffin frequently

_obstructing both

isc +d 1O
tion of the hot stream 18 cooled

: [ ing is occurs when a por '
4) Freezing fouling \s occu f i

point for one of its components. Ihis con}nm‘n‘l)" t:ts‘-:‘“‘ Bk
solidifies from petroleum products at varous stage

flow and heat transfer.

5) Biological fouling is common where untreated wa ; S
and lakes is used as a coolant. Biological MICro-organisms such as a
can grow inside the heat exchanger and hinder heat transfer ‘ i qes i solution:

6) Particulate fouling results from the presence u!'micm:ﬂcalc sized partic 2 t‘u;c  Tarden:
When such particles accumulate on a heat exchanger surface they sometimes
Like scale these deposits are difficult o remove.

fineries where
{ining process.

rees such as rivers

.r from natural resou .
e sther microbes

gac orc

n of solid deposits in a fluid on

The most common type of fouling is the precipitatio :
¥ ¢ g ature and decreasing

the heat transfer surfaces. Fouling increases with increasing temper
velocity.

1 1 1
Rf = —_—= - R“ =
hs leirf)' Uctean

1

R —

= A, hm

o 218
Al hll

where, fouling factor R, and R,, for inside and outside surface, I, and h, heat transter
coeflicient for the scale depositd on the inside and outside surface.

Heal transfer rate considering scale deposition is given by,

= (6 =ty
Q== : :

I I
A’h‘ p Alh.ll % 27!1,1( h,(r‘)/ r‘) = th’o ¥ m

The overall heat transfer coefficient base on considering scale deposition for Inner surface is
given by U;and for Inner surface is given by U, is given by,

1

Ui
l r' 1
=k R, + T' In (r,/r) + (ri/r,) Rey+ (ri/1,) i

i

1

U, =

r 1
(r,/r) -}—:—- + (r,/ 1) R+ —,:- In(r,/n)+ R+ e
o

In case the tube is thin walled and the thermal resistances due 10 tube wall thickness anfi
scale formed are neglected, then the overall heat transfer coefficient based on outer surface 1s

"3‘ ven by
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When only fouling factors are neglected, we have
|

U. =

o

N2 -
(r, /1) ¥ i In(r,/r;)+ 7

L]
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Logarithmic mean temperature difference (LMTD) is defined as that femperature
difference which, if constant, would give the same rate of heat transfer as actually oceurs
under variable conditions of temperature difference.

12.3.1. Determination of mean temperature difference: In the case of single tube parallel
flow heat exchanger: Referving to Fie. 12.3; the cold fuid enters at a temperature 7 and
leavesat 7. 'The hot hud entersat 1) and leaves at 7', The flow rates and specific heats are
¢ and m, ¢, respectively. The product m ¢ 15 also known as heat capacity sometimes denoted

as G and €

Iniet

Fig. 12.3. Parallel flow-single tube heat exchanger-Temperature variation along flow.

Consider a small area dA at o location. In passing through the avea et the hot uid be
coaled by /7, and let the cold Mhad be heated 7 Lot the heat flow be d@

Jq=- ""l(km: Nig Ce dT

’c ) .,"- s o i
bop or dT, s pegative

LA12.5)

The —ve sign mdicates temperature «

The total heat flow 1= caleulated using
Q=my e, Ty - T )=me (T ~T) (12.6)

This equation is used to determime one of the unknown temperatures if mass flows ave

= spieified or the unknown mass flow iFall temperatures are specified
A ' ‘

~ Using equarion (12.5)
| i I
dl, = _f(i,..(][:(—('-—

M) e e
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|
/ ) - 1’!(,’?

('l il

1 1)
(“.' f‘u!\(l

from \‘mul HIRRE

subatituting i 12.7) |
d(y =10 il
(1 1) | my, ¢

e ot et
Interiating trom the ndet ot utli

L12.10)

(= 1)

I ] ol "
suhapating the L Howing i equsbion 12 1h,

N :‘.'/l .I / )
\ {4
\I ¥ ()

A
- O

i (7

[(7

|t « 35 |
() - (.\r 7 ‘
lh ——

‘ Y

Wheve A7 and A7 are the difference in temperatures berween the hot and cold tTuids at
outler and at el
Compating with equation (124 e geat lepperature 1s given by

F . s Vi s 12 lkenow oE 3 e
= o g And this value is knownins Log Mean
054 rp et 2 il

3T

Temperature Difference or simply LNTD
(=LA (LMTD)
= UA (LMTD) where, LMTD = AT,

v

ATl

derivation is worked out for counter flow,

Vivek Vaidya
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LMTD = AT, for a counter-flow unit is always greater than that for a parallel flow
unit. hence counter-flow heat exchanger can transfer more heat than parallel-flow one: in
other words a counter-flow heat exchanger needs a smaller heating surface for the same rate
of heat transfer. For this reason, the counter-flow arrangement is usually used.

When the temperature vanations of the tluids are relatvely small, then temperature
varalion curves are approximately straight lines and adequately accurate results are obtained
by taking the arithmatic mean temperature dijference (AMTD).

AMTD = It fatfa (Un=ta)*+n—fa) _ 0, +6,
2 2 2 2
However, practical considerations suggest that the logarithmic mean temperature difference
A o, 0
(0, = AT .n) should be invariably used when f)-l > 1.7
z

Under comparable conditions. more heat is transterred in a counter-flow arrangement than in
a parallel flow heat exchanger.
The temperature profiles of the two heat exchangers indicate two major disadvantages in the
parallel-flow design. First, the large temperature difference at the ends (Figure 1.2) causes
large thermal stresses. The opposing expansion and contraction of the construction materials
due to diverse fluid temperatures can lead to eventual material failure. Second, the
temperature of the cold fluid exiting the heat exchanger never exceeds the lowest temperature
of the hot fluid. This relationship is a distinct disadvantage if the design purpose is to raise the
temperature of the cold fluid. The design of a parallel flow heat exchanger is advantageous
when two fluids are required to be brought to nearly the same temperature,
The counter-flow heat exchanger has three significant advantages over the parallel flow
design, First, the more uniform temperature difference between the two fluids minimizes the
thermal stresses throughout the exchanger. Second. the outlet temperature of the cold fluid
can approach the highest temperature of the hot fluid (the inlet temperature). Third, the more
uniform temperature difference produces a more uniform rate of heat transfer throughout the
heat exchanger.
p tThc rate of heat transfer varies along the length of the exchanger tubes because its value
i ;;gfpf"js lultjon 'lh?‘ lcm{)t‘;?lurlctl t!ifl'c:rcf;c:c bt:l\\fcn the .h.of and the cold fluid at the point being
: flewed. Hence, counter-flow heat exchanger can transfer more h_c;u thaut parallel-Nlow one: in
pther words a counter-flow heat exchanger needs a smaller heating surface for the
- (ﬂheal transfer, For this reason. the counter-flow arrangement is usually used.

same rate

1ger can be designed by the LMTD (logarithmic me
gglle:j; conditions are specified. However, when the problem is to determine the
peratures for a particular heat exchanger, the analysis is performed more

a method based on effectiveness of the heat exchanger (concept first proposed

an temperature difference)

Vivek Vaidya
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(ranster rate

At heat -
i ransiet rate

()
'nn»mif’lk‘ het

o Maximum
of the minimum heat capacity flujq
et temperatures >

change in temperature :
fferen the fluid i

effectiveness = Difforence between
ess ¢ is a function of se\'C(al variables and ¢
them in a graphical or tabular form. However, p,,
¢ can be expressed as a function of three nop.
as NTU method. This method/approach,
s of heat exchangers which may be used

It is obvious from above Eqn. that effectiven
such it is inconvenient to combine
compiling a non-dimensional grouping.
dimensional parameters. This method is known
facilitates the comparison between the various type

for a particular application. ; :
the dimensionless groyp

Effectiveness relations of the heat exchangers typically involve :
UA, /Cnys - This quantity is called the number of transfer units NTU and is expressed as

(/A (A
Nt

{ (et )

1

where U is the overall heat transfer coefficient and A, is the heat transfer surface area of the
heat exchanger. Note that NTU is proportional to A, . Therefore. for specified values of U
and C,, , the value of NTU is a measure of the heat transfer surface area A, . Thus, the

larger the NTU, the larger the heat exchanger.

Vivek Vaidya
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UNIT 1
CONDUCTION HEAT TRANSFER

Define heat transfer:

Heat transfer can be defined as the ansmission of eneryy from one region t

W
another due to temperature difference, The science that deals with the determination
of the rates of such energy transfers is heat transfer.

Thermodynamics deals with equilibnum states and ghanges [rom
»

amount i-!h&" transfer as

A system undergoes a process from one equilibrium state to anoth v hefused

squilibrium srate to another, and it is concerned with the

to predict the amount of energy required to change o 5y Sheg
state to another; it may not be used 1o predict howsy fasts
since the system is not in equilibrium durifiz the prgeess, and also, it gives no

indication about how long the process will take, A tharibodynumic analysis simply

tells us how much heat must be tran to renlize u specified change of state to

satisty the conservation ot enerpy princip

Heat transfer, on the (\*'ff"-lp.l_lid, culs with systems that lack thennal

equilibrium, und thus iths :

i flibrinm phenomenon, Therefore, the study of

. f% - d
heat transf{er cannot ase \'o‘x‘l the principles of thermodynamics alone

However, the laws of thermodynamics lay the
framework for the scicnce of heat transter, The firas
fow requires that the mate of onergy transfer into o

t system be equil 1o the rate of increase of the energy
FIBURE 1 Heat Nownin the daection of

wecrguvang e isan

of that system. The cccond faw requires that heat be

’ transforred  in the  direction of

decreasing
temperature (Fig. 1). This is like a car parked on an inclined road that must go
downhiil in the direction of decrensing elevation when its brakes are released. It is
also anslogous to the electric cwrent dowing in the direction of decreasing voliage

or the fluid flowing in the direction of decreasing total pressure.




|
| Dr. Viek Vadya

Heat transfer equipment such as heal exchangers, boilers, condensers,
radiators, heaters, furnaces, refnigerators, and solar collectors arc desi gned primanily
on the basis of heat transfer analysis.

The heat transfer problems encountered in practice can be considered in two
Lroups:
(1) rating and (2) sizing problems.

The rating problems deal with the determination of the heat tra s!ﬁ\ralc\for
an existing system at a specified temperature difference. The s

MZIfER PO s deal
with the determination of the size of a system in order to triasfer heat abis speg lied

rate for a specified temperature difference.

Difference between heat and tempegatury

[n heat transfer problems, wcx' It&Ehangeably use the terms heat and

temperature. Actually, there is a dis

a measure of the amouf of.dpe

¢t difference between the two. Temperature is

| possessed by the molecules of a substance. 1t
e hotness, and can be used 10 predict the direction of
suab symb

for temperature is 1. The scales for measuring
temperature in SI1 unit

e the Celsius ('C) and Kelvin (K) temperature scales.
P

Heat, on the other hand, is energy in transit. Sportancously, heat flows from a

|. Conduction.
2. Convection.
1. Radiation




-
¢ -ﬁl\'}l

mechanism of heat transfer from a region of high temperature
'"A_‘_'Wlthin & medium (solid, liquid or gases) or different

tly physin] contact. In conduction, energy exchange takes place by

the k“”m motien or direct impact of molecules. Pure conduction is found only
in solids,

> A |. ‘MF\I
EXBmPlCS: l{elﬁng Bm :- 1::::" \‘mv 1 wl

§: = i R |

Ay = Th thyes gl W \
In gases and liquids, conduction is due to the collisionsandgeis ion i‘t‘;f the

molecules during their random motion. In solids 4 ¢ @ combination of
vibrations of the molecules in a lattice and the ghergy l{am

2, Convection: R,

thyy will occur between a solid surfisce and

y free electrons,

Convection is a process of heat transj

a fluid medium (gas or liquid), and it i combined effects of conduction

edium. The faster the fluid motion. the

and fluid motion, when they are at m iperatures. Convection, h, (W/m?"C)

is possible only in the presenge
greater the convectiqu{hea

veilive henl "»nn:ﬁ» rovbliiont
Example: Cooligg of Hbt Plaicy air h= o7

) T o-'_- L
- e l’;- . 'TQ‘J !‘[’l‘.'! HmP
(7.- ,-) TO. 'o“)lM|"‘J~ﬂ"
The faster the fluid motion, the greater the convection heat wransfer. Convection is

congeetion if the fluid is forced to flow over the surface by external

fan, pump, or the wind. In contrast, convection is called natural or

3. Radiation:

The heat wansfer from one body to another without any transmiting medium is
known as radiation. It is an electromagnetic wave phenomenon.

Example: Radiation sun to earth.




tunpemmﬂ')is gim by 1 the Stefan-Boltzma.nn law as:
0 -"-bt‘ __1..0]

Where ¢ = gl B g '

G =367 x 10 W/m K is the Stefan-Boltzmann constant and ¢ is the
emissivity of the surface, An idealized surface, which emits radiation at 2 mu.xjmum
rate has ¢ = 1, is known as a blackbody. The radiation emitted by actual N

less than that emitted by the blackbody. The value of € is in the mn

measure of how closely a surface approximates a blackbodyy

Another important radistion property of a surface is its abson
fraction of the radiation energy incident on a s
surface. Like emissivity, its value is in the ran

entire radiation incident on it. That is, a black is :

absorber (a = 1) as well as
a perfect emitter,

ation results from energy flow into &

Newton's Law of Cooling Q ;
Temperature dit@enﬁ) :
3 Sy.

to surroundings, The former leads to heating,
ling object.

g states that the rate of temperature of the body is

between the hot surface and the surroundings.
: Cooling of Hot Plate by air,
Q=hA(T-T.)

Newton's Law of Cooling is useful for studying water heating because it can tell us
how fast the hot water in pipes cools off,
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' f‘ﬂ(n") plaw frevm b 7"46 o w ”""f
, law of conductio

The rate of heat conduction I8 proportional to the area measured normal to the

direction of heat low and 1o the lemperuture gradient in that direction

Consider a wall gs shown; we know that the

vate of heat transfer through the wall
increases when;

* The temperatures difference between the left and right surfaces incre: ase

ases,
* The wall thickness recduces,

* The wall is change from brick to aluminum,

If we measure tempe

tatures of the wall from lefi lu ng (I Mol the temperature
variation with the wall thickness, we

get
Tt —ﬁ\

L
<

* The wall surfiace area incre

. d1
slope = —

Figure 1.2: HMM through a wall

Qad Z:

i

-

(73

A - Area inm’

:l—;— = Temperciure gradient, K 'm

K - Thermal conductivity, W/mk
Heat is conducted in the direction of decreasing temperature, and the
temperature gradient becomes negative when temperature decreases with increasi ng
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dr. The negarive Lign ensures that

heat transfer in the positive dr direction s a
positive quantity, Neaah

J
#c\")'l whvedacee becawse henf £lsws in the djytn

o! .jg(rm,urm fmp. »

Define Thermul condug

tivity :
Thermal conductivity is defincd as the ability of a material or
Therma) conductivity, k. Wim°C)

rmal conductivity
impedance to electron

substance to conduct
heat,

15 formed 1o vary with temperatyre. dn
good conductors, (he

decreases with temper:
flow of higher electron densities

lemperature increases, thermal atomie activity also mcrc::'c‘
conductivity increases with temperature. In Jthe ecase sases,  thermal
conductivity increases with temperature due l';)-;'incrén;'u.f fandom activity of
atoms and molecules, |

S

L. What are the factors affect thermal conduclivity‘?

I. Material structure, 2. Moisture ¢ - Density of material. 4, Pressure and
lemperature,

2. Explain variation in therm

The thermal conductivi¥ va
k=k(1+g1)

Where k= th

iduct] vity with temperature.

smperature according to relation

Clivity at 0°¢

P= temperature co- @ilicient of thermal conductivity.




tquation iy Cﬂesiancrdinalea?

rectangular element of sides dx, dy and dz as shown in

QV’ c'.'l

fo—dix R

i,
i volume for threeRi 1

151000l heat-conduction
artesan coordi

2 of this re& et is obtained from first law of
D
N generated Heat stored in the
* within the element

= eclement ]

ted into clement from all the coordinate directions:
Fourier law of heat conduction (0

-K 4 :z ) the rate of heat
element in X, Y, Z directions thro

ugh face ABCD, ABEF, ADHE

1




-Qndt)l aeee 7

&

ment internally: Q, = qdxdydz 9
pent: mass of the body (pdxdydz) x specific heat (C) of
' n lemperature of body (:—1‘;)
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Fourier Equation (unsteady
state without internal heat generation i.c.ﬂ #10)
ui

Case 2: Steady state condition ; 9

(e

°T P FT L A :

7, TR s P e b Poisson Equation (sready state without
e oy o= 4 .

internal heat generation i.c.'—:'—, =()
[ F

Case 3 : No heat gencration and steady state : =0

”_'-’ 1..! -ty

{ { ( I . .

o d ey e m ) e Luplace Equation
ox’ oy’ o

1. Explain about Fourier equation.
This Fourier equation is used to find out the <oy
According to this equation, heat transfer is
ares and temperature gradient, It is indirectly proportion?

the slab

to the thickness of

2. Explain ubotﬁ’l\'

When the tem

conduction is called as stéady state conduction.
al

)
o

9
bout Laplace equation,

cltonduction is steady state conduction, and there is no heat

on, the general equation becomes,
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Thermal Diffusivity :

The product pCp, which is frequently encountered in heat transfer analysis,
is called the heat capacity of a material, Both the specific heat Cp and the
heat capacity pCp represent the heat storage capability of a material. But Cp
expresses it per unit mass whereas pCp expresses it per unit volume, us

be noticed from their units J/kg « °C and J/m" - °C, respectively )

Another material property that appears in the transient heat condug

analysis is the thermal diffusivity, which represents how l'u.;l heat

through a material and is defined as

Heat conducted _ A , '
g P T \

Heat stored nl., e )

Note that the thermal conductivity & represents how well"a material conducts

heat, and the heat capacity pCp repRgents how much energy a material

stores per unit volume. Therefore, (hcl]'thc iffusivity of a material can
|

be viewed as the ratio of the fkea u’%;;}l’ through the material to the Aear

stored per unit volum A mat at has a high thermal conductivity or a

low heat capacity will §bviolisly have a large thermal diffusivity, The larger
faster the propagation of heat into the medium.

A small value of thermal"diffusivity means that heat is mostly absorbed by

the materighand a small amount of heat will be conducted further.

in th®significance of thermal diffusivity.

significance of thermal diffusivity is that it tells us how fast

ppagated or it diffuses through & material during changes of
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General heat conduction equation in Cylindrical coordinates :

While dealing with problems of conduction of heat through systems having
eylindrical geometrics it is convenient to use cylindrical coordinates. Consider an
elemental volume having the coordinates (r, o, z) for three dimensional heat

conduction analysis as shown in figure 1.4.

'I
gt
A b o s Seras
-

)
)
!
-~

g
4

Figure 1.4: Elemental volume mf{‘\w:miuna% heat-conduction

~ R 3\ .
analysis: gylin amﬁmg:hmtes.

The volume of the e, V — rde dr de

Net heat conducted Heat generated Heat stored in the
into element from all + within the ¢lement = element —-1

the coordmate
®

t accumulated in the element due to conduction of heat from all the
te direction considercd;
Teat Mlow in radial direction (r plane):

Heat influx @ =—krdddz‘-2dv
C
Heat efflux Or +dr =r » ;fi-Qm

O - Qe vde = Qr=(Qr + & O
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& ] ‘h/@l" .[f }

- o
kilrde = !‘, A )
' 1 7 ( /J

U’\,ﬁ/rlf
{ ) oy

i a7
]> Or < Or 4 dr :g‘{m‘,,{;‘ ‘_" } ' : | aeee2
. ey )

|

Heat flow in tangential direction (9 plane):

Heat influx: Q,= an -3
Heat efflux: @, ., =, ':’Q,..M
n

) O b tante 2L I
0-“"4" ta‘”v[’ ‘“',..‘(’4.. -_

' {‘J .{.)f.‘l' > ‘AI‘-’TJ#L"

Heat flow in axial direction (mpla
A or
Heat influx: Q,= —kdrrag- 2

Heat efflux: .4, °

b. Heat generated within lhc clement:

(& rdddrds —-easmm——ss
- stofd in the clemcul mass of the body (pl d@dl dz) x specific heat

dy material X ris¢ in temperature of body (—)
—~r rd dieils
(.Y
Sub Equations 2, 3, 4, 5, 6in Equation |

&r 187 18/ ar er
“"’“’"{rﬂ ro o ;;;J ¢ el
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_poCpel _10r
L] =—— Heat conduction equation farl

k o1 @
cylindrical coordinates

!Il!;l{l\'l.-\L CONTACT RESISTANCE =
When two different layers (or multi-layer) of cnnduuliug materials are plfcedyn
I:, \(‘.
I N

resistance. A significant temperature drop l.(."\LlU{,h ot the 'nurl.n

contact re
The cunmct fesis

has to be taker

y into account in heat transfer calculat: on

brought together the contact is partial and @

points as shown in Fig. 1.4.

~ail
-t

v
»

y
Fig. 1.5 Coan temperature drop

There are two principal contributions to the heat transfer at the joint

4= i
Axg/had + 1h A+ AxglhagA
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yvhere i 1y | A e pe
where the quantity 1/h.A is called the thermal contact resistance and k. is called

¢ contact coeffic: This fac . ;
the contact coefficient. This factor can be extremely important in a number of

pe ,l. d i - W o 3 ) ' y 1 { 1 i
applications because of the many heat-transfer situations that involve mechanical
joining of two materials,

What do you understand by critical radius of insulation, obtgf
the expression for the same?

T'he addition of insulation always increases the conductive

But when the total thermal resistance is made of conductive §
and convective thermal resistance, the addition of insulatiop i
(.

reduce the convective thermal resistance due to igereas outer surface arca for

hermal resistance

thermal resistance actually decreases and then increases in some¢ cases. The
thickness up to which heat flow in
termed as critical thickness. In

Critical radius.

igich o layer of insulation which might be installed
shown in Figure. The inner temperature of the

the outer surface is exposed to a convection

Infv'r)
2kl
= 2al (T, — Txo)
mrs/ri) |
k roft
Now let us manipulate this expression to determine the outer radius of insulation

q

t,. which will maximize the beat transfer, The maximization condition is
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s

which gives the result
k
h

If the outer radius is less than the value given by this equation, then the Jigat

Fo™1

transfer will be increased by adding more insulation. For outeg radiygreytes lh,/m
the critical value an increase in insulation thickness will cause ;:a;dgcl'c'
transfer. The central concept is that for sufficiently  small _wl&(‘;ul'
convection heat loss may actually increase with th addiupﬁ"(i"f insulation
because of increased surface area 2 ¢
Note that the eritical radius of insulation ‘\depcnds on the thermal conductivity
of the insulation & and the extemal convection heatdtransfer coefficient /. The
value of the critical radius r. will irgest when & is large and 4 is small.
The critical radius would be mugh rced convection, often less than |
mm, because of much larggr tx/ \ alged” associated with forced convection.
n:;l;-;/u: stcam pipes freely without worrying
nfﬁ'{;_m;:sing the heat transfer by insulating the pipes.
R
¢ wirds may be smaller than the entical radius. Therefore,
the plastic elecirica™igsulation may actually enhance the heat transfer from
electric wires and thus keep their steady operating temperatures at lower and
jevels,
The following relationship can be derived, using similar method

IJ- > dR -..-._l_m 2
rl dnrth dr T dnk 4=k
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1. What is critical radius of insulation”

Critical radius (r.): it is defined as outer radius of insulation for which the heat

transfer rate 1s maximum.

Critical thickness: it is defined as the thickness of insulation for which the heat

transfer rate 1s maximum,

2. What is super insulation and give its application.
Super insulation is a process which is used to keep the cryogenic liguids at
temperature. The super insulation consists of multiple layers of highly re
material separated by insulating spacers. The entire system R evacyated o’

munimize air conduction,

The process in which the intemal resjstancgis assumed as negligible in comparison

with its surface resistance is known as Ngsganian heating or cooling process. Heat

-

-b\
transfer by convection is given by s Jaw of cooling
A
. ,Jf*. \\

Q= hAlL-T.)

THE OVERALL HEATARANSPER COEFFICIENT
Comsider the plane wall showigin Figure 1 exposed to a hot fluid 4 on one side and
a cooler fuid Santhe other side. The heat ransfer is expressed by

KA

g=h ATy =T = (T, =Ty =hA (T = Tg)
J 1 | A 1 8
The heat-tgansfer process may be represented by the resistance network in Figure,
rall hgat transfer is calculated as the ratio of the overall temperature
sum of the thermal resistances:
T. T,

Y= TUhA +AsEA+ 17haA
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' Illlll '

Figure 1: Overall heat transfer through a plane wall.

-
-
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I hoA
o] l__r oA 2l 0
Figure 2: Resistance analogy for holl@yy c¥ nder with convection
boundaries.

Observe that the value /24 5 HS§ to weptesent the convection resistance. The
overall heat transfer by comb sedggiduction and convection is frequently
expressed in terms of anov \t.transfer coeflicient U, defined by the relation

g=UA ATyt 3 m‘»'.:"‘i;sx some suitable area for the heat flow.

For a hollow cylipder ¢ ;posed PO a convection environment on its inner and outer
surfaces, the elec tance analogy would appear as in Figure 2 where, again,
T, and Ty are the two flulddemperatures. Note that the area for convection is not the
same for both fluids in this case, these arcas depending on the inside tube diameter

and wall tiftkness. The overall heat transfer would be expressed by
e : Ta—Ta

i Intre/n) 1

—_— ————— 4 ————

h, .‘\‘ :’.1‘!. h.n“n
in ce with the thermal network shown in Figure 2. The terms A/ and Ao
rep > inside and outside surface arcas of the inner tube. The overall heat-
transfq coefficient may be based on either the inside or the outside arca of the tube,
Accordingly,

1

U =
1+A.'ln(r../r,-) Al

hy 2kl Ak
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5 iy 1 b -
.-\!, | . AIn(r,/ri) ]
A b, YT R

ﬂ)e 8°l1°1‘_d| notion, for cither the plane wall or cylindrical coordinate system, is that
UA=1/Z R =1 /Ry avernll

BOUNDARY CONDITIONS :

@

The heat conduction equations were developed using &
differential element inside the medium, and they regnain 2hey san
thermal conditions on the surfiaces of the medium,
the thermal conditions at the boundaries are ¢

From a mathematical point of view,
essentially a process of removing derivatives, or an in
solution of a difTerential equation typically §n

N W
crgygbalance on a

gardless of the
c mdidn ”"“}k‘” expresyions of
d thc oundary conditions.
a differential equation is
ation process, and thus the
volves arbitrary constants,
. - . 4?7 . 3 L

For example, the differentinl equ _— = 0 after solving denvatives, or

an integration, we get, general solui] W4

¥,

T(x) = ¢;x + c; where, c;and g,\ arbifrary constants.

1. Specified Te lﬂc afure oundary Condition

For one-dimensional iat fMigsfer thifough a plane wall of thickness L, for example,
the speci 1

v conditions can be expressed as figure
" l> ; .y =T,
i 2WC T, =1,
A where Tl and T2 are the specified temperatures at
surfaces at x = 0 and x = L, respectively. The specified
temperatures can be constant, which is the case for

A 0, o) = 150°C steady heat conduction, or may vary with time.
T =70C

Specified Heat Flux Boundary Condition

To ine the rate of heat transfer and thus the heat flux q (heat transfer rate per
unit surface area, W/m®) on that surface, and this information can be used as one of
the boundary conditions. The heat flux in the positive x-direction anywhere in the

medium, including the boundaries, can be expressed by Fourier's law of heat
conduction as

(W)

. a7 _ ( Heat flux in the )
ar  \positive -direction
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Heal I'hen the boundary condition at a boundary is obtained by
qux | Eoaduction . $Z e

‘L setting the specified heat flux equal to - k(d7T /dx) at that
. n boundary. The sign of the specified heat flux is
' u., determined by inspection: positive if the heat flux is in the
Cosduetion) (lux  poOsitive direction of the coordinate axis, and negative if it
w5 in the opposite direction.

=4 Note that it is extremely important to have the correct sign
1 for the specified heat flux since the wrong sign wi rt
J¢  the direction of heat transfer and 4

cause the heat gain to be interpreted as geat lgss, shon

o . Y

‘d"L. n
- ot

i

figure.

® )
3. Insulated Boundary A o
Some surfaces are commonly insulated in practice in order,
heat gain) through them. Insulation reduces hea€ trar§
eliminate it unless its thickness is infinity. Howayer, ansfer through a
properly insulated surface can be taken to bc,i&'géinc'g adeqtite insulation rcd'uc::.*-
heat transfer through a surface to negligible levelsglherefore, a wcll-_msumlcd
surface can be modeled as a surface with g specified heat flux of zero. Then the
boundary condition on a perfectly i surface (at x = 0, for example) can be
expressed as shown in figure,
. n

"

==
<

That is, on an insulated surface, the first
R - _Wderivative of temperature with respect to the space
insatano [ ok §§i‘§’i’iable (the temperature gradient) in the direction
| [ normal to the insulated surface is zero. This also
o I* * means that the temperature function must be
man ., perpendicular to an insulated surface since the slope
v of temperature at the surface must be zero.
L =0 C
véetion Boundary Condition
conviction boundary condition is based on & surface energy balance expressed

Heat conduction Heat convection
at the surfaceina | = | at the surface in )
selected direction the same direction
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For one-dimensional heat transfer in
the x-direction in a plate of thickness L,
the convection boundary conditions on

b7 - TO.0) ==& ily g both surfaces can be expressed zs
‘ o

Conv ection

altth 1
By A T - 0l [1a)
And
I'rl[ 4]
101‘(!.\ 1 , ~k——— = Wil 01 = Tl
Saee = TL, - T, »
= where h, and h; are the conv
transfer coefficients/d '
the temperatures of il
mediums on tH two gidc

as shown in Figure,
The convection boundary condition simply states thaghedWgontinues 1o flow

from a body to the surrounding medium at the sam@ate b

Conduction | Convection

g
[:.‘.l

5, Radiation Boundary Condition .

In some cases, such as those encountered in spac cryogenic applications, a
heat transfer surface is surrounded by vacuated space and thus there is no
convection heat transfer between a and the surrounding medium. [n such
cases, radiation becomes the only mechan t transfer between the sgrfgce
under consideration and the surn Wsing an energy balance, the radiation
boundary condition on a surface ressed as

(Heagcon ctign (Radiation cxchange)
a

e surfa at the surface in
s&t%ﬂuu

the same direction

For one-dimensional heat transfer in the

x-dircction in a plate of thickness L, the

radiation boundary conditions on both

surfaces can be expressed as shown in
figure,

dlih n ;

N e = i T =T @28

(2n)

Where, £; and & are the emissivities of

the bo 3 faces,
a = 5::\;’&;)15;50 w/m?. K is the Stefan-Bolzmann constant, and 7. and Ty

e the average lemperatures of the surfaces surrounding the two sides of the plate;
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spectively. Note that the temperatures in radiation calculations must be expressed
0 K or R (not in °C or “F).
Ihe radiation boundary condition involves the fourth power of temperature,
and thus it 1s a nonlinear condition. As a result, the application of this boundary
condition results in powers of the unknown coefficients, which makes it difficult to
determine them. Therefore, it is tempting to ignore radiation exchange at a surface
during @ heat transfer analysis in order to avoid the complications associated with
nonhincarity, This is especially the case when heat transfer at the surfaeg is
dominated by convection, and the role of radiation is minor.




K. D.K. College of Engineering, Nagpur
Department of M echanical Engineering
Subject: -HEAT TRANSFER
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HEAT TRANSFER FROM EX FENDED
v
\
FINS 4 \
e
The rate of heat transfer from a surface at a tcmpu&lmc s to the surrounding
medium at T, is given by Newton's law of cooling as %

Qoo = MW (T, =T
There are two ways to increase the rate «
. To increase the convection h anslgr Coctlicient by, but this approach may
or may not be practical, or
2. To increase the sql"ucc 'greaci\,. alternative is 1o increase the surface area
by autaching tg the surl'm'\e%xtcndcd surfaces called fins made of hghly
conductive matérialSSch as aluminum.

Finned surfaces anufactured by extruding, welding, or wrapping a thin
metal sheet on a surfaceRins enhance heat transfer, and they often increase the rute
of heat transfer from a surface by exposing a larger surface area to convection and
radiation. Phe value of h is usually much lower at the fin base than it is at the fin tip

og fluid @ surrounded by solid surfaces near the base,
mples of the use of extended surfaces are in cylinder heads of air
Binés and compressors and on electric motor bodies. In air conditioners
s tubes with circumferential fins are used to increase the heat flow,

«awra EWLL
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Fig.: Schematic Diagrams of Different Types of Fins: (ajl ongitudina #in of
Rccm'ngu_\ur Profile; (b) Cylindrical Tube with Fins of Rect widr Profile; (c)
l.pngnu_dmz.d Fin of Trapezoidal Profile; (d) l.ongitﬁ{dinaj Fitho!f Plrabolic Prol';lc",
(e') Cylindrical Tube with Radial Fin of Rect: gularc‘l’r«;liie: (B Cylindrical Tube
with Radial Fin of Truncated Conical Proﬁlc{(g‘ Lyl rical Pin Fin; (h) Truncated
Conical Spine; (1) Parabolic Spine.

Why aluminium used as a fin

ins to optimize the use of a given

§4r. For this purpose it will be desirable

loSF 1o the base surface emperature. This can

s of high thermal conductivity like copper of

aluminium. In terms and ease of lubrication aluminium will score over

copper though Ugthermyg € ivity will be lower.

Thermal coO in, fin material should be high to give large fin

ffectivencss. This leads ini d its alloys.

Bihe outstanding and best known characteristic of aluminium. The metal

ic wlight of 26.98 and a specific gravity of 2.70, approximately one-

1t of other commonly used metals; As with most metals the density

increasing lemperature. The addition of other metals in the amounts

f used in aluminium alloys does not appreciably change the density (plus

%), Weight is jmpaortant for all applications involving motion. Saving

more payload or greater economy of operation. Saving weight also

saves energy, reduces vibration forces, and improves the performance of

reciptocating and moving parts.

Electrical Conductivity and Resistivity

The electrical conductivity of 99.99% pure aluminium at 20°C. Because of its low

specific gravity, the mass clectrical conductivity of pure aluminium is more than
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twice that of :uancnlcd copper and greater than that of any other metal. The
pesistivity at 20°C §s 2,69 pf-om,

The thermunl conductivity

Ihe thermal conductivity, «, of 99.99% pure aluminium is 244 W/mK for the
temperature tange 0-100°C, and again because of its low specific gravity its mass
thermul conductivity Is twice that of copper. The combined properties of high
thermal conductivity, low weight and good formability make alominium an obvious

cholee for use in hent exchangers, car radintors as fin materials and for VC ne
cylinder hends,

Corroston Resistance

Aluminium has o higher resistance to corrosion than many othCRguctals plying (o
the protection conferred by the thin but tenacious film of qxide xide layer is
always present on the surface of aluminium in oxygen mum.’.p} ere
Specific and Latent Heats

Aluminium has o relatively high specific heat whegeompired w sther metals on

a weight basis, L 921 Vkg at 1000C which is hifgper hgn that of any common
metal, s/

Heat Flow Through *RECTANCLL N

Consider the one-dimensional xectagaagar fin exposed to a surrounding fluid at a
temperature T, as ghow in i The temperature of the base of the fin is Ty. We
upproach the problesi by Agaking™iu energy balance on an element of the fin ol
thickness dx as sl 1 the

Energy in v out right face + Energy lost by convection
The delining equ convection heat-transfer coefficient is recalled as
q = hA (Ty, = T.) |
Where nrea
yectionn

in this equation is the surface area for convection. Let the cross-

a of e fin be A and the perimeter be P, I'hen the energy quantities are
R dT

Energy in left face = gy = kA~
dx

L . , I
l'.m:lpy out ngh! [ICC = Gypely = kA L ]
xbels

[IBN

dT d°T °
= —kA ( — e
& (/.\ + 4[\': (l\)

Energy lost by convection = 4 Pdx (T ~ T)
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Fig.: Rectangular fin of uniform crms—swligb
Applying an energy balance on the element, =4
Energy in left face = Ene 1;.,_\' out ru,hl face 4 lnerg lost by convection

Qc onyection

%a for convection is the product of
length dx. When we combine the
' balance vields

PFT hP
¢ (T —Ta)=0
dl-

Lel& T—w.m} | becomes
hP

— e =)

gundary conditionis 6= 8,= T, -7, atx= 0
er boundary condition depends on the physical situation, Several cases
be considered:
If we let m* =hP/kA, the general solution for Equation (4) may be written
] = ( lt' -~ MX + L"‘('"‘ N
All of the heat lost by the fin must be conducted into the base at x=0. Using the
equations for the temperature distribution, we can compute the heat loss from

oy dT
e (1\
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Case 1: The fin is verv long, and the temperature at the end of the fin 18
ssentially that of the surrounding fuid
For case 1 the boundary conditions

H ”“ At A= I

(=1

and the solution becomes

Ihe steady rate of heat transfer from the entire fin can be determinatyfrom
Fourier's law of heat conduction ¢

() 1 di imkA (] l.)

1 \ | ] ¥ |

4
coftvéctian from its end
For case 2 the boundary wn(!mnm are, A

d'l/c
The solution for case 2 is more involved algebraically, and the re ule 1
oSl o (L = ) 4l k) sindoo (1 v

cosh m it 0 (hfme) sinh el

1+ ——rnmhhn!)

/
tanh(m!) + ﬁk—
Q= VPRACTy ~Ti)——— 1 -

—tanh{ml!)
t ik

&hc B of the fin is insulated so that dT/dx=0 at x=L.

For case 3 the boundary conditions are 6 = ¢, at y =0

dy
— =0 atw=L
dx
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1hus

Qfin insulated =
The hyperbolic functiony are defi

Fin Efficiency
The efficiency. .,ﬁ_”

nh lmulated tips:

Effectiveness of fin (€5, ):

Quwith fin_ _

Ertn =
e Qwuhout fin
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Relation between 1, and €

The performance parameters of fggm and €
are related to each other by the foilowng 3
Efficiency of fin,

VPRRA(To~T.o)tanh (ml) _
Phl (Tc'TQ)

Nfin =

Effectiveness of fin,

VPRRA(Ty~Too )tanh (m)
PA(Te-T)

6[m

Dividing eqn. (ii) by eqn. (i), we ““l‘ |

€fin _ Pl

Nfin A

fin on the other hand.
Aneﬁ'ecuvm."'q&, 1,

does not affect heat transfer a

base areaAnseqnalh‘ |
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Estimation of Error in Temperature Measures

i a Thermometer Well:
For estimating error in the value of temperature mea un
thermometer well, the Gieory of extended surfaces 1s very helpfy
mall tube welded radially mto a pipeline through which @ fluid:
s flowing, a
Refer o Iig.
Let, | = Length of the wellube,

d = Intermal diamseter of the we
8 = Thickness of well/tube, N
1, = Temperatare of (he fuid flowing t
t, = Tempernture of the pip
When the temperature of the fluid flo
temperanre, the heat flows from the flaid to
femperalure o the botmo(wellw
Rmperatuce shown by the themometes will not be
valculated by assuming the well 10 be spioe pr

Dowing, It iay be assumed, for sinplcily M
the tip of the well is Insuiare ed). The I

wall aloag the temperature well is ﬂVﬂl U’
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Numerical on Fins:

Example 01: A long rod 12 mm sque
INto air at 35°C from a fumace
coefficient is estimated at 22Wi i
W/mK. Determine the lmauon <
60°C. Also calculate the temperaty
The data are shown on Fagure.

+- 30 mm -»
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Problem 02: One end of a long rod of 35 mm dia
with the other end projected in the outside air. After
temp. of rod is measured at two points 180 mm &
145 C. The atmospheric temp. is 25° C, A con
Determine the thermal conductivity of the material.
Solution: Dia. Ofrod, 4 = 3Smm =0.035m
Ta = 25" Cand i = 65 Wim'K L
Starting point is at x = 0 and outer point is @

Assume end of the fin is insulated, we ha

At x =/, the egn reduced to

e [A0 AT
T e

Solving the eqn

L e R e e e e e e L L




