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HEAT TRANSFER

Chapter 1: CONDUCTION

Conduction depends on the medium.
Conduction can happen in solids,
liquids and gases.

Solid:

In solid conduction happens due to

1. Free electron

2. Lattice Crystal vibration

Liquid:
In Liquid Conduction happens due to

elastic collision.

Gases:
In gases conduction happens due to
molecular momentum transfer

during elastic collision.

Fourier Law of Heat Conduction:
Heat flux directly proportional to

temperature gradient.

0= -4

Where A = Area normal to heat flow.
k = Thermal conductivity of material.
kgas < kliquid < ksolid
knon metallic Crystal (diamond)

> kpure metal = kalloys

> knon metallic solids

3D Generalized Conduction Equation:

d (k E)T)_l_ d (k 6T>+ d (k aT)

ox\ *ox) oay\ Voy) oz\ ?oz
. 0T

+Qg:pc_

ot
Cylindrical Coordinate:
10 ( 6T)+ 1 62T+62T+Qg
ror\ or) " 1200% ' 022 ' k
_ 10T
~aodt
where a = Thermal diffusivity

k
= —(m?/sec)
pCp

Spherical Coordinate:

[ P

0 = zenith angle

¢ = Azimuthal Angle

10 ( ) BT)

— — r —

r2 or or
1 d ( ) ec’iT)
r2sin® 30 \" " 08
L1 aZT+Qg_ 10T
r2sin2 092  k adt

V2T = 0 - Laplace equation
2 Qg A .
V4T + * - 0 — Poission equation

) aT :
V“T = —— — Diffusion equation
a dt
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total internal heat
generation rate

Qg = volume

0°T 0->F i ti
—— = 0 - Fourier equation
0x2 4

1D Steady State Conduction Heat

Transfer:
B= +ve
Ty
| B=0
T,
0 | ™
= —ve
T,+T,
Where k;,, = k, 1iB( > )
Q

=k, A <1 +B (T1 er T2)> (T1 ; Tz)

Heat Generation in Slab:

Case 1:

e Symmetric
’°T Qg
—_ + =
0x%2  k

-4 (- )

(Parabolic)

=0

e Asymmetric

Qql?
2k

Thax — Tw =

.
\ Tmax

TW/E\TW

x=-L x=0 x=+L

Qx=L = [1 QTotal]

S )
1

r-n- g (1))

QgL
1 I 2B

Tmax v Tw

Case 2: Special Case

—_— Qconvection

2L

w =Wall Temperature.

Qgl?
Tmax = Tw + ng
S 1.
at;,x = L,—Qg(AC x 2L) = hA(Ty, — Teo)
QgL
Ty =T +—=—
h .
QgL Qgl2
Trax = Too +%+ ng

Tmax = Temp at centre of wall

h = Convective heat transfer coefficient
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Case 3:

RS

When one side is insulted

Then

Qconvection = 0

0 (dT) 0
. = = | — =
qconduction dx side

T = Tjpax at insulated surface

Heat Conduction in Hollow Cylinder:
anL(Tl ImI Tz)
Qradial Y W W |
In(rz/ry)

/Qradial
@

Replace k with k,, when variable k is

given.

Newton’s Law of Cooling:

Q =hA (T, — Te)

In General
0= AT
YR

R = Resistance

Stefan Boltzman Law of Radiation:
Ep o< T4

E, = oT*

o = Stefan Boltzman constant

= 5.67 x 108 W/m?2K*

HEAT TRANSFER
(R) .
Slab | Cylinder | Sphere
Resistance

) Iy, —r
Conduction L In (r1) ﬁ
kA 2mkL 12

) 1 1 1
Convection | — — —
hA hA hA

Overall Heat Transfer Coefficient (U)

%=2Rth‘A

1
EzthhXAi
1
U_OZZRthXAo

Heat Generation in Cylinder

T,
R
Al A
T,
Tw
T-T,=2ER (1_E)
Tiams =~ T %Rz—ee uation 1
max W_4k q

Qg X volume = hA4(T,, — To)

Qg X MR?L = h (2nRL)(T,, — To)

_%

T, =—= R+ T,
W 2h
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From equation 1

QgR  QgR?
Toax = Too + ——
max + Zh + 4‘k

Heat Generation is Sphere:

- (-

Special Case:

. 4 _
Qg X §1‘[R3 = h x 4nR?(T,, — T)

QgR
T = Top + —=
3h
QgR  QgR?
Tax = Too + —— + e
3h 61{solid

Critical Radius of insulation

k
Cylinderr, = —

h
2k
Spherer, = =
k = Thermal conductivity of insulting
material.
Steam,Pipe
Q
T g

Eg: Electrical Wires

Slab (Nor,)

kK skoksk

Chapter 2: FINS

6 - T - TOO = Cle_mx + Cze_mx

P = Perimeter of fin

A = cross-section area

t
le=1+ > — Rectangular Fin

d
1C=I+Z—>Pinfin

Characteristics
6 T-T,
8, Tp—To
(qfin)atx=0
_ Yactual
B qmax
_ _Awithfin
= Qwithout fin
0
8p

» X

Infinite Long Fin

e—mx

VhPKA 8,
1

ml

Pk

hA
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B.C Ag
=
1.x= 0, 0= eb /J/A
C
2.x=0,0=0 tI
Fin: (Finite length and Insulated tip) NenA
_ lfinfs
cosh(m (l—x)) €= A,
cosh (ml) A, =PxI
VhPKA(0},) tan h(ml) A= wxt
tan hml
mL Unsteady or Transient Conduction
Pk + tan bl heat Transfer:
/ — X tan h(m
hA dT
hA(T — Te,) = —mC,, —
. ( ) =-—mC, o
™ = to be used when rate of cooling is asked
b T — T _hAST
e e PVCp
Ty T

1. Atx=0,T=T,,0 =0,

2. Atx=1L,—KkA (‘;—Z)X:L )

Fin: (Finite length and non Insulated tip)
cosh(m (Ic — x))

cosh(ml,)
VhPKA (6y,) tan h(ml,.)

tan h (ml,)
(ml)

Pk
oA tan h(ml.)

0

Oy

tip

» X

If m;, < 2.65 — Short Fin

(€Emin)fin = 2, € = Effectiveness

T; = Initial Temperature

T = time

v = volume
pvCy

hA,

= t* » Time constant (TC)

Note: Reading on thermocouple is

taken at 3(TC).

Lumped Heat Analysis:
This is used when Bi < 0.1

Internal conductive

Biot No (Bi) = hLc - resistance
Ksoia  External convective
resistance
Volume

¢ Surface Area

Kso1ig = Thermal conductivity of object.
1. Slab:
A.

B Ibh
~ 2(¢b + hb + £h)

L
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B.
A
t
A
L = At _ t
€T 24 2
2. Cylinder
L
L
mR2L

L=
¢ 2mRL + 2mR2

R
L. =§;whenL>> R

3. Sphere
R
LC=§
4. Cube
V_a
SA 6
a
a

5. Hollow Cylinder:

1

Semi-infinite solid (Bi - )
When Bi > 0.1, then Heisler charts

must be used.

Heisler Chart:

F, = Fourier number

So Bi > 0.1 then

T—T, Grober Heisler
= chart | X| chart

T, —T, ) .
o ® solution solution

Grober Chart:
e A X

.

kkokkok

Chapter 3: HEAT EXCHANGERS

Parallel Flow Heat Exchanger
Thi

The

Tce

Te;

Counter Flow Heat Exchanger
Thi

The

TP @, ]

Tei

Ty = Hot fluid inlet temperature
Tye =Hot fluid exit temperature
T.; = Cold fluid inlet temperature

T.. =Cold fluid exit temperature
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LMTD = AT, = A'T;Aﬁ"l‘e ﬂ = ﬂ = constant
In (AT:,) o
Note: Thi \\
IfT,e > The The

Then it is (CFHE)

Case 1:
If Q= same (Ty;, The, Tgi, Tee =Same
for both parallel flow and counter
flow.
(LMTD) counter flow

> (LMTD)paraltel flow
(As)cr < (AS)pr

As = Surface area of heat exchanger

Case 2:

As — same

Qpr < Qcr

Case 3:
When one of the fluid is changing its

phase.

\ 4

o

(LMTD)pg = (LMTD) ¢

Case 4:
When both hot and cold fluid have

equal eat capacity (r'nthh = mCp

(LMTD)cp = AT; or AT,

TC e

\\ TCI

(Balanced Count Flow Heat

Exchanger)

Heat transferred = Q = UA(AT,,)

U = Overall heat transfer coefficient

1 1

1
—=_4+F +—+F
0 hl+ 1+h2+ 2

where F; and F, = Fouling factor
1 1

E=
Udirt Uclean

1 1 1 Rg
UiA;  UpA, heA; @ A
In(ry/ry) Rfo
2mkL A,
1
hOAO

Q = U;A,LMTD or U,A, LMTD

+

A=mndlXxnXp (p= No.of passes)
n = No. of tubes / pass

T
m=p deZ X n X velocity

F « Temperature

1
x
Velocity of flow

Effectiveness of Heat Exchanger (€)

Jactual
€E =

Qmaxpossible
dmax = (mcp)smaller (AT)max
ATmax = Thi - Tci

When r'nhCh < r'nCCc
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= Thi — The
Thi — Tei

When my, Cy, > m.C,
_ Tce - Tci
Thi — Tei

Number of Transfer Units (NTU)

UA
NTU =

(mcp)smaller
Where U is in W/m?K
Ain m?
m in kg/sec

CpinJ/kgK

(mcp)smaller

Capacity ratio (C) =
(Cp)
P/larger

0<C<1

e = f(NTU, C)
1 — -NTU(1+C)

€pp = } Parallel flow

1+c
1 — e~NTU1-0)

€cr = 1 Ce—NTU(l—C)} Counter flow

Case 1:

WhenC =0

€Epp = €cF — €= 1-— e_NTU

When LMTD = same

Area same
NTU same
Case 2:
myCp = mC.(C=1)
1— e—ZNTU
€pr = - 3
_ NTU
€CF =TI NTU
sk skokk

Chapter 4: RADIATION

E = Total Hemispherical Emissive
Power.

E_JOOE d)\_Watt
= i AdA = —

= Area under E;and dA graph
E, = Monochromatic/Spectral

Hemispherical Emissive Power
E, isin &

m? — pm
€ = Total Emissivity

€, = Monochromatic/Spectral Emissivity

E E,
€E=—,6 =——
Ep Epa
Ex
E= f E,dA
0
, A(um)

€,vg Calculation:

s E Hh fooo E;\d}\ b fOOO(E;\Eb;\)d}\
Ey J-Ooo Eb;\dk fooo Eb;\d)\

Grey body = €, # fn (A)
So for grey body €= €, = constant
Black body

Ex

rey body
Non-Grey

A(um) body

€x Non-grey body

JANVA
/ \/ \/Non-greybody

A
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o = Absorptivity = Fraction of
Incident radiation absorbed.

p = Reflectivity = Fraction of
incident radiation reflected.

T = Transmissivity = Fraction of
incident radiation transmitted.
at+t+p=1

For black body a, = 1,¢,, = 1

Law of Radiation:

1. Kirchoff's Law:
Whenever a body is in thermal
equilibrium with its surrounding

then its emissivity is equal to

absorptivity

2. Plank’s Law:
This law states that
monochromatic  or  spectral
emissive power of black body
dependent on both absolute
temperature of black body and

wave length of energy emitted

from body.
Eb,}x = f(}\f T)
. 2mCq Watt
bA = C 2
AS (eh_% — 1) mopm
Epa . / Hyperbolic curve

P : T, = 1000K
}\m3}\m2}\m1 Tl — SOOKA(u)m

By Increase in temperature, the
wavelength of (E,)__ shifted to left

3. Wien's Displacement Law:

Amax T = 2898 (in um K)

4. Stefan-Boltzmann Law:
Ep o< T4
Ep, = oT* W/m?
Where 6 = 5.67 x 10°8 W/m?K*

5. Lambert’s Cosine Law:

i=1i,cosB

0 = Angle with normal of plane

Watt
m? — steradian

i=

Solid angle(w) : Unit — Steradian (Sr)

dA)y .
dw = o sin6 d6 d¢
dA cos a
dw = ———
r

o is direction normal to the surface

and viewing point.

Sphere w = 4m, Hemisphere (w) = 2m

a (Y S/F

Intensity of Radiation:

I _ dQ. Watt
¢®.9 ™ dAcos 6dw m? - Sr
dQe :
dE = A le(o,¢) - COSOsin6dO d
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Hemispherical Power:

"
2T >

= f f le(o,q) cOs Bsin 6 dBd ¢ (
$=076=0

Note:
For Diffuse body I ) = constant
(Independent of direction)

Ep, = mi, W/m?

Shape Factor/Configuration/ View
Factor:

Fun = Fraction of radiation energy
leaving surface (m) that reaches
surface (n).

0<Fpy <1

Reciprocity Relation:
A1F1p = AyFy

1y
o N o

- AN

f J‘ dAldAz cos B cos ¢
A YA,

2= 1TA1
1 dA;dA, cos 6 cos
F21 = 2
mA, r

Special Cases:

Fi1=0

Vg

Fi1=0

®

Convex S/F

Watt

)

m

RSV

Concave S/F

o Particle
A, >>> A4
DZ
Fi2 = p2 g
@
]
@

F;, = F,; =1 —sin (g)

Summation Rule:

Fi1+F +Fi3+-+Fny=1

For N body Enclosure —» N? Total
shape factor

Number of active shape factor

_N(N-1)
2
@ ®,
Ly
_ Ll + L3 - LZ

w1 = W, = w3 = w = same (width)

Hottle’s Cross String Method (For

non-enclosure):

©)
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_ (Lz+Ly) — (Ls + Lg)

Irradiation (G):

Total radiation energy incident on
surface (W/m?).
G PG

N

] = pG+E€ Ey

] = Radiosity: total radiation energy

leaving the surface.

1—¢€
Surface Resistance =
€
) 1
Space Resistance =
1F12

General Radiation Equation

() = Ep, —Ep, o(Tf —T;)
1-2/net = =
ne >Rin >Rin
Calculation of Ryy:
Case 1:
For 2 bodies
——W———— W ————W—
Ep, 1—-¢ 1 1—e, Eb,
Argy AqFy; Aze,
1-¢ 1  1-¢
YR = + +
Ajg AFy, Aye,
® @
or
2
()
Q 0
Case 2:

For 3 Bodies

Special Case for Case 2:

A. If one S/F is reradiating S/F
(Suppose (3))
Q3=0

R A

@ @
®
J1 I2
Eb1 Eb2
Eb3 = 13
Q12 =-0Qz1
B. If S/F (3) reradiating & S/F (2) is
large area.
© @
®
A, > ©
1—¢€
So 250
2€2

Ebz =],
Q;#0)

Eb3 =J3 (Q3=0)
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Radiation Shields:
® ©)
®
o T4__ 4
(ﬂ) o -1 Jm?
A’ with shield YR

If n No. of shields used:
1. (2n+ 2)Total surface resistance

2. (n+ 1) Total space resistance

Ife, =€,....€, =€

1
(%) with shield = (m) (%)W/O shield

Estimation of error in temperature

measurement:

Ty = True gas temperature

T. = Reading on thermocouple
T,y = Duct wall temperature

€. = Emissivity of thermocouple

hA (T — T.) = o(T¢ — Tt) X AX €

error

h

ok kK ok

Chapter 5: CONVECTION

pVD
Reylond Number (Re) = T

Error = e.o | ——

Inertia force
" Viscous force
hD

Kfiuia

Nusselt number (Nu) =

Cpb v
Prandtl Number (Pr) = ll_kp ==

v = Kinematic viscosity

Stanton Number (St) =

PUxCp
1. Forced convection (Flow over
flat plate).
Re < 5x10° =
Laminar Flow
Re > 6.5t07 X 10° =
——

< Turbulent Flow

Laminar Flow:
Momentum Equation:

6u+ du  0%u
Y ox Vc’iy_vay2

du
Tw = u ('a—y>

1
- §axz

y=0

1
Ty XX 2

_1
hy ax 2

Op = 6 = Boundary layer thickness

Energy equation:

aT N oT
4 ox v dy
9%T

:(XW

aT
_ka(a_y) — hy A (T, — To)

9T
(),

h. =
X Tw — Too
For Flat Plate:
Laminar flow
A. Isothermal

Nu = 0.664 (Re)/2 (Pr)1/3

X info@iitiansgateclasses.com | @ : +91-9740501604 | © Copyright Reserved | www.iitiansgateclasses.com


http://www.iitiansgateclasses.com/

lITians GATE
CLASSES

Excisive GATE COACHING BY IIT/IISC GRADUATES

A division of PhiE Learning Centfer

B. Constant Heat Flux

1 1
Nuy = 0.453 ReZ (Pr)3

1
8h _ (PI‘)§
8 1.026

8y, = Hydrodynamic boundary
layer thickness
6t = Thermal boundary layer

thickness

Turbulent Flow:

A. Isothermal Plate

1
(Nuiocal = 0.028 (Re)*® (Pr)3
When whole plate length has

turbulent flow.

Nu = (0.037 (Re)*® — 871)(Pr)s

Laminar Turbulent

T,

2 C
(SO * (Pr)3 ===

— Reynolds Analogy
Cex = Local  skin  friction
coefficient.
C. Constant Heat Flux:
Nu = 1.04 Nup_c

5
L (Approx)
8¢

HEAT TRANSFER
2. Forced Convection (Through

Pipes and Ducts):

u = Fn(r)

2 R
u =— | urdr
mean R2 J;)
Upean = Mean/Avg velocity
T = Fn(r)
2 R

b = R fo uTrdr

T, =Bulk mean temperature of fluid

Pipe/Duct
Laminar (Reyg < 2300)

A.

B.

Constant temperature
Nu = 3.66

Constant heat flux

Nu = 4.364 (48)
u = 4. or 11

Turbulent (Reg > 4000)
Nu = 0.023 (Re)%8(Pr)™
n = 0.4 For heating of fluid

n = 0.3 For cooling of fluid.

F
St + (Pr)%/3 = —

8

F = Friction factor

Constant Heat Flux:

T 4

AT = Constant

Fully developed.

» X
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hy = constant

m Cp (Te - Ti) = hAsAT onst

Constant Wall Temperature:

Q = hA, (LMTD) = 1 C, (Te — Ty)
AT;—AT,

AT;

ln(A—Te)

Free convection or natural

LMTD =

convection

Nu = C(GrPr)™

1
m= Zfor laminar flow
(GrPr < 109)

1
m= 3 for Turbulent flow

(GrPr > 10%)
Gr = Grashoff number
gB(AT)L?
Gr = ———
Y
1

B =

Tmean

v = kinematic viscosity
Tinean is in Kelvin
L. = Characteristics dimension

AT =Ty — Top

=),

Rayleigh Number (Ra) = (Gr. Pr):

1. q

LC=h

2.

L Ir {

Lc=D
3.
h
Lc=h

Vertical Plate

4,

—

Surface Area
C = " Perimeter

Kk okkok
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