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20°C Convective heattransfer involves
-~ AR _ e fluid motion

[, i > Q =
H% -l l _50°C = heat conduction

/
1
|

—
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The fluid motion enhances the heat
o transfer, since it brings hotter and cooler
- , . rising chunks of fluid into contact, initiating
No e IQ \ Mo N higher rates of conduction at a greater
— number of sites in fluid.
(b) Free convection Therefore, the rate of heat transfer
' Nocomveation  through afluid is much higher by

AIR £ corcan convection than it is byconduction.

[ ]

{a) Forced convection

|

Higher the fluid velocity, the higher the
rate of heat transfer.

{¢) Conduction
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Convection heat transfer strongly dependson

w fluid properties: u, k, p, Cp r
a fluid veloctty: V

a geometry and the roughness of the solid surface
a type of fluid flow (laminar or turbulent)

Newton’s law ofcooling
Qeonv = hAs (Ts - Too)

T is the temp. of the fluid sufficiently far from the surface
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Local heatflux

h;is the local convection coefficient

Flow conditions vary on the surface: ¢/, hvary along the surface.

The total heat transfer rate g

I
Geonv = deA s
As J’
= (Ts—Tx) hdAg

As
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Defining an average convection coefficient h for the entire surface,

{econv = }_l_;%];(Ts — Too)
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With no-slip and the no-temperaturejump conditions: the heat
transfer from the solid surface to the fluid layer adjacent to the
surfaceis by pure conduction.

. < oT
o = Gornd = —kfluid a_y: .
!F

T'represents the temperature distribution in the fluid (67/0y)y=o
i.e.,the temp. gradient at the surface.

Pow = h(Ts — Tw)

: aTZ
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Experimental results for the local heat transfer coefficient hx for

flow over aflat plate with an extremely rough surface were found to
fit the relation hx(x) = x~°!where x (m) is the distance from the

leading edge of the plate.

m Develop an expression for the ration of the average heat
transfer coefficient h for apath of length x to the local heat

transfer coefficient h.at x.
m Plot the variation of hy,and h_,,asafunction of x.

—— Boundary layer
h, = ax >t

O (x)
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The averagevalue of h overthe region from 0to xis:

I
—= hx(X)dx
X
0
1a
=S5l
X
0
1 x0-9
— S R
x 0
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0 1 2 3 4
x (m)

Comments

Boundary layer development causesboth h;and h to decrease with
increasing distance from the leading edge. The average coefficient up
to x must therefore exceed the local value at x.

D
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Assuming the flow/fluid to be:
a 2D, Steady
m Newtonian
m constant properties (p, u, k, etc.)

T,

v
iy, Vol =iy
, dy
r . . - - -|
v e : : d)’
___—" Velocity u i -
——av [ boundary _>:
= — " x . : lave ')H
e dy ____ yer I et
_ OTOTsOOrrEhss | | A

[ B — 'l
X ¥ dx
"
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Rate of massflow into CV = Rate of massflow out of CV

rate of fluid entering CVjeft: l Fate ofMuid leaving G Vi

pu(dy -1) plu+ P do(dy 1)

ou ov
pu(dy 1)+ puldix -1) = p(u+ g=dx)(dy 1) + pv+ Frdy)(dx 1)

Ou_l_ ov
ox Oy

0
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Momentum Equation

Expressing Newton’s secondlaw of motion for the control volume:

(Mass) (Acceleration in x) = (Net body and surfaceforces in x)

om -a, = Fsurface,x"'Fbody,x (3)
ém= p(dx -dy-1)

_ du Oudx Oudy
W= FF= ox & oy dr

cu Ou
= ua + va—y (4)
Steady state doesn’t meanthat acceleration is zero.
Ex: Garden hose nozzle 1
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T+ % dy
:.--.—_'t.._:
F :l Diﬁfnenr(crgtlial :I 4
i volume " P+—(E’ &
1 _______ -! o
B ‘—t dx
T Y i &
9, oP
Fsurface,x = 5;@ (dx i) = A dx(d 1)
>
0t OP
= — dx . .1
_ . du
t=u 6_y
- 0%u GPZ
= ,ua—yz = a—; (dx -dy-1) (9)
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Combining Egs. (3), (4) and (5):

ou cu 6’u OP

P: Mg Yoy ~ Moy " ox

v-momenti im eani iation

1) Velocity components:
i ¢ v<=u
u,, 2) Velocity grandicnts:
a TS T
ox Ty
Y i e du _ du
RN e o ay
e ve .
X " 3) Temperature gradients:
‘ N n
TS S o _ ot
ax ay
ar
— =20
Oy
y-momentum equation
oP dP
P= P(x) == T e
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When viscous shear stresses are not neglected, then:

C uﬂ+vﬂz—k' 62T+_62TZ+ D
PP Yox Yoy ~ " TE TR "%
S " X S - X \viscous dissipation
convection conduction

where the viscous dissipation term is given as:

>
- Ou avzz 29

- Ou
= - +2u o+
D= H Oy Ox o ox Oy

2
; ﬁvzz

This accounts for the rate at which mechanicalwork is imeversibly
converted to themal energy due to viscous effects in the fluid.
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Group Delinition Interpretation
Biol aumber AL Ratio of the internal thermal resistance of a solid to the
¥; 3] K, boundary [ayer thermal resistance
Bond number Blp; — p‘)l,2 Ratio of gravitational and surface tension forces
1Ba) N i
Coefficient 7, Dimensionless surface shear stress
of friction pVr2
(Cp
Eckert aumber Vs Kinetic energy of the How relative to the boundary layer
\Ec) LrP(T. - T enthalpy difference
Fourier number al Rat:o of the heat conduction rate to the rate of thermal
(Fod I energy storage in a solid, Dimensionless time
Friction factor Ap Dimensionless pressure drop for internal flow
(i ULDW pulp2)
%Mf number oIT, — T_W> Measure of the ratio of buoyancy forces 10 viscous forees
(Crp) = = =

r
Colburn ; lactor §; prs Dimensionless heat transfer coelficient
(Jas)

T ; ;

Jakob pumber BT Ratin of sensible 1o latent encrgy absorbed duning
(Ja) h,, liquid-vapor phase change
Mach aumber v Ratio of velocity 1o speed of sound
(Ma) a
Nusselt number Al Ratin of convection 1o pure conduction heat transfer
(Nwe,) Ky
Peclet number VYL _ pe. pr Ratio of advectivn 1o conduction heat transfer rates
'PC(J a ¢
Prandt| number S v Ratio of the momentum and thermal diffusivities
(Pr) & a1
Reynolds number Vi Ratio of the inertsa and viscous forces
(Re,) v
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Local Nusselt number:Nux = f (x*, Rer,Pr)

Average Nusseit number:Nu. = f (Rer, Pr)

A common form: Nu = CRe"Py”

The Empirical Method

T IE=q=hA(T,-T.) Nuy = CRe{"Pr" Pray
e —Tn A -
Sy, r %o
Llns lation Log NN[ Log (_!)
—lil ” ¢ oA
2 X
&
Log Re; Log Re,
T.= _Q'—T o]
/ 2
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AAALE RS LA INER TR TRRARTTTEETRTITT VY SRRRR IR TRNNNNNNNDN
‘\ 1(x,0)=0
v(x,0)=0
I(x,0)=T;

Assumptions

Steady, incompressible, laminar flow with constant fluid properties
and negligible viscous dissipation.
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o du Ov
. AR _I_ FUGE 2

Continuity: Tl 0
u@u " v@u ~ vazu
Momentum: = @ '67
oT oT _ 0T

: u__tuv__=a
Energy: i 57

First solved in 1908 by Germanengineer H. Blasius, a student of
L. Pradtl. The profie w/u. remains unchanged with y/6.A

stream function y(x, y) is defined as,

= 4 and v= oy

Oy 0x
This takes care of continuity equation.

Department of Mechanical Engineering, Chandigarh Engineering College-CGC, Landran, Mohali, Punjab



CHANDIGARH
* ENGINEERING COLLEGE
" CGC, LANDRAN, MOHALI

Building Careers. Transforming lives.

A dimensionless independent similarity variable and a dependent
variable suchthat u/u«~ = f1(n),

" Uos, _ J W
- == and f(n) = V
1= % Uo VX Thoo
u_aw_awan_umdf_uﬂ
0y 0noy g
5

zf:ijj +ffjj =0

The problem reduced to one of solving a nonlinear third-order
ordinary differential equation.
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2 Al + ££I =
A third-order nonlinear differential equation with boundary
conditions:

u(x,0) = v(x,0) = 0 and u(x, ®©) = uUw

4 = f(0) = 0 and i: =1

The problem was first solved by Blasius using a power seres

expansion approach, and this original solution is known asthe
Blasius solution.
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Similarity function fand its
derivatives for laminar boundary

layer along a flat plate. 1= u/ux= 099, forn= 5.0
ar _u d?f

R s Gresn= 8= = 5%

0 0 0 0.332 U o /VX Rex

0.5 0.042 0.166 0.331 : .
10 0166 0330 0323 As 61 with x, v 1 but 61 with ue !

1.5 0370 0487 0.303 e
20 0650 0.630 0.267 - ou  _ 0. Yo df
25 0996 0751 0217 Moyt TR ux @R
3.0 1397 0846 0.161 0 =90
35 1838 0913 0.108

40 2306 0956 0064 == 7i=0.332Us Ux/ VX

45 2790 0980 0.034
50 3283 0992 0016
55 3781 0997  0.007
6.0 4280 0.999  0.002
0o 0 1 0

[4 _
Cr= —2— =0.664Re "
I pig/2 )

Unlike 5, wwand Cy . decrease along the plate as x~1/2.
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Churchill and Bernstein correlation:

800 f\
1/2pyrl/3
700 :\ NUgi= 0.3+ 5 0.62Re' “Pr -
o r‘\ il 1+ (0.4/Pr)2/3
\ S Re 25/ 24/5
i ‘ -<s 2 e —
! 282,000
“a00 |
I
200 N/ = Nuis relatively high at the
% *-/ﬁ stagnation point. Deceases with
. T L] increasing Oasaresult of
ol | Wt thethickening of the laminar
boundary layer.
T T g Minimum at 80°, which is the
SRR separation point in laminar flow.
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Flow Across Cylinder

800 ‘ = Increaseswith increasing asaresult
m A ﬁ of the intense mixing in the
[ e U separated flow region (the wake).
R AV = The sharp increase at about 90° is
& -» due to the transition from laminar

to turbulent flow.

e [he later decrease is again due to
the thickening of the boundary
layer.

# Nu reachesits second minimum at
about 140°, which is the flow
separation point in turbulent flow,

J T 1] | and increases with asaresult of the

o 4‘;“[% ‘*lOg] mw'lfg;im 160° intense mixing in the turbulent

wake region.
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Cross-saction
of the cylinder Fluid Range of Re Nusselt numbar
Circle D.4-4 Nu = 0,9B89Re" " pri”
—] 4-40 Nu = (0.911Re%385 prle
5 |83 | 404000 Nu — 0.6R3Re0 456 Prls
- 618 1 )
llquid | 4000-40,000 | Nu = 0.193Re0515 Py
40,000-400,000 | Nu = 0.027Ra" %= prl&
Square Gas 5000-100,000 | MNu — 0.102Re%%" prl©
=l
D
|
Square Gas 5000-100,000 | Nu = 0.246Re®™* py1a
{tiited 3
45°%) l
— All properties are evaluatedat
Hexagon Gas 5000-100,000 | Nu = 0.153Re2638 pr1a T
Hexagon —T‘ Gas 5000-19,500 Nu = (.160Reg" 635 prla
{titted > 19,500-100,000 | Nu — 0.0385Re0-752 pri2
45°) l
Vartical Gas 4000-15,000 Nu = 0.228Re" M1 pylf
plate n
Elllpse Gas 2500-15,000 Nu = 0.248Re"%1? pri©

@
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m Becomeimmediately cognizant of the flow geometry.

u Specify the appropriate reference temperature and evaluate
the pertinent fluid properties at that temperature.

w Calculate the Reynolds number.

m Decide whether alocal or surface average coefficient is
required.
m Select the appropriate correlation.
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Experiments have been conducted on a metallic cylinder (D = 127 mm, L
= 94 mm). The cylinder is heated internally by an electrical heater and is
subjected to a cross flow of air in alow-speed wind tunnel

(V= 10 m/s, 26.2°C). The heater power dissipation was measuredto be P
= 46 W, while Ts = 128.4°C. It isestimated that 15% of the power

dissipationis lost through conduction and radiation.
B Determine hfrom experimental observations.

B Compare the result with appropriate correlation(s).

Thermocouple for measuring
airstream temperature

Insulated
ondpiace

Heated

Pitct tube for
determining velocity

tunnal

Power leads
to cloctrical heater
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Solution

Experiments have been conducted on a metallic cylinder (D = 127 mm, L
= 94 mm). The cylinder is heated internally by an electrical heater and is
subjected to a cross flow of air in alow-speed wind tunnel

(V= 10 m/s, 26.2°C). The heater power dissipation was measured to be P
= 46 W, while Ts = 128.4°C. It isestimated that 15% of the power
dissipationis lost through conduction and radiation.

Nup = 0.26 Re3*Pr®37 (Pr/Prs)'2 (Zhukauskasa relation)

Air (T~ = 26.2°C):

v= 15.89 X 107®* m¥s, k= 26.3 X 10 W/m K, Pr= 0.707
Air (Tf = 77.3°C):

v=20.92 X 107* m¥%s, k= 30 X 1073 W/m K, Pr= 0.700
Air (Ts = 128.4°C): Pr= 0.690

ARE T

>
1/2p 1/3 ;
Nup= 0.3+ 5 0.62Re, Prz - Rep
1+ (0.4/Pry2s='/A 282,000

(Churchill relation)
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Problem Sphere

The decorative plastic film on acopper sphere of 10 mmdiameter is
cured in anovenat 75°C. Upon removal from the oven, the sphere
is subjected to an airstream at 1 atm and 23°C having a velocity of
10 m/s. Estimate how long it will take to cool the sphereto 35°C.
Copper (T = 55°C):

p = 8933 kg/m?, k= 399 W/m K, C,= 387 J/kg
Air (T = 23°C):

U= 181.6 X 1077"Ns/m?, v= 15.36 X 1076 m?/s,
k= 0.0258 W/m K, Pr= 0.709
Air (Ts= 55°C): u = 197.8 X 1077 Ns/m?

. 2,/

: 2 .
Nup= 2 + 0.4 Rej4 0.06Rep, * Pro4
Us

All properties except us are evaluated at Tw.
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The decorative plastic film on a copper sphere of 10 mm diameter is
cured in an ovenat 75°C. Upon removal from the oven, the sphere
is subjected to an airstream at 1 atm and 23°C having a velocity of
10 m/s. Estimate how long it will take to cool the sphereto 35°C.
Copper (T = 55°C):

p = 8933 kg/m?, k= 399 W/m K, Cp= 387 J/Kg
Air (Teo = 39°C):

v= 17.15 X 107m?/s, Pr= 0.705
Air (Ts= 55°C). u = 197.8 x 1077 Ns/m?

c : All properties
ross-section
of the cylinder Fluid Range of Re Nusselt number are eva|uated at
Circle 0.4-4 Nu = D.989Re"**° Pr'” /b

f

[ |a 4-40 Nu = D.911Re?35 pr'/3
b ”as.gr 40 4000 Nu — D.683Re0-466 pri/3
| P 4000-40,000 Nu = D.193Re0-£18 pyis3

40,000-400,000 | Nu = D.027Re%#%® pr'2
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m Fluid has a free surface
m Ois free to growindefinitely

Internal flow
w Fluid is completely confined by the inner surfaces of the tube

m Thereis alimit on how much écangrow

Circular pipes can withstand large
pressure difference between inside
r and outside without distortion.
M Provide the most heat transfer

Water~~ (2 it

50 atm for the least pressure drop.

Rectangular
duct

Circular pipe
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— Inviscid flow region

F u(r, x)

I» Boundary layer region

| TR l T
: i '5 r, T
I -
= s i*
. < Hydrodynamic entrance region | Fully developed regig\>
pumbD
Rep =
g u
Critical RZeD’C ~ 2300
Laminar CHMdh 0 05Re
D 5 lam
" Xfd h s
Turbulence ~ 10
D tum
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=0
| J
: P m= pumAc=  pu(r,x)dAc
I Ac
(a) Actual j‘ To
E— Uy = 2 u(r,x)rdr
(o]
—_—t 0
|
—
—»
(b) Idealized
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Nusselt numbers and friction factors for fully developed
laminar flow in tubes of differing cross section

. 'IDA
Nu 0= T

Cross Section (Uniform q;'b (Uniform 1) fRep,

O = 436 3.66 64

a g 1.0 3.61 2.98 57
a I;] 1.43 3.73 3.08 59
' ] 2. 12 3.3 f
af : 0 4.1 0 2
a ;’ 3.0 4.79 3.096 69
a : 4.0 5.33 4.44 73
b
& ? 8.0 6.49 5.60 82
o 8.23 7.54 06
Heated
o0 5.39 4.86 96
" Insulated
= 3.11 2.49 53
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Cail
spring

| | \ | o
N\ W \ W N
Nl ‘ a
- e crove— g

Longitudinal Helical
fins ribs
{c) (d)

Internal flow heat transfer enhancement schemes: (a) longitudinal section and
end view of coil-spring wire insert. (0) longitudinal section and cross-sectional view of twisted
lape insert. (¢) cut-away section and end view of longitudinal fins, and (d) longitudinal section
and end view of helical ribs.
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