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Textbook: Convection Heat Transfer
Adrian Bejan, John Wiley & Sons

Reference: Convective Heat and Mass Transfer
Kays, Crawford, and Weigand, McGraw-Hill

Convection Heat Transfer
Vedat S. Arpaci and Poul S. Larsen, Prentice-Hall Inc
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Content: 1. Fluid Properties and Conservation Laws
2. External/Internal Laminar Flows
3. External/Internal Natural Convection
4. External/Internal Turbulent Flows
5. High Speed Flows

Grading: HW (30%)+Midterm (30%) + Final (30%) + Report (15%)
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« friction force: F; =, cos6 dA
S

* pressure drag: F, =<J.>Posin6 dA
S

T
Skin friction coefficient Cf =~

> form drag coefficient
2 ono
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« heat transfer rate at the surface

no-slip hypothesisat wall : pure conduction adjacent to the wall

oT
Fourier'slaw: op=-—
)y o

» convection heat transfer coefficient: qf = h(

k(aTj
To-T.) ie h=— Yy

heat transfer rate whenin flow
heat transfer rate when stationary

local Nusselt number: Nu E%
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, fJ.qc”,dx
_ Y0-x 0
o= =
T ATy AT

total heat transfer rate over (0,x) = Iq{,’dX = X-hy AT,
0

» overall Nusselt number:  Nu,_, = ho_xX — Yo-x X

k AT,k
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e scaling analysis: qualitative analysis
magnitude of order
related to what parameters and how?
e integral analysis: quantitative analysis
magnitudes with alittle errors
related to what parameters and how?
e similarity analysis: exact analysis
under model assumptions
* perturbation analysis: critical analysis

near some critical point
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(1) viscosity coefficient:  u (kg/m-sec) ; v=up/p (m2/$c)

* Newtonian Fluids:

Q
|
5
TN
SqE
~—
+
>
©)
(e
Il

= —pd; +1y

A= —%u usually assumed (Fluid Mechanics, Landau & Lifschifz, 1959)

« temperature dependence:

n=n(T.P)
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(2) thermal conductivity:  k (W/m-K) ; a=k/pc, (mz/sec)

« Fourie’sLaw: g (heat flux, W/m?) =—kvT

isotropic k usually assumed

« temperature dependence:
k=k(T,P)
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0. \Low-donll-f limit

> I_"jé T gases: k TasT?!

liquid: k{asT?T
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(1) Reynoldsnumber:  Re= % _ inertial force
v viscous force
R /v __cher.diffusion_time
L/U  char. convection time
Re>Re, = turbulent flows
(2) Prandtl number:  pr=_ ~ momentum diffusion
~ o thermal diffusion
2 q o q
(3) Eckert number:  Ec= u- __H netlcgnergy per unit mass
CpAT  enthalpy difference per unit mass
Ec <<1 = negligible viscous dissipation
High speed flows = significant viscous dissipation
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total amount of quantity ¢ within the control volume (CV) = I¢pdV
cv

outflow rate of quantity ¢ through the control surface (CS) = f dpu-ndA
cs

Conservati on requires : — j dpdV: + §¢pu AidA = sources = jqdv
CV @S} CVv

( = source per unit time per unit volume
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Divergence Theorem: §a.ﬁdA: J'v.ad\,t = J.indv
Y, v

Conservation reguires: ﬁ_f dpdv-+Po pi-iidA = sources = [ gov
atCV cs cV

Conservation law: —J' dpdV-+ J' (ppU)dv- = sources = J' dv-
CcVv

» Consider an infinitesimal control volume CV = dv

%¢pd‘v‘+v-(¢ pU)dv = gdv

Sp)+V-(400) -
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5(¢p)+V-(¢pa)=q

*mass: ¢=1 ,nosource 4=0 vector identity:

V(pd) =a-Ve+oV-a

op
V. =0
o (p0)

op Dp
—+U0-Vp+pV-Uu = —+pV-0 =0
ot R Dt L

V-u B T volume change rate per unit volume
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"I} total amount of quantity ¢ within the control volume (CV) = I g “"WTH’ ‘,M!a

d |

. fa.

° momentum ¢ = u; Divergence Theorem: :f i-fidA= I V-ady = J' aiLJdV
X.
s v v i

source quv = force acting on the CV by its surroundin g fluids
cv
= body forces + contact forces

oo,
- CJ;XidV_ + icjinjdA = [ xav + J’%dv-

cv cv ]
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5(¢p)+v(¢pa)=q

e momentum ¢ =u;

00
V. =X 1
- +% (Pu|)+ (pul u) it o
Lo 2
i —+V-(pl)=0
U'{8t+ (p T) }

Newtonian fluid: o, =-p3; +1;

0c; _ 0 S =G alo+aT =—@+at—

o —gj(‘p i) Tox, ox,  ox  ox
Newtonian fluid: p%+(pﬁ~V)ui =Xi—@+m
ot ox o,
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« total energy: ¢ = e(internal energy per unit mass) +%ui u; +V (potential energy)

body force X = —-pVV

e sources =exteran hea . oa;
Divergence Theorem: ifa. fidA = jv AV = j—'dv
heat diffusior S v v

work done on the CV by its surroundin gs

= Jaov - <}Sq" idA +  §(o;ndA)y
cv

0 N ., 0 _
= a(¢P)+V'(¢PU)=Q-V'q +§(Gjiui) «— 0 =—P; 1,
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« total energy equation 6>g '\g % i ax

p— e+y/y/ q-v-q'- pu) x (u,r")
« kinetic energy equation: u - {fg/ %\ %X} X =—pVV

pﬂ:p —+u|av =0-uX, =-uxX
ot 0%

« thermal energy equation:
De . ., _ __ oy
Por =q-V-q"-pV-U+ud H<D=Tna—xj
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De

=q-V-q"-pV-u+pd
Por =G-V-q"-pV-li+p

the time change rate of the internal energy of an infinitesimal
control volume = the heat generation rate

+ the net heat diffusion rate

+ pressure work rate done by surrounding fluid

+ viscous dissipation rate
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7; —=ud = viscous dissipation rate = rate at which kinetic
1] ax

energy isirreversibly converted to thermal energy by viscosity

. . . OU;
Newtonian fluid: = = p(au'JraX"jH»@Sij
o

. ou, . ]
|:> ud =p ou L oY | L, g5 O
0% ) OX;

ox y oX;
u % 6u 6u 6u N l 5Ui 6u 02
0OX; 6>q 6x 8>q 2| ox 8>g

a_u % aui 6U +}\®2
2 ox, 0% J| X a>g
Rv:
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q,zg[ﬂﬁu ][6 %]%2 =g{[%+6u J[a o ] ﬂ%%}
2{ox;  ox )\ ox  O% 2|{ox; 0% Jlox; Ox ) 30% 0X
2 2
u{s(aul] [6u ] +§(%] +i[%+%J _§[6u1 ou, |, 0w ou, oy, au3j}
213(ox ) 3(0x) 3\0%) (70X 0x ) 3\0% 0%, 0X 0% 0OX, 0%
2 2 2 2
4 (a_ulj _za_w%[%] W2 (6_u1] za_uag(aiJ
3|\ 0% ox 0%\ 0% 3|\ 0%, X 0% 0%

2 2 2 3 P 2
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De ~ _
— =g-V-§"-pV-i+pnd
th q qg-p u

dh=de+ dpv =Tds— pdv + dpv = Tds + vdp

(first law)

S(T,p) | ds= (Sjj dT + (Bp] dp _[;)pcﬂ B

ar J,

asT) 4 [65] asT) _o(vp) _ 6(|0.o)__(60)__B p
a(p,T) a(pT)  apT) -

op
(Maxwell relation)

dh= T[GSJ T+ v—T8 |dp
ar ), p
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or /), ar J,
—> dh:cpdn(l-m)dpp

Dh DT Dp
—=pc. —+(1-BT
th ppDt + B)Dt
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« enthaphy h=e+p/p = Dh De+1Dp P 1Dp De+1Dp+p
Dt Dt pDt p pDt Dt pDt p

De . _ . } J
28 V.G pV b+ pd
th q qg-p 8
Dh DT

bh e BT aopt

Por =% oy * B)Dt

DT D , Df
PG op +’(Z—BT)—D$= q-v-q —NAU+“¢)+ t+pN
DT ~ Dp
Cp— =0q-V-"+pT ——+pd
‘ pCp Dt q g +p O +
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DT
Ch— =(q-V-4"+ T—+ 0]
Py o =q- B p
ﬁs—l(ﬁpj = E(a"j = thermal expansion coefficient
p\aT /, v\ aT /,

* Assumptions: (1) negligible compressibility effect =0
(2) no external heat generation g=0
(3) negligible viscous dissipation  pud ~0 (Ec <<1)
(4) Fourier'sLaw: §"=-kvT

pCy—— =pcp[%r+u VT) V-(kvT)
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