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Convection Heat Transfer

Summary of first session:

Vv Basic concepts and applications

Vv Eundamental governing equations: Mass
conservation and Momentum principle

This session: First and second laws of

Thermodynamics




Convection Heat Transfer

FIRST LAW OF THERMODYNAMICS

The importance and usage In case the natural flow is driven by the heat administered to the flowing
of First law of fluid.
Thermodynamics In all cases, however, the heat transfer part of the convection problem

requires a solution for the temperature distribution through the flow
especially in the close vicinity of the solid walls bathed by the heat-carryin

fluid stream .
rate of energy
accumulation in the
control volume
[
__{ net transfer of net heat transfer
= ; + .
energy by fluid flow ! by conduction ] (25-&)
rate of internal net work transfer
= heat generation (e.g., | _ from the control
electrical power volume to its
dissipation) environment



Convection Heat Transfer

FIRST LAW OF THERMODYNAMICS
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Convection Heat Transfer

FIRST LAW OF THERMODYNAMICS 5["“
According to the energy flow diagrams T
sketched in the Figure , the groups of Dt
the above terms are -
N - T
l Ay [_1'._:-. ﬂ'l'_.l.*ﬂ-
Fh=l@amh - & mhJ, +[3 a'DxDyla +{a, 1, - W evs ] |
{*} = —(Ax Ay) [;}(puﬂ { ‘;{ [pwj]
The origin of the dissipation AN T oy
rate term {*}s lies in the work () = (Ax By) g"
transfer affected by the normal L ( o au e .—'ru)
. la= (0 A g, — i e gy e e,
and tangential stresses oz ay & Tox,
" do, aT,, der, " F ey
+ (Ax Ay) ( i —a:r' =M —”"r T:jT :—;_;)w

(25-b)



Convection Heat Transfer

FIRST LAW OF THERMODYNAMICS

In the {*}5 expression, the eight

. du du av v
terms have s = (Bx &) (J-' x ™oy Ty M E)
been separated into two groups. e 3er e
+ (Ax Ay) u—{iuu—ﬁ-kt:——b_—yf
ox oy ) ox J*
Represents the change in kinetic \ I
energy of the fluid packet; in the present Y
treatment, this change is considered
° < p(DIDY)(u? + v)2

negligible relative to the internal energy
change d(re)/dt appearing in term {-}1

Assembling expressions (25) into the energy conservation statement and using
constitutive relations, we obtain:

(26)

De Dp
— + — 4+ pVev)=-Vq"+¢g" —-—PV'v+ ud
th E(D{ P ) 1 1 -



Convection Heat Transfer

FIRST LAW OF THERMODYNAMICS

=0 : Due to mass conservation

= __V_qn + qm o PV‘V + p,q) (26)

Heat flux vector (J

Viscous dissipation function <€

In the special case where the
flow can be modeled as incompressible and two-dimensional, the
viscous dissipation function reduces to

o=2|(2) «(2)]+ @ﬁ_’-’)z
. - ox 3y gy  ox (27)



Convection Heat Transfer

FIRST LAW OF THERMODYNAMICS

To express Eqg. (26) in terms of enthalpy, we use the
thermodynamics definition: k2 = e + (1/p)P

Dh _De  1DP _ P Dp -

Dt Dt p Dt p* Dt

we can express the directional heat fluxes q“x and q“y in terms of the local
temperature gradients(we invoke the Fourier law of heat conduction)



Convection Heat Transfer

FIRST LAW OF THERMODYNAMICS

[ Combining Egs. 26, 28 and 29:

=0 ; Due to mass conservation

Dh DP P
— =V-(kVD) +q" + — + p® — = [ == THIL 30
ﬂDr \EVE) tg Dt i p \ Dt (30)

FIRST LAW OF
THERMODYNAMICS

‘ Now we mten! to express t'!e energyv equation in terms O! temperature I

dh=Td.-;+ldP (32)
p

where T is the absolute temperature and ds the specific entropy change.

| as as
10 o (57), 0+ (3), &9

(31)




Convection Heat Transfer

FIRST LAW OF THERMODYNAMICS

[ From the Maxwell's relations [3, p. 173], we have:
(i{) e M] =L(E£) __B
oP /. oT |p p*\0T)/, p
[ Where b is the coefficient of thermal expansion. ]
__1fdp
= P (aT)P (35)

l l! ext Sll!e S'!OWS t'!e USEIUI "!ermo!vnamlc I'EIathIlS I
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Convection Heat Transfer

FIRST LAW OF THERMODYNAMICS

Summary of Thermodynamic relations

Internal Energy
du =Tds — P dv

Enthalpy
dh =Tds + vdP

Entropy

l P
}dﬂ +E_dU

s

Pure substance

Ideal gas

Incompressible
liquid

du

=,

dar

= cdl

dh

dh

) —P]du dhz.:-,,dr+[—r(f*—”) +u}dP
ar/, T/,

du = ¢, dT + [T(

Ccp dT

cdl + vdP

T aT
., il
= gl =) 4
T r)r %
dT dP
ds = cp— — R —
TS P
dTl’ dv
= g, ? + R ?
dP dv
— 1 —_— L —_—
Cy P F v
dTl
ds = ¢ —
‘T

Source: Ref. 3.

“According to the classical thermodynamics notation, v is the specific volume, v = /p, and u is the internal energy (e in the text).
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Convection Heat Transfer

FIRST LAW OF THERMODYNAMICS

From Table we have:

By
arf, T

Egs. (32)-(36) state that

1
dh = cp dT + = (1 — BT) dP
p

left-hand side of the Energy Equation (31) is

13

Dh DT DP

—_— = —_— — _—
P - Py TU BN T



Convection Heat Transfer

FIRST LAW OF THERMODYNAMICS

[ The "temperature” formulation of the first law of thermodynamics is: ]
DT DP
— =V-: + qg" + — + 39
pep 5y = VK VD) + " + BT - + b (39)
[ For special case: ideal gas( b=1/T ), we have: ]
DT DP
o= Yk Ny gk
PP D g Dt B (40)
[ Incompressible liquid (b= 0): ]
DT
pC E =V VT) + qg" + u® (41)
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Convection Heat Transfer

FIRST LAW OF THERMODYNAMICS

D\
Most of the convection problems obey an even simpler model: namely, constant
fluid conductivity k, zero internal heat generation q'", negligible viscous
dissipation p®, and negligible compressibility effect 8T. The energy equation for
this model is:
\ J
DI _ . w
pﬁ,{h = k VT (42)
[ Simplified energy equation for Cartesian coordinates(X,Y,Z): ]
aT ol aT aT T o*T T 43
— — — — | = + -a)
pc?(at+uﬂx+vay+waz) k(ax2+&y2 6‘22) (
[ Simplified energy equation for Cylindrical coordinates(r;0, z): ]

al’ v, aT aT
—) (43-b)

oT
ey U ol T ol i EY
”’"P(a: “or  rab ‘oz

|18, T +_]_62T+63T
15 - ror r&r rr 06>  az°




Convection Heat Transfer

FIRST LAW OF THERMODYNAMICS

Simplified energy equation for Spherical coordinates (r,®,0) : ]

aT ol v, oT v aTl
i B (.. 1 #
e ( [ T b r L r ad) r sin (ﬁaﬂ) (43'C)
1 0 ([ 0T 1 o (. aT 1 T
=i [;5 ar (r B_r) = r* sin ¢ dd (sm ‘i’ﬁ) " r? sin*o aﬁz]
(
If the fluid can be modeled thermodynamically as an incompressible liquid,
then the specific heat at constant pressure Cp is replaced by
The specific heat of the incompressible liquid, c
\
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Convection Heat Transfer

Assignment #2

Derive the energy equation in the spherical
coordinate system

Due date: One week after this session




Convection Heat Transfer

FIRST LAW OF THERMODYNAMICS

When dealing with extremely viscous flows of the type encountered in

lubrication problems or the piping of crude oil, the above model is improved by
taking into account the internal heating due to viscous dissipation,

DT
— =k VT + ud
PCp Dt M

(44)

as follows:

o=e[(3) (5 (2]

Cartesian [
K
3

[ In three dimensions, the general viscous dissipation function can be expressed }

Coordinates +
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Convection Heat Transfer

FIRST LAW OF THERMODYNAMICS

2 2 2
o-a[(%) - (155 - (3)
Cylindrical ; .
Coordinates 1 fovy, v,  14dv, 1 (1dv, du,
- =2 -2+ - + - -—==+
2 r 00 2

r 06 0z
2

1 (o av, 1
$2 | Do = —(Vax)

2\ 0z or 3

2 2

{(1&u¢+&>+( }_%+5+umcot¢):|
r d¢d r rsin ¢ o6 r r
1 P 1fsined a [ v, 1 av, |
7 ad '2[ r &¢(r5ind))+rsingbﬂﬂ] (45 C)
1 o, 3 (0} ]T] 2 gy
+2_rsin¢66+rar(r)]} S{Vv)

If the density does not vary significantly through the flow field, Ve v = 0 and
the last term in each of the expressions (45) vanishes.

)2 (45-b)

Coordinates -

1 ouv, \
Spherical ¥ =2 { (g)
e
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Convection Heat Transfer

SECOND LAW OF THERMODYNAMICS

<The second law is the basis for much of the engineering Motive for formulating
and solving convection problems.

> For example, in the development of know how for the heat exchanger industry,
we strive for improved thermal contact (enhanced heat transfer) and reduced
pump power loss in order to improve the thermodynamic efficiency of the heat
exchanger. Good heat exchanger design means, ultimately, efficient
Thermodynamic performance, that is, minimum generation of entropy or
minimum destruction of exergy in the power/refrigeration system incorporating

the heat.
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Convection Heat Transfer

SECOND LAW OF THERMODYNAMICS

The second law of thermodynamics states that all real-life processes are
irreversible: In the case of a control volume, as in Fig. 1, this statement is:

0S.. i ; ;
cgzgf-Fst—-Ems (46)

Instantaneous entropy inventory of the
control volume

The absolute temperature of
the boundary crossed by the
heat transfer interaction qi

The entropy flows (streams) into and out

of the control volume
¥ Ilp EEE-!E- ] a=
1 - }
jy_ ke O pAzdy i—'—--' [eu ';N]'MI ¥

1 . )_' l—ax—nf



Convection Heat Transfer

SECOND LAW OF THERMODYNAMICS

The irreversibility of the process is measured by the strength of the inequality sign
in eq. (46), or by the entropy generation rate Sgen defined as :

a5 q.
Sy = —— — = ms + ms = 0
e af 2 T; in%t nglct (47)
ports ports

It is easy to show that the rate of destruction of useful work in an
engineering system, Wiost, is directly proportional to the rate of entropy generation:

Wlnst = TGS gen (48)

absolute temperature of the ambient
temperature reservoir
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Convection Heat Transfer

SECOND LAW OF THERMODYNAMICS

(

\.

the second law (47) may be applied to a finite-size control volume AxAyAz at an
arbitrary point (x,y,z) in a flow field. Thus, the rate of entropy generation per unit
time and per unit volume Sgen" is:

J

[ B _If_ 2 _-E’
=0 =0

In a two-dimensional convection situation
the local entropy generation rate (49) yields:

g~ k(oY (orY’
e | e dy (50)
el (2eY o (o) ] 4 (o, 20)] .
Sl @) - G2) )=
The two-dimensional expression (50) illustrates the competition between

viscous dissipation and imperfect thermal contact (finite-temperature
gradients) in the generation of entropy via convective heat transfer.



Convection Heat Transfer

RULES OF SCALE ANALYSIS

This section is designed to familiarize the student with the commonsense
problem-solving method of scale analysis or scaling.

Temperature 1
"

Fluid
(Tl

Fluid
(Tea)

M |

Transient heat conduction in a slab with sudden temperature change on the
boundaries.
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Convection Heat Transfer

RULES OF SCALE ANALYSIS

4 )
We are interested in estimating the time needed by the thermal front to penetrate
the plate, that is, the time until the center plane of the plate "feels" the heating

imposed on the outer surfaces.
\ J

we focus on a half-plate of thickness D /2
and the energy equation for pure
conduction in one direction:

ol 0°T -
— =k 51
‘/pCP i 6\ |
T AT - #T  d aT) k AT kAT
— R . N _
Pep o = Pep - ot o (ax D/2 D2 (D/2) (52,53)

We conclude that: t ~ (Di2y (54)
25 (o4



Convection Heat Transfer

Next session:

VRules of scale analysis

VvChapter 2: Laminar Boundary Layer Flow
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