Chapter 2
Theoretical Foundation on Conservation
Equations of Laminar Mixed Convection

Abstract In this chapter, the basic conservation equations corresponding to lam-
inar free and forced mixed convection are introduced. For this purpose, the related
general laminar conservation equations on continuity, momentum and energy
equations are presented by means of theoretical and mathematical derivation for
deeply understanding fluid convection. From these general conservation equations
of convection, the fluid’s variable physical properties are fully taken into account.
By using the quantity grade analysis, the mass, momentum, and energy equations of
laminar mixed convection boundary layer are obtained with consideration of
variable physical properties.

Keywords Control volume - Variable physical properties - Cartesian forms -
Continuity equation - Navier-Stokes Equation - Energy equation - Mixed con-
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2.1 Continuity Equation

The conceptual basis for the derivation of the continuity equation of fluid flow is the
mass conservation law. The control volume for the derivation of continuity equa-
tion is shown in Fig. 2.1 in which the mass conservation principle is stated as

Mincrement = Mlin — Moyt (21)

where mjycremens €Xpresses the mass increment per unit time in the control volume,
iy, represents the mass flowing into the control volume per unit time, and r,,; is
the mass flowing out of the control volume per unit time. The dot notation signifies
a unit time.

In the control volume, the mass of fluid flow is given by pdxdydz, and the mass
increment per unit time in the control volume can be expressed as

0
mincrement = 8_/’3 dXdde (22)

© Springer International Publishing Switzerland 2016 15
D.-Y. Shang and L.-C. Zhong, Heat Transfer of Laminar Mixed Convection
of Liquid, Heat and Mass Transfer, DOI 10.1007/978-3-319-27959-6_2



16 2 Theoretical Foundation on Conservation Equations of Laminar Mixed Convection

e

.
m()M[

dz

m. e dy

mn
/V dx

Fig. 2.1 Control volume for the derivation of the continuity equation

The mass flowing into the control volume per unit time in the x direction is given
by pw,dydz. The mass flowing out of the control volume in a unit time in the
x direction is given by [pw, + O(pwy)/Ox - dx]dydz. Thus, the mass increment per
unit time in the x direction in the control volume is given by Ao W‘) dxdydz.
Similarly, the mass increments in the control volume in the y and z dlrectlons per

unit time are given by ( )dydxdz and 0<” ws) dzdxdy respectively. Thus, we obtain

; o (0pwy) | O(pwy) | O(pw.)
Moyt — Min = ( ax + dy + 02 dxdydz. (23)

Combining Eq. (2.1) with Egs. (2.2) and (2.3) we obtain the following continuity
equation in Cartesian coordinates:

dp  dlpws)  Oow) | opw)

=0 2.4
ot Ox dy 0z (24)
or in the vector notation
ap —
g . = 2.
5 +V-(pwW)=0 (2.5)
or
Dp -
o, TPV (W) =0 (2.6)

where W = iw, 4 jw, + kw, is the fluid velocity.
For steady state, the vector and Cartesian forms of the continuity equation are
given by

2 9 (o) =0 (27)

0
_(pwy) + az
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or

V-(pw)=0 (2.8)

2.2 Momentum Equation (Navier-Stokes Equation)

The control volume for the derivation of the momentum equation of fluid flow is
shown in Fig. 2.2. Meanwhile, take an enclosed surface A that includes the control
volume. According to momentum law, the momentum increment of the fluid flow
per unit time equals the sum of the mass force and surface force acting on the fluid.
The relationship is shown as below:

Gincrement = Fm + Fs (29)

where F,, and F; denote mass force and surface force respectively.
In the system the momentum increment Gim.,emen, of the fluid flow per unit time
can be described as

. D =
Gincrement = E/V 1% W dv (210)

In the system the sum of mass force F,, and surface force F; acting on the fluid is
expressed as

F_,;I—i—I;;:/pF“ dv+/?ndA (2.11)
\%4 A

where V and A are volume and surface area of the system respectively, and T, is
surface force acting on unit area.

Combining Eq. (2.9) with Egs. (2.10) and (2.11), we have the following
equation:

D — - -
f/deV:/deV—l-/rndA (2.12)
Dt Jy 1% A

dy

dx

Fig. 2.2 Control volume for the derivation of momentum equation
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According to tensor calculation, the right side of Eq. (2.12) is changed into the
following form:

/pﬁdv+/ﬂdA:/dev+/V~mdv (2.13)
|4 A |4 |4

where V - [7] is divergence of the shear force tensor.
The left side of Eq. (2.12) can be rewritten as

D — D(pW)
— dv = av 2.14
D1t /v pw /v D1t ( )

With Egs. (2.13) and (2.14), Eq. (2.12) can be simplified as

/{w—pﬁ—v-[ﬂ}dV:O (2.15)
Therefore,
Dpw) _ -
5o =PF V[ (2.16)

This is the Navier-Stokes equations of fluid flow. For Cartesian Coordinates,
Eq. (2.16) can be expressed as

D(pwy) Ot Oty Oy
= - — v 2.17
Dt Ox + Ay + 0z trg (2.17)
D ) , Y
low) _ Ot | Ot | Dty e, (2.18)

Dt Ox Oy 0z

D(pw;) _ 0T, N 01y, . 01,
Dt Ox Oy 0z

+pg. (2.19)

where

D(pws) _ 0lpws) | (Opwy) | (Opws) (Opwy)

Dt ot + ox Oy Wy + 9z °
D(pwy) _ d(pwy) | (9pwy) (Opwy) (Opwy)

Dt Ot + ax + Oy Wyt a7 ¢
D(pw) _ d(pwz) + (Opw.) W+ (apwz)w + (9pw.)

Dt ot Ox ay 7 0z &
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In Egs. (2.17)—~(2.19), g, gy and g, are gravity accelerations in x, y, and z
directions respectively, while, the related shear forces are given below:

S +g aw,urawy+8wZ 49 ow,
w= TIP3 Ty ady 0z K o

2 Owy awy ow, Owy
— _ 2
P+ 305, + 8+8)]+'u8y
B 2 Oow, Ow, Ow, ow,
P+ (8 +8y+5‘z)]+'u€9z
8wy Oow,
Ty = Tyx = M(E Dy )
. Ow; 0w,
Ty = Tzy = :u( Ay 0z )
o (8wx 8wz)
X T oYXz — lu aZ ax

Then, Egs. (2.17)—(2.19) are rewritten as follows respectively:

D(pw,)
Dt
B 8p 2 ow, 2 owy % 0, 0wy Ow,
= o Pl ) T gy MGy g g e T )
8 2 Ow, 8wy ow,
D(pw,)
Dt
B _a_p 2 Ow,  Owy a , Ow, 0. 0wy, Ow,
= T ey T 2, 6y)+8z[ e t o)
8 2 Owy 8wy 8wz
D(pw,)
Dt
__ O 0., 0w Ow, O Owy Ows ,0 Ow
oz Ty, a2 ()
0 2 0w 8w} ow,
6z[ (8x Ay + 8z)]+pgz

(2.20)

(2.21)

(2.22)
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For steady state, the momentum Egs. (2.20)—(2.22) are given as follows
respectively:

owy ow, ow, dp ap ap
p(awx + 8—yWy + 8—WZ) +Wx(Wxa + Wya—y + WZa—Z)

dp 8 8wx 0. Ow, Ow, 0 3w)C ow,

8[2 (awx+8wy+8 5]+
3o Ty T g TP
ow, Owy ow, op op op
(ax wy + o Wy + ——= a )+wy(wxax+wyay+wz&)
B 8p 5‘ 8wx Oow, g % Q % ow,
8 2 Owy 8wy ow,
ow, ow, 8WZ ap ap ap
'D(ax wy + B wy+ —— % )erz(wxa +w ya +WZ8Z)
op O, 0w, Ow, 0. 0w, Ow, a , Ow,
“o T P Tty g ) 22

0 [2 (awx n % n awz)] n
S 9737 ox Oy 0z pe:

Let us compare term  p(Zyw, 4 P oWy T 0(;“‘ w,)  with  term

Ox
8 Owy Owy
—|—w‘ o T 82) In general, derivatives o

8)( ’ dy
Op, Op, Opy ;
oDy and > respectively. In this case, the term

wx(wx and are much larger

Ox

than the derivatives

wx(wxg—i + wy%” +w;, ?)_'Z) is omitted, and (2.23) is rewritten as generally

(% + % + % )
p O Wy y Wy 0z Wz
L dp 0 8wx 0. Ow, Ow, 0. 0wy Ow,

ox 8x
0 2 0wy 6wy ow,
8x[ (8x ady + 0z 1+ pe:

(2.23a)

Similarly, in general, (2.24) and (2.25) are rewritten as respectively
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ow, Ow, Oow,

—_— —} —_—
PG+ G )
Op 0, Ow, Ow, 0, Owy 0, 0wy Ow,
=—— 4+ —|ul=—+ — — (=) + = [u(—== 2.24
aerax[ﬂ(ay )T ay(/l ayHaZ[ﬂ(aZ + ay)] (2.24a)
0 [2 (awx 8wy n ow, 9]+
“o3"ax T ey T o) RS
oWz e, O
:0( ax WX+ ay W}'+ 6Z WZ)
_ Op 0, Ow awz 0. Ow,  Ow, 9, Ow,

0 [2 (8WX n % n 8wz)] n
93" Ty T o T PE

2.3 Energy Equation

The control volume for derivation of the energy equation of fluid flow is shown in
Fig. 2.3. Meanwhile, take an enclosed surface A that includes the control volume.
According to the first law of thermodynamics, we have the following equation:

AE = Q+ W,y (2.26)

where AE is energy increment in the system per unit time, Q is heat increment in the
system per unit time, and W,,, denotes work done by the mass force and surface
force on the system per unit time.

The energy increment per unit time in the system is described as

. D W
AE =2 Zyav 2.27
D Vp(e+ 2) (2.27)

where t denotes time, WTZ is the fluid kinetic energy per unit mass, W is fluid

velocity, and the symbol e represents the internal energy per unit mass.

W, /

dz

AE

in dX

Fig. 2.3 Control volume for derivation of the energy equations of fluid flow
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The work done by the mass force and surface force on the system per unit time is
expressed as

Wom:/pF-VT/dVJr/avT/dA (2.28)
|4 A

where F is the mass force per unit mass, and 1, is surface force acting on unit area.
The heat increment entering into the system per unit time through thermal
conduction is described by using Fourier’s law as follows:

0= / A—dA (2.29)

where n is normal line of the surface, ¢ is temperature and here the heat conduction
is considered only.
With Egs. (2.27)—-(2.29), Eq. (2.26) is rewritten as

D Wo . WdA D (2
Dr Vp(e—l— 2)dV /VpF WdV—i—/Arn W d. +/Aiand (2.30)
where
D[ +W2)dv/D[ et Vv (231)
DT Vpe 2 o VDT pe 2 ’
/Fn-vT/dAz/ [c] - WdA = / 1] W)dA = /v W)av (2.32)
A A
/ 190 aa = / V- (V1) av (2.33)
14

With Egs. (2.31) to (2.33), Eq. (2.30) is rewritten as

/2[/}( Wz)}dv /VPE'VT/‘WJF/VV'([T]";’)dV+/VV~(/Wt)dV.

v Dt 2
(2.34)
Then,
zi [p(e +W72)] —pF-W V- ([1]- W)+ V- (1Vr) (2.35)

where [1] denotes tensor of shear force.
Equation (2.35) is the energy equation.
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Through tensor and vector analysis, Eq. (2.35) can be further derived into the
following form:

D(pe)
Dt

=1 [+ V- (AV1) (2.36)

Equation (2.36) is another form of the energy equation. Here, [7] - [¢] is the scalar
quantity product of force tensor [t] and deformation rate tensor [¢], and represents
the work done by fluid deformation surface force. The physical significance of
Eq. (2.36) is that the internal energy increment of fluid with unit volume during the
unit time equals the sum of the work done by deformation surface force of fluid
with unit volume, [7] - [¢], and the heat entering the system.

The general Newtonian law is expressed as

1= 20l — (o + 27 - W] (237)

where [I] is unit tensor.
According to Eq. (2.37) the following equation can be obtained:

[l = ~pV - W =2 a(V - W) 4+ 200 (2.38)

Then, Eq. (2.36) can be rewritten as

D —

(D,O:) =—pV-W+D+V- (Vi) (2.39)
where @ = — % u(V - VT/)2 + 2/1[8}2 is viscous dissipation function, which is further
described as

Oy, o owy. 5 Ow,o  Ow,  Ow, o, Ow, Ow,,
O = pu{2 (=) 2(== Ny ) z
RGP +2AG 2G5+ G+ G G+ 5
BWZ Ow, 2 2. =
+( o aZ) g[dzv(W)] } (2.40)

Equation (2.6) can be rewritten as

With the above equation, Eq. (2.39) is changed into the following form:

[% +p %(%)] — O+ V- (AVi) (2:41)
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According to thermodynamics equation of fluid

D(ph) _ D(pe) D 1. Dp
= Z () + == 2.42
Dt Dt tre Dt (p) + Dt ( )

Equation (2.41) can be expressed as the following enthalpy form:

D(ph) _ Dp
=— 4+ - (4 2.4
D Dt +V - (AVr) (2.43)
or
D(pcyt) _ Dp
P Llpyv. 2.44
Do De +0+V - (AVi) (2.44)

where h = c,t, while ¢, is specific heat.
In Cartesian form, the energy Eq. (2.44) can be rewritten as

A(pept) d(pept) d(pept) I(pept)
ot L Ox Wy Oy W 0z
_Dp 0 0Ot g ,, 0t o, 0Ot

- Dt Ox 0z
For steady state and nearly constant pressure processes, the viscous dissipation
can be ignored, and then the Cartesian form of the energy equation (2.45) is
changed into

d(pcpt) o O(pept) e O(pept) _ 90 iat n o, 0, 0 iaz

" ox Y Oy © 0z Ox E) 3_y(3_y>+3_z 3_Z)
(2.46)

Above equation is usually approximately rewritten as

(cpt) (cpt) Acpt), 0O, 0t o ,, 0t o, 0t
Pl Ox Wy Oy W 0z 1= 8x( L5’)6)—’_ 8y( 3y)+ 0z (Aaz) (2.46a)

or

ot ot ot o ., 0t o ,. 0t o ., 0t
pcp[wxa_+wy + =

A& Ml 204 2.4
X Oy WZ@Z] 0x(A8x +8y Oy +0z Aaz) (2.46b)

In fact, in Eq. (2.46a) the temperature-dependent density is ignored, and in
(2.46b) both the temperature-dependent density and specific heat are ignored.
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2.4 Conservation Equations of Laminar Mixed
Convection Boundary Layer

2.4.1 Continuity Equation

Based on the Eq. (2.7), the steady state three-dimensional continuity equation is
given by

0 0 0
p (pwx) + ay (pwy) + o (pw:) = 0. (2.47)

While, the steady state two-dimensional continuity equation is given by

0 9]
o (pwx) + ay (pwy) =0 (2:48)

In Egs. (2.47) and (2.48) variable fluid density with temperature is considered.

Before the quantitative grade analysis on the above equations, it is necessary to
define its analytical standard. A normal quantitative grade is regarded as {1}, i.e.
unit quantity grade, a very small quantitative grade is regarded as {J}, even very
small quantitative grade is regarded as {6}, and so on. The ration of the quantities
is easily defined, and some examples of ratios are introduced as follows:

W 0 0 (b
= W= = e =

According to the theory of laminar free boundary layer, the quantities of the
velocity component w, and the coordinate x can be regarded as unity, i.e.
{w,} = {1} and {x} = {1}. However, the quantities of the velocity component w,
and the coordinate y should be regarded as 9, i.e. {w,} = {0} and {y} = {0}.

For the terms of Eq. (2.48) the following ratios of quantity grade are obtained:

{’E;”}*} = % = {1} and {%"} = % = {1}. Therefore both the two terms of Eq. (2.48)
should be kept, and Eq. (2.48) can be regarded as the continuity equation of the
steady state laminar two-dimensional boundary layers. Of course, Eq. (2.48) is also
suitable for the steady state two-dimensional boundary layers with laminar free

convection.

2.4.2 Momentum Equation (Navier-Stokes Equation)

According to Egs. (2.23a) and (2.24a), the momentum equations for steady
two-dimensional convection are
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(e Ow, L an)

P ax T 5y

Op 0, Ow, 0, 0wy Ow 02 0wy Ow,
N AN Y PPl ARl P e i)

R MU A LG i wl Rl M UG el e R O

(2.49)
awv awy
__a_p g 8wx % 2 % 8 2 ow, 8w)
(2.50)

According to the theory of boundary layer the quantity grade of the pressure
gradient 37 % can be regarded as unity, i.e. { 7} = {1}, but the quantity grade of the
pressure gradrent 5 is only regarded as very small quantity grade, i.e. { } = {6}.

The quantity grades of the terms of Egs. (2.49) and (2.50) are expressed as
follows respectively:

Owy Owy,  Op 0, Ow,
P T ) =~ T2 )

0. Ow, Ow, 02 0w, Owy

gy WG+ gDl = 5 GG + G+ s
(1 {1, {1}, o {1 {1}, o A1) {6}
Wik Hov gy =~ gy + G Gy
e dl} {9}
Gy ey T
(2.49a)

8w} 3w} _Op 0 awx Oow,
0, Owy, 02 0w, Ow
20 5 - 2 2G4 T g,
{o} {0}, _ {1} 1} {oy, {1} oy {0}
{1} {o}

{o }(m + @) +{1}{d}

(A} 7

_{
{o}
(2.50a)
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The quantity grades of Eqgs. (2.49a) and (2.50a) are simplified as follows
respectively:

Ow, 8wx7 dp 0, Owy
P T ) =~ T2a: )

0. Owy Ow, 02 0w, Ow

o G+ GO = B + G+ s,
{1 +{1h) = {1} +{0°} + {1} + {5°}
—({ +{*h) +{1}
(2.49b)
Oow, Owy,  Op O Owy  Owy
P(Wxg +Wya—y) = "o a[#( ay W)]

0 6w) o 2 Owx | Owy

{13({o} +{o}) = —{o} + ({0} + {53}) +1{9}

— {or({1} +{1})) + {3}
Observing the quantity grades in Eq. (2.49b) it is found that the terms
Ow, L 0wy
28 (%), and G Sl + G), and £ [Fu(Ge + %)) are very small

and can be ignored from Eq. (2.49). Then, Eq. (2.49) is simplified as follows:

(W%+W wa)_ 8p 8(8wx
P e T8 T T T oy ey

)+ Pgx (2.51)

Comparing the quantity grades of Eq. (2.49b) with those of Eq. (2.50b), it is
found that the quantity grades of Eq. (2.50b) are very small. Then, Eq. (2.50) can be
ignored, and only Eq. (2.51) is taken as the momentum equation of
two-dimensional boundary layer convection.

For consideration of the buoyancy term pg,, Eq. (2.51) actually the momentum
equation of free convection. If free convection is located on inclined plate the
gravity acceleration component g, is expressed as

gy =g coso (2.52)

where g is gravity acceleration and a is the inclined angle of the plate.
With Eq. (2.52), Eq. (2.51) is rewritten as

( %+ 8Wx>_ 8p+6<8wx
P e Ty T T oy My

)+ pg - cosa (2.53)
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Suppose the direction of g - cos « is reverse to that of the velocity component wy,
Eq. (2.53) can be rewritten as

ow, Owy,  Op O, Owy
p(WxE +Wy a—y) = a + 8—y(,u (9y ) pg - cos o (254)

Beyond the boundary layer, where the effects of viscosity can be ignored, the
momentum equation (2.54) is simplified into the following equation:

dp dwy oo

— === P8 " COS U+ P Wy oo ——
odx

o (2.55)

where p_, and w, ., are fluid density and velocity component beyond the boundary

layer.
With Eq. (2.55), Eq. (2.54) becomes

6Wx an 0 6Wx
p(Wy—— +wy—

awy
, =— - .00 : 2.

dx
For constant wy o, the Eq. (2.56) transforms to
Ow, Ow, 0 , Owy
—— —) = — - 2.57
plwx— =+, 8y) o (u o ) +8(ps — p) cos (2.57)

This is the momentum equation of two-dimensional boundary layer on an
inclined plate with laminar convection.
Equation (2.57) can be rewritten as

8wx awx o 6 awx

p(wxa erya—y) = 8_y('u B )+ glps, — p|cosa (2.57a)

In (2.57a), the absolute value of buoyancy factor |p,, — p| shows that the
buoyancy term g|p., — p|cos o has always positive sign no matter which one is
larger between p and p_.. In this case, the buoyancy term g|p,, — p|cos o and the
velocity component w, have same sign.

For the free convection of a perfect gas (ideal gas) the following simple power
law can be used:

’% = TL where T denotes absolute temperature. In fact, for general real gas, this

relation is also available. Therefore,

cos o (2.58)

T
— S = 7—1
|psc — plcosa p‘Too
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Thus, for the laminar free convection of a perfect gas, Eq. (2.57) can be changed
into
( ow, n 8wx) 0 ( wa) n T |
Wy—— +w = —_——
P Ox -y ay K ay &P Ty

cos o (2.59)

If the temperature difference |T,, — Two| is very small, which will lead to a very
small density difference |p., — p,,|, the Boussinesq approximation can be applied.
In this case, buoyancy factor in Eq. (2.57a) becomes |p,, — p| = pp|T — T, and
then, Eq. (2.57a) is changed to

o D0 O Oy
T Ox Y Oy 82

(2.57b)

2.4.3 Energy Equation

According to Eq. (2.46a), the energy equation for steady two-dimensional con-
vection is shown as follows:

o)\, i)y _ 0 o D o

Pl Ox Y 8y] ax( ox’ " By 8y> (2.60)

With the quantity grade analysis similar to that mentioned above, Eq. (2.60) can
be changed into the following form for energy equation of two-dimensional
boundary layer convection.

(cpt) ANept), 0 0t

Up to now it is the time to summarize the basic governing equations for
description of mass, momentum, and energy conservation of two-dimensional
boundary layers with laminar steady state mixed free and forced convection as
follows:

S () + 5 (pw) =0 (2.48)

Oow, Oow, 0 , Owy
Pl G, ) = - (4 g

g(ps — p)cosa (2.57)

Wa(cpt)+w O(cpt), O ,, 0t

plone =52 o, =2 = () 2.61)

with convection boundary condition equations
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y=0:w,=0,w,=0,r=1, (2.62)
Y 00 I Wy = Wyeo, ! = Iso (2.63)

For rigorous solutions of the governing equations, the fluid
temperature-dependent properties, such as density p in mass equation and in
buoyancy factor of momentum equation, absolute viscosity u, specific heat c,, and
thermal conductivity A will be considered in the successive chapters of this book. In
addition, #, is plate temperature, ., is the fluid temperature beyond the boundary
layer, and w, ., denotes the fluid velocity component in x-direction beyond the
boundary layer. Here, the boundary conditions are the isothermal plate boundary
conditions.

It is known from the above governing equations and boundary conditions that
the laminar mixed convection with two-dimensional boundary layer belongs to
two-point boundary value problem.

2.5 Summary

Up to now the related governing partial differential conservation equations can be
summarized as follows:

2.5.1 Governing Partial Differential Conservation
Equations of Laminar Convection with Consideration
of Variable Physical Properties

Governing partial differential conservation equations in rectangular coordinate
system for laminar convection with consideration of variable physical properties are
Mass equation:

0 0 0
e (pwx) + ay (pwy) + P (pw:) =0

Momentum equation:

AL S CLL
Pax M 8ywy 0z ¢

_ _@ +2g (i ow, 0 . Ow, Ow, 0, 0wy Ow,
Ox Ox

o0 [g (8wx L Oowy L ow,
ox 3" ox Oy 0z

ax)+a_y[“(ay sl el U ml s )

)]+ pgx
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Oow, Owy Ow,
p(ﬁwﬁ Oy Wyt 0z we)
__@2%% 9 Dy 2 Oy O
8[2 (%+8wy+3 )+
Toy3Max Ty T e TP
ow, ow, ow,
Pl Ox Wet Oy Wyt 0z w2)
op 0, 0w, Ow, g, 0w, Ow, 0, Ow,
= T 2= ) i it
oz T oo T g e T I 2 g
02 0w, Ow, Ow,
6Z[ (ax +6—y+ aZ)]+ng
Energy equation:
O(cp - 1) ey - 1) d,-t), 0, 00, 9,0 0,6 0t
, =— A=)+ =UL=)+=LA=)+D
plw: Ox twy Ay W 0z } 8x(/18x)+8y(/{8y)+8z( 3Z)+
ow ow, ow ow ow
D= ) X o) y 2 2\2 X Ty\2
R 2R 2 (G 5
n (awy Ow, o Ow, Owy,

2=
Doy O B 4 Doy Z iy

2.5.2 Governing Partial Differential Equations of Laminar
Mixed Convection Boundary Layer

with Consideration of Variable Physical Properties

Governing partial differential equations in rectangular coordinate system

for two-dimensional laminar mixed convection boundary layer with consideration
of variable physical properties are

Mass equation:

0 0
Ox (pwx) + y (pwy) =0
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Momentum equation:

(W%—FW %)—2( %)4- |pse — p|cOS
plws e + w5 = g () +elpa =

Energy equation:

O(cpt) o ANept), _ 0 }@

plox Ox Y Oy ]_ay uﬁy)

Boundary conditions:
y=0:w,=0,w,=0,t=1,

Yy — 00 I Wy = Wyoo, I = I

2.5.3 Governing Partial Differential Equations of Laminar
Mixed Convection Boundary Layer for Boussinesq
Approximation

Governing partial differential equations in rectangular coordinate system
for two-dimensional laminar mixed convection boundary layer for Boussinesq
approximation are

Mass equation:

Ow,  Owy

Ox ady

=0

Momentum equation:
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)+ gB|IT — To| cos o

Energy equation:
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Boundary conditions:
y=0:w,=0,w, =0, =1,

Y= 00 I Wy = Wy, = Ing
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2.6 Remarks

In this chapter, the theoretical foundation of conservation equations on laminar
mixed convection are introduced. For this purpose, first, the conservation equations
of general laminar convection on continuity, momentum and energy are derived
with a series of theoretical and mathematical approaches. On this basis, the cor-
responding conservation equations of mass, momentum, and energy for laminar
mixed convection boundary layer are obtained by the quantity grade analysis. In
these derived conservation equations, variable physical properties are fully taken
into account. These equations are important theoretical foundation of the study for
this book.
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