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boundary conditions _
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[ (i) Noslip

(11) Impermeability
(i11) Wall temperature

(1v) Uniform flow

(v) Uniform flow
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4 Modeling the flow as incompressible and of constant property (Chapter 1),

the complete mathematical statement of this problem consists of the following
Solve four equations:

four unknowns (u, v, P, T),

u=0 |
v=0 ¢ atthe solid wall
T - T(}
=U s = s :
! 0 d infinitely far from the solid,
D = 4

_(vi) Uniform temperature 7 =T,
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d ou au I 0P 3°u The free stream P — P
U—FV— = ——— +V— o
0x dy p 0x 0y
_ dv dv 1 0P
the y momentum equation reducesto U—+v —=———+V_—
] 0x dy p 0y
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0x 52
i _ oP v
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By: M. Farhadi, Faculty of Mechanical Engineering, Babol

(-

the x momentum equation
University of Technology

/




4 aT T *T  9°T OT AT 0T AT &T AT 8T AT A
o + = O () + (AT ‘ - ’ -~ ” - ’ -
ox = ay dx=  dy x L oy o6 ox* LP oyr O

t

ol U_AT
AT =Ty — Ty u=Ur, - Y0 _ULAT
L ox L
ol oAT U_AT
OT AT 0T AT 0T _ 0T ~ =
2 2 > T 2 T A2 A oy ) L
Ox L oy 0, oy Ox
oT AT 3°T |
—) | U ™ T v d_y =« g The boundary layer equation for energy
Bl Qv
ax Jy - ,
du  du 1 dP 2 Sess el olr sl al a5 Y Yol
— -‘ME_{_LE__E T —I_Ua'? mo;&w
oT aT 9°T
e + ) — = o ——
ox dy dy?

By: M. Farhadi, Faculty of Mechanical Engineering, Babol
K University of Technology




-

§ # 7. 0
SCALE ANALYSIS 7 07 _ #(‘_u) _— T~
d} y=0 0
free stream with uniform pressure P
_ 52 s
WithdP  /dx =0 ) ua—u va—uzuE — Uo 2o NU%
0X dy 0y? > B 52
7 inertia ~ friction
5 ( o )Uz 5
A\ T ~1/2
UDC‘ — Z i RBL /
REL —_ UDCL/U |

The time of transversal viscous diffusion 75 ~~ ) - / V

The time of longitudinal convection ip 2 LIU s

at the trailing end of the wall these two times are in fact the same time scale, 75 ~ #;

5§ < L == Re,’” > 1
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4 1. Thick thermal boundary layer, §; > 6. ) el AT AT

. L {}-: ——
L%, 3
u scale outside the velocity boundary layer (and inside the §, layer) 1s U
iUl OFL (u AT)/L == (U__ AT)/L
- ), £ gl £ i the convection ~ conduction balance
Y 2
. 5 - -
3 T m—) %NP&LI/ZNPI‘_UZRE /2
(a) Pr << 1
OF o Pr /2 1 Pe; = ULl  Péclet number
)

Prandtl number Pr = v/«

The first assumption, 8, > §, is therefore valid in the limit Pr'/? « 1

liquid metals
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h~ kIS,

~ PEEUZ ~ pr1/2 Ref?”2

S—

—

h ~ EPFI’Q RBI/Z
L )

(Pr« 1)

Nu = hL/k =

Nu ~ Pr!/? lih?,i/2

Thin thermal boundary layer, 67 << 8

it is clear that the scale of u in the §, layer is not U, but u ~ Uy

or

)

we note that u/L ~ v/§ because of mass conservation

——

M/L’vaf/c?%
uiTavi‘: Nai‘_; — U™ UDCCZ—T | o1 p1/3 Re; /2
5 et
T _ pr1/3 <1  h~ZpPR2 (B> 1)
B L =
Nu ~ Pr'/*Re,’? (Pr > 1)
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The meaning of Reynolds number mm)p magnitude of the inertia/friction ratio

In the boundary layer =) there is always a balance between inertia and friction

The only physical interpretation of the Reynolds number in boundary layer flow is geometric:

Re i 2 wall length

~ boundary layer thickness

it 1s not Re, , but the square root of Re,, that means something:

1/2. : ; ;
e Reﬁf 1S a geometric parameter of the flow region—the slenderness ratio
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/INTEGHAL SOLUTIONS

L = 1 (L N
—[ o hULz—f hdx
LJy L Jy

YA To—L =
o)
1 du v
v _ == — =
L ———"""" ']' dx 0y
—" du  du 1 dP_, 9°u
_‘____f’athof' max (8, ér) u__]_v_=__ —I_U‘_
integration l dx d'\} p a’x d}_,z
0 AN _ aT aT °T
0 x x U— TtV — =0 —
\ 0x ay ay? ]
My Y
N by integrating each equation term by term from y = 0 to
e gl P ' =Y, where ¥ 8.,87) is situated in the free str
- — ety P P ) where Y > max(4,07) 1s situated in the free stream
me < Before integrating
f— A ‘ 5 1 dP,,  9*u
M ==t = it + dri _( )-I-—(uv)————+
 __Control d‘}' O dx d‘}‘
volume - .
J J 0°T
X ¥x+dx _(HT)‘l__(UT)—{I—
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Because the free stream 1s uniform, we note that (8/0y), =0 uy =U_,and Ty = T

UO — 0
ou ov d
integral on the continuity equation 8_ -+ 3_ =(0) == udy + Vy — Vg = 0
y :
d Y
U — ——— 3]
Y dx Jo Ui 1650 Y )0 pliege abaly o (5,0 L

d& 1 _dP G i du
- ulU, —uwdy=-Y—=+ Dcfud+v—
dx (Voo =) 2y p  dx dx Jo 4 3y /o

aT
cbc[ u(7T —T)a’y——/ udv—{—a(dv)o

the integral boundary layer equations for momentum and energy
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4 v N
M, = / pou? dy My =U, dm P_. Y Force due to pressure
0

X
Y
where m = / pu dy is the mass flow rate through the slice of height ¥
0

M, 4 =M, + (dM,/dx) dx T dx Tangential force due to friction

X

Y[P,, + (dPy/dx)dx] Force due to pressure

|
d Y [ _dPh il T dut
—_ U — )y =——¥ + udy+v| —
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he shape of the longitudinal velocity profile is described by

FUDcm(n), U= n= 1

=i g n=ylé
U 1 <n

m 18 an unspecified shape function that varies from 0 to 1

YA n=24 aP. ldx =1
assumption =
adl ldx =0
Um —
5 1
0 _ 0 [
0 “u 0 1 m

18 : d
) = [ m(l—m)dn| = . L
Ci.x ['} UDC' d” ”20
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0<p=<l

S 2(dm/dn), _
— =a,Re;V? a4 1 :
X [ m(l —m)dn
L O —
- dm 1 s
i — = a, Re_'/? = |2 — f 1 —m)d
& 1oU% T N [ (d” )nzn 0 S ”]
YA | APZ%
//////11| ) AT ldx=0 p = y/8;
l
I Ty —T = Ty — T,,)m(p),
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("8, < & (high-Pr fluids)

+ (—HT
v + o
dy 0

d = e
-i[M&—ﬂ@=—E/ud
dx 0 dx 0

B 2(dm/dp),=o

(a;A)*

1
Pri— |:f m(pA) [1 — m(p)]dp:|
0

—1

—

dT._ldx =0

Iy =T =Ty —Txx)m(p), 0<p<1

T =T,,

)

p = Ylog

I <p

- A is a function of Prandtl number only

Table 2.1 Impact of the assumed profile shape on the integral solution to the laminar
boundary layer friction and heat transfer problem

Nu Rﬂx_]’f2 pr—173

Profile Shape Uniform Uniform
m(n) or m(p) 8 | Temperature Heat Flux
(Fig. 2.4) s C;, Rey (Pr > 1) (Pr> 1)
m=n 3.46 Y 0.289 0.364
m = (n/2) 3 — n?) 4.64 0.646 (1.331 0.417
m = sin (mtn/2) 4.8 0.654 0.337 0.424
Similarity solution 4.92¢ 0.664 0.332 0.453
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ssuming the simplest temperature profile, m = p.

To—T=(Ty—T.)mp). 0<p<]

T=T,, ] s L A=Pr'/3
for Pr > 1 fluids
2(dm/dp),_ ! -l
Pr = ( 2/;);‘“ Uﬂ m(pA) [1 — m(p)]dp:|
] -

0 _
the cubic profile m = (p/2)(3 — p?) == A = FT — 0.976Pr /3

k
h=0331=Pr'’Re}? wmm Nu= '™ =0331P'/*Re"?
X k
In the case of liquid metals (A > 1)
2(dm/dp),_ /A 1 =
PF— (dm/ p);_n |:] m(pA) [1 —m(p)]dp + [1— m(p)]dp}
(a;A) 0 1/A
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"8, 8. nextto the wall (0 <y < 8). Upm,

whereas for 6 < y < &, the velocity is uniform, u = U

-1

2(dm/dp)p=ﬂ L ]
Pr = 5 |:] m((pA) [1 —m(p)]dp +[ [1— m(p)]dp}
(a;A) 0 1/A
: 3 - - a_T s =1
the simplest profile m = p, == A = = (aEr) (Pr< 1)
5 —_
L = 2P 1/2Re; /2 (Pr < 1)
X 1 k
_ h= — —Pr'/2Rel/? (Pr < 1)
P i 2%
ot
h ]
Nu = % — EF’[‘”2 Re}f/z Pr«l)
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/SIMILAF{ITY SOLUTIONS

—— = function(n) the similarity variable 1 is proportional to y
o0

—

that » must be proportional to y/8(x) 7 . 575
! o
- ——=f(), n==Re/

with 6 wae;”z Uso
: , . du  dJdv
Function f* = df/dn 1s presently unknown ™ + Fel 0
X y
P, = constant boundary layer =) du ou 3%u
U— +v—=v—
dx dy dy?
. UH=1m1v= 0 at y = 0
three boundary conditions
u— U as y —> o0
d 0
the streamfunction ¥ (x,y) u = i, v = —r_w
dy ox
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AV 9%y

dy 0xdy
- 9y

3y

=0,

—

8u_+ HU__
dx 0y B
oY oV
I = = —_—
dy ox
oY
U= —,
dy
— =f(), n==Rel?
s 5
Zf.l".-'.l' _I_ff.-'.f - 0

University of Techno]ogy

(-

Iy

— = U,
ay

oy 3*Y Y

dx 0y? 9y3

=l ag =0
asy — o<

Y = (U v0)2f ()

vU

_1
'=3

boundary conditions
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-

u = 099U, at n = 4.92

8
— = 4.92Re; />

X

Displacement thickness:

o0
f ( e L) 5
0 L

Momentum thickness:

0=

Y

HEHZ

i

e H'E'”E
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/ Displaced fluid

———A———t——t Displacement thickness:
| . { >
lt — | e o0 OO
| — Control volume = i O — Uy, dy — u dy
| > (defined by the I > 0 0
|l dashed line) | :
> I
= | - -

Momentum thickness:

g " g - L
5 i i gy

OO0 o0 o0
U% = f U% dy — f U dy— U, f (Uy, — u) dy & 5
0 0 0 ) Q—f I e
0 .

X momentum X momentum x momentum of the

atx=0 at any x fluid displaced out of the
boundary layer region

; 0
similarity solution = 1.73Rex_” ! Pl 0.664Re;” 2
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local skin friction coefficient

(B /0y),
7pU%

Cry =

= Z(f”)n:ﬂ Rex_uz

Numerically, it is found that ("), o = 0.332 wmb C;, = 0.664Re;"/2

average skin friction coefficient

Heat Transfer Solution

Cf O—x —

_ oT oT 92T

0(n) = E —dp t— Fv— =a —
u S
— =f'(n), n= xReJ

Uso

T0—x
1 2
5 p U,x.

— 1.328Re; '/* =2 Gy,

valid when Re, < 5 x 10°

I Pr !
6" + —f6' =0
2
~ 6=0 at n =0
0 — 1 as n — oo

Note that if Pr = 1 and 6 = [’

(-

University of Techno]ogy
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, , Pr 7
integrate eq. 9" + %f@" — (0 =) 6 (n) =6(0) exp [‘7[(; fB) dﬁ}

~

Integrating again from 0O to n and using the wall condition A = () at n =0

?\f n
00) =6'0) [ “exp

as n— 00 mp g

=

h . _k(aT/ay)}zo

[_% f ’ f(B) dﬁ] dy where B8 and y are two dummy variables
0

o0 y -1
| = 0'(0) = ![ﬂ exp [-%[ﬂ f(ﬁ)dﬁ} d}/}

6'(0) is a function of the Prandtl number

h
L h=Re!? ¢/(0) = Nu=—=6'(0)Re}?
X X

Pohlhausen [21] calculated several 6'(0) values that for Pr > 0.5
6'(0) = 0.332Pr!/3 == Nu = 0.332Pr'/°Re}/*  (Pr> 0.5)

TD _ Too
T —T,
(1) = :
T::o _ T[}
7= LRel
X _
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P T d 9!!
9”+—rf9"=0 ‘(Q_) =—Ef ‘—(

Nu = ‘%‘r = 0.564Pr!/?Rel/?  (Pr — 0)

6

the average heat transfer coefficient Nuy_, = {

0.928Pr!/3 Re

1/2

X

3 gi”
)=-3

h N

6(n) = erf (gPrUz)

- Pr\!/?
o= (%)

0.664Pr!/3 Rey/* (Pr > 0.5)
1.128Pr!/2Rel/? (Pr < 0.5)

Churchill and Ozoe [24]: NUO_I —

[1 + (0.0207/Pr)2/3]1/4

It is valid when the Péclet number Pe, = U.,.x/a = Re, Pr is greater than approximately 100
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/ Unheated Starting Length

based on the integral method

—
— ——=—r Assuming the temperature profile shape
— --‘_‘___‘__..-
— Us, Too ”___..-—--"'""" -"'"T- I- = (p/2)(3 — pzj
— ,,-/ - //’ T 1 the velocity cubic profile shape
—_— / "
( = (/2)(3 —
T=Tw T = TO m (H )( n )
x=0 x=x
Unheated length U > X integral energy equation
3 dA 0929
A3+ 4Ax— =
dx  Pr
2 \ with the general solution
T [——~ Constant
2 1.? 3 0929 3‘(-'_1_
3 & .
= [ — Pr
1 ) 1/3
K St
A = 0.976Pr‘”3[1 _ (—”) }
X

0 1 2 3 4
x/xq

e = 2y I
Nu = h_; — 0.332P¢!/3 Re}fz[l - (3,_0)3;4}
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Arbitrary Wall Temperature

o‘gﬁdo
1. 0 < x < x|, the unheated started length, where ¢”” = 0 because the wall is
in thermal equilibrium with the free stream

2. x; < x < x,, the heated spot, where eq. (2.116) applies unchanged: X o .f.:T ——
1

.-—l--"'-—-— 5

' AT -

qr! - 0.332_]?1.1/3 Rei/z 73 '-,_..-'---.--
X : 3/4 —_

|:1 — (xl/x) :| f""" —_—

,J"' .-"##

) [ 4

3. x > x,, the trailing section, where ¢” is the superposition of two effects of
type (2.117):

AT n T
C A

k
¢’ =0.332-Pr'/3Re!/?
X

4 1
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ot AT.

~

g’ = 0.332 i Pr'/3 Re!/? Z * N step changes AT, in wall temperature
X

— |1 _ (_xf/x)3f4]1f3

g’ =0.332 !f prl/3 Rel/? fx (dTo/dS) dg (the limit of infinitesimally small steps)
X * 0

[1 =GR

Uniform Heat Flux
h = q"/|T,(x) — T..] when the heat flux ¢” is known
the cubic profile m = (p/2)(3 — p?)

u=—21 = —0453Pr'ARe!2 (0.5 < Pr < 10)
Lgl— Tgkt

nonuniform wall heat flux ¢”(x)

0623 11 13 [* £\ ¥4
Ty (1) = Tog = — Pr‘fRe;f[g 1—(;) g (&) dk

(Pr > 0.5)
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/ln real situations, fluid properties such as &, v, i, and « are not constant, A

they depend primarily on the local temperature

the constant-property formu]as describe sqﬁpicient])/ accurately the actual convective ﬂows encountered in applications, provided that

the fluid (7, — T,) 1s small

dimensionless groups (Re, Pe, Pr, Cf* Nu) can be evaluated at the average

temperature of the fluid in the thermal boundary layer, T — LTy +T.) film temperature

LONGITUDINAL PRESSURE GRADIENT: FLOW PAST A WEDGE AND STAGNATION
FLOW

The potential flow solution for the velocity variation along the wedge-shaped wallis:  [J ~c ( ) = CxX™

where C is a constant and m 1is related to the g8 angle of Fig. 2.10 B
m= ———
2n — f
the Bernoulli equation along the streamline that coincides with the wall,
a2
1 dP,, dU .. 1dP,, M, ou du m _, 0-u
_ | — ——U: ™™ y— 4+ vp—=—U_+v——r0
p dx Voo p dx B = dx gy dy?
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Figure 2.10 Local heat transfer and friction results for laminar boundary layer flow over an
isothermal wedge-shaped body.
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2" + (m+ Dff’ +2m[l = ()*]1 =0

Crx=2f"(0)Re;'/?

/F alkner and Skan showed that == similarity solution

au

ox

H‘—

ou m

T = —

Jdy x

Table 2.2 The local skin friction coefficient for laminar boundary layer flow over a wedge

==

N =y U )™ U, =Cx" u=Uyf f0)=0,70)=0 Sf(oo)=1

S| OMT Cowdy m=0 u.d)f ).'a.: o l.a L)""}’))L’ QSQ"L*"’ J.> Q.ol.w‘ 5 J.> odo‘

7

3y2
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B m ') = 3C;,Rex’
27 = 06.28 o0 v
=314 1 1.233 (two-dimensional stagnation)
2= T x 0.757
/5 = 0.627 ! 0.512
0 0 0.332
—0.14 —0.0654 0.164 Re, = Upexfv = Cx™ /v
—(.199 —0.0904 (0 (separation)
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-

On) =T —THNT,, — T,) == §" + % Prim+ 1)f6'=0 6(0)=0and f(o0) =1

Table 2.3 Local Nusselt number Nu/Re,’“ for laminar boundary layer flow over a wedge

Pr

B m 0.7 0.8 1 3 10

—0.512 —0.0753 0.242 0.253 0.272 0.457 0.570
0 0 0.292 0.307 HBE 2 0.585 0.730
/5 é 0.331 0.348 0.378 0.669 0.851
/2 % 0.384 0.403 0.440 0.792 1.013
T 1 0.496 0.523 0.570 1.043 1.344
81t/5 4 0.813 (0.858 0.938 1.736 2000

The solid curves in Fig. 2.10 show that Nu/Pr'”? Re,’” depends mainly on the wedge angle f

h varies as x~! Rey/’ _ moyn by, = h _ 2 "
Re, = Unalv = Comvlpy| | 1 VAMIes as @ T Tt m-D2 1tm
. m+1_,
Nu, = m;— : VRe,8' = 5 6 — N": = " v Rey
n° =0 n*=0
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/for m = 0 => flow over a flat plate.
A special case B =7 (orm=1)

Form = |

X

Hm(«f)/v

>

Stagnation point /
\ vx dp

do(0) > _(m+1_]Pr F _ | B
—dr} {J; exp{ 5 JAF(q)dr;} d?}} :

0

7o D Bl 6 ol O i

Form = |
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In this case, U,, increases

Upay = 0.57P0%4 == Ny, = 0.57P%4ReS

__ /1S a constant.

More detail:

Latif M. Jiji, Heat Convection, 2006,
pp. 143-149

/




/FLOW THROUGH THE WALL: BLOWING AND SUCTION \

where the boundary layer fluid crosses the wall surface with the normal velocity y U( )

Positive v, values indicate blowing, Negative v, values represent suction,

the free stream U_,, = Cx™ The surface is isothermal (7).

vV=— 0¥/0&§ with Y = (Uocvl‘)”zﬂﬂ), y =}-*(Um/vx)”2

w — (CUIm-i-l) szl}-*(C/v)sz{m_”ﬁ]

0 _m B g
v = a’i —— "R ()
df m— 1 f(0) =
. m+141/2 : L A(m=3)/2 !

m+1 .. 1y 1/2
At the wall, the normal velocity vy = v(y = 0) === vy = — xm=D72(Cv) 1% (0)
if {0) = constant == v, must vary as x"~1/?
)
i 1/2
By: M. Farhadi, Faculty of Mechanical Engineering, Babol f(O) T _”1 4 l U ex (CDHS[HH[)
@ University of Technology o0 Rex = UDC'X/‘U/




((UUIU,I_) Rey2 is the blowing parameter

Table 2.4 Effect of flow through the wall: local skin friction coefficient and Nusselt
number for laminar boundary layer flow over a permeable isothermal wall parallel to the
stream

Nu/Re,'?

;;iRe;f’i’ f'(0) = 3C;, Rey/? Pr=07 Pr=08 Pr=09

o0
935 2.59 1.85 2.097 2.59
—-0.75 0.945 0,322 0.797 0.945 ¢  Suction
—0.25 0.523 0.429 0.461 0.523
+0.25 0.165 0.166 0.166 0.163
+0.375 0.094 0.107 0.103 0.0937 }  Blowing
+0.5 0.036 0.0517  0.0458  0.0356 |
+0.619 0 0 0 0 Separation

when the wall is parallel to the free stream

By: M. Farhadi, Faculty of Mechanical Engineering, Babol
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4 Table 2.5 Local Nusselt number Nu/Re,’? for laminar boundary layer flow over an\
isothermal wedge with blowing (Pr = 0.7)
I
v, Rel/?2 —0.0418 —0.0036 0 0.0257 0.0811 0.333 0.500 ]
—_—hRke "
_ % (B/t = —0.08) (—0.0072) (0) (0.05) (.15 ((172) (2/3) (1)
0 0.292 0.384 0.496
0.0239 0.103
0.25 0.166
0.333 0.242
0.375 0.107 0.259
0.5 0.0251 0.0517 0.293
0.518 0.087
0.558 0.109
0.667 0.131
] 0.146
a By: M. Farhadi, Faculty of Mechanical Engineering, Babol
K University ofTechnology /




Table 2.6 Effect of blowing on the local Nusselt
number in laminar stagnation flow on an isothermal
axisymmetric body (Pr = 0.7)

)]

U—“Re;f’ : 0 0.567 1.154
> &

Nu/Re!/? 0.664 0.419 0.227

CONDUCTION ACROSS A SOLID COATING DEPOSITED ONAWALL

Free stream
k,U,T.,

- N — T —————— —
- ——
———
-—
-

-
-
- o

- Boundary layer

/

h{x)

convection across the

laminar boundary layer

conduction across the #(x) layer

==X

By: M. Farhadi, Faculty of Mechanical Engineering, Babol
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the new surface condition

T =il ol

U
conjugate conduction and convection,

/




4 00

~

Ja_n =0 (n=0) where = (T —T)I(T,, —T,), n=y(U,/vx)"?, and
k (U 2\’
oo
S = k, ( - ) J = 0 corresponds to the Pohlhausen problem
_ 1 x _
= g t 1S the coating thickness averaged from x = 0 to x = L]
)=t |1+blo—7 is th ing thick ged f 0 L
b 1s a dimensionless taper parameter. J=7 (f)_lﬁ 1+ b 1_=
v 2 i
in which J is the J value based on the L-averaged thickness 7, Tl i Rel/2
el =

~ ] = g"*"'l;;-
o ¥

E= ka L d T i e
g = X = me
1 . 9y ), _o k(T o)Re;

1 -
L 9’(0)(%) v d(

a single similarity solution for 6 does not exist in this case,

(-

By: M. Farhadi, Faculty of Mechanical Engineering, Babol
University of Technology




I’NIEREL

- 10 the coating is an effective insulator, k,,L(T,, — T,)/t.
I —
0.1 3 the overall thermal resistance is dominated by the coating (J > |
"é — the boundary layer poses the greater resistance (J < 1)
L — 1
L= — —
& Pr=05 the J > 1 the coating is an effective insulator
3 —_—
= kH»L(TDC o T(])/{I
0.01 ¢
0.001 S NV NV 0 W RA N1
0.01 0.1 1 10 100

J

Figure 2.12 Total heat transfer rate when the wall of Fig. 12.11 is coated with a layer of uniform thickness (b = 0).

K By: M. Farhadi, Faculty of Mechanical Engineering, Babol University of Technology /




/ENTFIOPY GENERATION MINIMIZATION IN LAMINAR BOUNDARY LAYER FLOW \

q"(T, — T,.) is always positive

Laminar boundary layer flow on a plate with uniform heat flux on both sides.
irreversibility of heat transfer

0 X x=1

I " dA FD UDC
A fundamental result in thermodynamics is Sgen = 75~ | 4 (Top = Too)dA + T

oo JA 7\ o0
A IS the body Surface area. iI'TSVBYSibi]i[y of fluid flow
T, is the surface temperature
Fp 1s the drag force Ty — T, 1s small relative to the absolute temperature 7 ..

By: M. Farhadi, Faculty of Mechanical Engineering, Babol
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/
].g”(:rﬁ —T..)dA
A

H

q"(To — Too) 2LW)

0.736(q)?
| f2
T2 k Pr'ARe,/

n= o )q = % — 0.453Pr'3Re!/2 (0.5 < Pr < 10)
2 Bl (. ' !
Uniform Hea(t] Flux > B ] q — ZL‘?J’ .
Fp=2LWz,_,. Fiil]
- 2= 1328 UL Re;”
To 1 = 0.664pU§GReE”2 o8 Q
9S.. /9Re, = 0,
Sgen 0.736(¢)? B o i Sgen/0ReL
B = o 13287 — U Re;
kaPF/ReL/“’/ Re; o = 0.554B°
Re, = U._L/v -
Sl 5 g/ Uss

irreversibility due to heat transfer decreases as the plate ismade longer,

o

while the fluid flow irreversibility increases

Sgen 18 minimum when L has a certain value

By: M. Farhadi, Faculty of Mechanical Engineering, Babol University of Technology

 (kuT,, Pr'/3)172

—_—

Re; oot = U ,x_LDpt/ V




The number B is the dimensionless version of the

ratio of the heat transfer rate divided by the flow speed,

Re, < B> mm the entropy generation rate is due mainly to heat transfer

Re; > B” mm the plate is so long that most of its work destruction is due to fluid friction.

(q)°
kil Pra”

its swept length for minimum irreversibility Lopt = 0.554

Gl s
3/2

S
(k/ﬁ)lﬁToc- Pr!/®

= 1.98

gen,min
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2.12 DISTRIBUTION OF HEAT SOURCES ON A WALL COOLED \
BY FORCED CONVECTION

T, —

U :: ‘q— Xy —-»‘ ‘-.-5( x),l T,<T. . the wall temperature is near the allowed limit
— ——-—-—-—‘—q I,,(x) = T, constant
x=0 e L L
% ¢/(Wim)

The number of heat sources per unit of plate length (N') is unknown.

First, we assume that the density of line sources is sufficiently high so that we may express the distribution of

discrete q’ sources as a nearly continuous distribution of heat flux

- Re = U L/v
g Nu = 0.332Pr!/3 Rfe:}l;’fI2 q'x — 0.332Ppr!/? (Uocx) -
X = _ —4 r
Pr E’Z I - hx k(Tmax T Tor: V
s ol b ez L NI=p
rhw glos —

k U\ /2
N'(x) = 0.332 = (T, — T,.) Pr'/3 (_oc) Y,
q’ v

t k
By: M. Farhadi, Faculty of Mechanical Engineering, Babol N == f N dx = 0.664 5 (Tmax — T::o) Pl‘u3 Re”z
K University of Technology 0 q /




-

This Q.. expression is

- ‘q— Xﬂ —-‘

Dy

= e

Q. .. =qN =0.664k(T,

the local number of heat sources per unit of wall heighf is N =

1/2
N'(x) = 0.332 g (Trgy — To) Pr/? (%) o i S(x) _ 3¢'Pr-3Re"1/2

— T ) Pr!/3Re!/?

1dX

the same as the total heat transfer rate from an i1sothermal

wall at 7', e s Jsb

DU -+ S (.I)
P
*S(x)»' TS Toox

o Tr \
- —_'_'_'_L! (g0 =4'/Dy)

x=0 +‘ ‘+ bg by x=1L

The heat flux gj is a known constant sss the function ¢ (x)

J—

v

11

© ——

L k (Tmax = Toc)

(.1:) 12 Dy,
L L

N
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-

SiLL]

L k(Tmax = oc)

Dy

L

11

3¢ Pr!/3 Re~1/? (x) 1/2
;B

The spacing § increases as x increases

Near the start of the boundary layer, the S(x) has negative values,

Because D, is the smallest length scale of the structure, the spacings §
cannot be smaller than D,

—

S ~ D, when X~ X

12 D, k
- (@) ~ 0.664 =2 — (T....
/ L g

Six)

L k(Tmax _ oc)

112

3¢ Pr-1/3Re"!/? (x)uz D,

L 3
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