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Module 2: External Flows

Lecture 10: Heat Transfer Reversal

The Lecture Contains:

B Visicous Disiipation effect on Laminar Boundry Flow Over a Flat plate
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Module 2: External Flows

Lecture 10: Heat Transfer Reversal

Viscous Dissipation Effects on Laminar Boundary Layer Flow Over a Flat Plate

For the high speed flows, the effects due to viscous dissipation have to be considered, Now
w=1 f'(y) and 4 = y/\/(wr) /U, @nd so the viscous dissipation term.

_ [ e iy 2+
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The general energy equation is simplified as
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Multiply by m to obtain :

fox dT. f8 ¢
(Tw — Too) dx 2  Pr

+ Ee(f")? (2.105)
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If we assume (dwadeO, the General equation becomes

i3 i

Figure 2.7:
Temperature profile within the boundary layer

(a) for low speed flows (b) for high speed flows

B il o g 2.106
E+f?+frlfjr‘} =10 ( )

T—T.
TT,_T.
g(0) = 1, #(x) =0 with T,, = wall temperature. If the heat flux at the wall is assumed to be
zero, i.e., Gy = (), the wall temperature becomes adiabatic wall temperature. I~ In other
words, Tﬂw = Adiabatic wall temperature, if the surface temperature is the temperature of a
perfectly insulated surface. As a consequence of the dissipation in the boundary layer, even if there
is no heat transfer to a body in a flow, a thermal boundary layer forms at the body. If the surface of
the body is impermeable to heat, i.e., adiabatic, the dissipation means that the distribution of the wall

temperature is such that it is above the surrounding temperature.For the temperature field at an

As defined earlier, @ and the boundary conditions are

adiabatic body, if O~ F%fz the general equation reduces to the form :

Ecl o Ecf . mg 2.107
T P¢ +55e +2Ee(f ) =0 (2.107)

with the boundary conditions &'{0) = 0, #{=c} = 0. As defined.

S~ Eefr To-Tw U3 ~ T2,

Thus we get,

(2.108)
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[
T =T.4+ —4dln)
2¢p

Which becomes :

2

Tow = T + 2—4(0)
2c,

(2.109)

T.. can be determined if @(0) is known, where @(0) is also called recovery factor, r and

r 0 1
T =T. + ,.L_E to find @ (0) we use @(n) = @ (n) which means @ (0) = 0 (0) = —
i s %, % E% E%
(0} is found from experiments:
@0) = Pr), &(0)=+vPr (see Figure 2.8)
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Lecture 10: Heat Transfer Reversal

For the low speed flows ¢{(l} = » = (} as no kinetic energy is recovered as thermal energy.

n—>

Figure 2.8: @ as a function of Prand n

For ideal gases: i.e.,iz=e+pv=e +RT
or,
di de
——— 4+ R
aT —dar
or,
p=cy+ R
which gives on simplification
_ TR
C‘ﬂ - ¥ — 1
Now ,
rU3(y = 1)
Tow =T 11l + —= (2.110)
aw = foo l * o RT.
i.e,
T = Toe [1 + #ﬂ-ﬁ;] (2.111)

For air, Pr = 0.72, 4(0) = v0.72 = 0.85 = rPutling 5 = 1.4 We get 7, =T, [1 + 0.17M2]

Consider the general solution for :
E"

1 ’ Hﬂ_
o+ 50+ Ee(f") =0

with #(0) =1, #,=10
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Now, let us propose : # =[

0 (1) ~ =26 ()

at n=0 we get ,

8 {(0) ~ %c} {0
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00 =00) ~ [Fo0) - F600)
0(n) ~ [l—iam}] Loy o)

6= [1 - Ec‘a{ﬂ}-‘ i+ — EL a{n)

2

The derivatives terms can be written

f = [1 s % (0)| 8" +%Ec é" () (2.113)
e} EC 1- 1 o
= [1 - 54(0) b+ B & () (2.114)

On substitution general equation we get :

[ =3 w}] +3f [1—%&0}] i

or,

% ¢ '#;ff] + %@’(rﬂ] + Ec(f")t=0

[1-5e0] |7
we know

11?5” fr g

=+ fﬂl "[2(3‘"}9+%+£¢’]=ﬂ

With &) = 0 and () = 0 After simplification and reduction we get,

8 1.
LAY Y- . (2.115)
Pr + gfﬁ 0

Known conditions are 6(0) = 1and 6(~) = 0.Let us revisit the relationship between 8 and "6, equation
(2.112). We shall obtain the following 6(0) = 1 means "8 (0) = 1; and 6 (~) = 0 means "8(«) =0
[since @(~) = 0] The solution of this equation that results finally is of the form.
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Jo exp (=% Jy fdn) dn

6(n) = E (2.116)
I exp (5 Jg f(n)dn) dy
Now the heat transfer for the wall
orT a8 a8 dn
w = —h—= _k{Tu.l - T»x.-} —| ==k Tw - T»J::- e
) oy dy =0l ( }t‘h} dy =0
do = —k(Ty = Too)y/ 6/ (0) (2117)
vr

since ¢'(0) = 0, we have #(0) = [1 — £24(0)] #(0) Substituting #'(0) and Ec, we get

U 0 i
Gw = —k(T5, — Tml& [1 - m‘?(ﬂ}] @ (0)

After rearranging and replacing appropriately using value of Taw from before, we get

This expression is same as for the case without viscous dissipation, but the only differenceis that

here we have (T, — T} in place of (T, — T )
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