7.6 Corsider a steady, turbulent boundary layer on an
1 isothermal flat plate of temperature T, The boundary

layer is “tripped” at the leading edge x= 0 by a fine
wire. Assume constant physical properties and velocity

mal

E and temperature profiles of the form

]

) u_yl{? T—Tw__zlﬁ

: m_(g) e Ts_Tm_l (5t)

/

| (@) From experiment it is known that the surface shear
/ stress is related to the boundary layer thickness by an
t expression of the form

. —1/4

: 7, = 0.0228@(”“75)
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Beginning with the momentum integral equation
(Appendix F), show that

§/x = 0.376Re; *~.
Detenine the average friction coefficient C;,,

(b Beginning with the energy integral equation, obtain
an expression for the local Nusselt number Nu, and

use this result to evaluate the average Nusselt num
ber Nu,
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PROBLEM 7.6

ENOWN: Velocity and temperature proﬁlﬂ and shear stress-boundary layer thickness
relation for turbulent flow over a flat plate.

FIND: (a) Expressions for hydrodynamic boundary layer thickness and average friction
coefficient, (b?Exprcssmns for local and average Nusselt numbers.

SCHEMATIC: . 1}, ___—___n
74)
ffm.'i:u ‘f_j;’ *_ ”" (g)
.__b }'.
—_— T T
x T, =00228pus? o5 ).%

ASSUMPTIONS: (1) Steady flow, (2) Constant properties, (3) Fully turbulent boundary
layer, (4) Incompressible flow, (5) Isothermal plate, (6) Negligible viscous dissipation, (7) 6 =

By
ANALYSIS: (a) The momentm integral equation is
T .
pugo— ] fort, ld}r: Ts:
dgg 0 . Uyp J Uy

Substituting the expression for the wall shear stress

AT g NUT ~1/4
[1~[l) } (l) dy = 0.0228 p u;*";(“'r‘ﬁ]
8 o v

d S| 1/7 y 217 d ?VS".-’ ?}gr'l?
el H (3 |- g i
dx o |\S. g 510 9g

dx\ 8 o v

745 - 7 7 i Bty

L 08 aomg | 2| &4 L7 sV 45 -00228 (— 7 ax

72 g . 720 Uy 0
1/4 1/5 5 .

T detaoosl Y| x 8- {]376( ] x5, 2 o0376Re 1. <

WS U X

Knowing &, 1t follows

—1/4 -1/4
7, =0.0228 pui.{ “TI} [o 376 xR 5]

R 1/4
Cpy =—S—=0.0456 0376 -“E(”—”] xx 15 =0.0582 Re;1.
5 0 1}5:;"12 g 13

Continued
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The average friction coefficient is then

g x =
Cﬁ:i I, Cix dx="L0.058 [“—f") " x5 g
x

v 0
= 1 ue |V 45 (5 145
Crg=—00582 {22 | x* [—] = 0.073 Rexl>. <
X v 4
(b) The energy mntegral equation for turbulent flow 13
d dt . h
= |7 u(Tp-T)dy = —5_=— T =Ts):
ol ey = e om)
Hence,
d % uw T-T. d 9 17 1/7 h
Up— — — B dy=uy — | {yf.:?jl [1—(3151) ] dy = ——
dx 0 uw, T-Tg g 0 Py
Lodi7 &7 757  n
T e |8 517 9 17 0 ¢
or,with £=8,/3,
d [7 d
ny, [T 877 587 }= h e | 231?] __h
dz | 8 0 P de [ 72 P
Hence, with & =1 and §/x = 0.376 Re;lfs=
K 45
| o YU d (x ) i
L ug(0.376) [ 2= ”
7 v dx p ey
h = 0.0292 0 ¢y Reg > =0.0292 k ¥ eX p 15
xa v
Noy =1‘?“=0.0292 Red” pr. <
Hence,
4r5 4/5
— H3 X -
By 7 i S g [1’&] I* x5 ax = 00292 K pe [—-—“‘“"] 2
= 0 % ¥ 0 x ’ 4
Nu, =h_;=:"‘_=0.03? ReS pr. <

COMMENTS: (1) The foregoinﬁ ge-sults are in excellent agreement with empincal

correlations, except that use of Pr ™ instead of Pr, would be more appropriate. This result

arose becanse of the assumption & = §,, which 1s only vald for Pr= 1.

(2) Note that the 1/7 profile breaks down at the surface. For example,

2w, ) = .f

_(i)] _1 g e
y=0

o

gy 7

or T = 0. Despite this unrealistic characteristic of the profile, its use with 1ntegral methods
provides excellent results.
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7.8 A flat plate of width 1 mis maintained at a uniform surface
temperature of T, = 150°C by wsing independently cor
trolled, heat-generating rectangular modules of thickness
a = 10 mm and length b = 50 mm Each module is insu-
lated from its neighbors, as well as onits back side. Atmos-
pheric air at 25°C flows over the plate at a velocity of [
30 nys. The themmophysical properties of the module are
k=5.2W/m-K, ¢, = 320J/kg - K, and p = 2300 kg/nr?’

—> T _ 925 — Insulation Module, 4
—_— o
w, =30 m/s Iil— T,= 150°C l
" i a=10 mm
S R e S T O T
’X,— L ?OD mm }4—50 m*—l
— X

(a) Find the required power generation, ¢ (W/n?), in a
module positioned at a distance 700 ram from the
leading edge.

(b) Find the maximum temperature T, in the heat-
generating module.
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PROBLEM 7.8

KNOWN: Flat plate comprised of rectangilar medules of surface temperature T, thickness a and
length b cooled by air at 25°C and a velecity of 30 m's. Prescribed thermophysical properties of the
module materal.

FIND: (a) Required power generation for the module posiioned 700 mm from the leadimg edge of the
plate and (b) Maximum temperarure in this modula.

SCHEMIATIC:

Ta1507C %
: Modul ;.\_| conv
Ir:r:sulahon? o e:% i)

Tor25°C Zgen
I-,a'r=10:v;ra|';:r1'

U= 30mfs o
ASSUMPTIONS: (1) Lamunar flow at leading edge of plate, (2) Transinon Reynolds number of 5 x
l{l), (3) Heat transfer is one-dimensional in y-direction within each module, (4) ¢ is uniform withit
module, (5) Nezligible radiation heat transfer.

—-b=50
|_>J< L=700mm mm

: ; 3
PROPERTIES: Module matenial (given): k=52 WmK cp =320 JkgK, p=2300kg/m ; Table
- -5 2
A4, Air (T =(T, + T, )/2 =360 K, 1atm): k= 0.0308 WmK, v=22.02% 10" m /s, Pr=0.698.

ANALYSIS: (a) The module power generation follows from an energy balance on the module
surface,

Qcony :qéen
= h(Ts _Tx)

a

b(T,-Te)=q-a or

To select a convection comelation for estimating b, first find the Reynolds numbers at x = L.

T uIL 30 mJ'BXOG?UEm —6537x105.
v 2202x10m" /e

Since the flow is mrbulent over the module, the approximation h = hy (L + b/2) is appropriate,

with

30 m/s = (0.700 +0.0502)m
22.02x10%m? /s

Using the mrbulent flow correlation withx=L+b2=0725m,

Nug = h;:—" = 0.0296Re 2 opl3

—0.877x10°.

Rep b=

14'3 640

Nug = 0.0295(9.3?7x105) (0.698)
Nugk 164000308 W/m-K

s —69.7 WmZ K.
% 0.725

Ek'hx=

Continued _.. .
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PROBLEMI 7.8 (Cont.)
Henece,
69.7 W/m? . K (150-25)K
0010 m

(b) The maxinum temperature within the module occurs at the surface next to the msulation (v = 0).
For one-dimensional conduction with thermal energy generation. use Eq. 3.42 to obtain

=8.713%10° W/m>. <

q=

.-,

8.713x10° Wim® x(0.010 m)°
‘?k %52 Wim. K

COMMENTS; An alternative approach for estmating the average heat transfer coefficient for the
module follows from the relation

+150°C=1584"C. <

T(0) =241, =

Umodule =A90—L+b ~90—-L
E‘b=EL+b-(L+b:I—HL-L or h= EL_,_b-I:;—b—EL]I;
Recopnizing that Iaminar and turbulent flow conditions exist. the appropriate correlation is
Nu, =(0.037Rex > -871)P"?
Withx=L-bandx=L. find
Bp,p=5479Wm?.K  and B =5373Wm’ K

Hence,

ol [54?9“_@—53 730—?’)1 Wm2 K =69.7 Win? K.

0.050

which is in excellent agreement with the approximate result employed 1n part (2).
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7.10 Consider atmospheric air at 25°C and a velocity of
25 mys flowing over hoth surfaces of a 1-mlong flat
plate that is maintained at 125°C. Determine the rate of
heat transfer per unit width from the plate for values of

the critical Reynolds rumber corresponding to 10°
5 X 10°, and 10,

Scanned by CamScanner



PROBLEM 7.10

KNOWN: Speed and temperature of atmospheric air flowing over a flat plate of prescribed
length and temperature.

FIND: Rate of heat transfer corresponding to Rey ¢ = 1[15. 3 x 105 and I{lﬁ.
SCHEMATIC:

t2 T,=125°C

Up=RSm[s —>
Tw'-'-zsac —

p=1latm _ﬂbl-%x L=!Im

ASSUMPTIONS: (1) Flow over top and bottom surfaces.

PROPERTIES: Tuble A-4, Air (Tp=348K, | atm): p = 1.00 kg/m’, v=20.72 x 10" m’/s, k
= .0299 W/m-K, Pr=0.700,

ANALYSIS: With

5
ReL-:u”‘L— 25 m’'s x Im —1.21x10®

v 20.72x10%m? /s

the flow becomes turbulent for each of the three values of Rey .. Hence,
Nu, =(n.ns? Ref’S - a) et
A=0,037 Re}? -0.664 Rel/z

Rexe 10° 5x10° 10°
A 160 871 1671
Nug 2267 1635 926
EL(me3 -K) 67. 8 8.9 277
g(Wm) 13,560 9780 5530

where q'=2 I L(Tg =Ty, ) is the total heat loss per unit width of plate.

COMMENTS: Note that hy_ decreases with increasing Rey ¢, as more of the surface
becomes covered with a laminar boundary layer.
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7.23

The proposed design for an anemometer to determine

the velocity of an airstream in a wind tunnel is com:
prised of a thin metallic strip whose ends are supported
by stiff rods serving as electrodes for passage of current
wsed to heat the strip. A fine-wire thenmocouple is
attached to the trailing edge of the strip and serves as
the sensor for a system that controls the power to main
tain the strip at a constant operating termperature for
variable airstream velocities. Design conditions per-
tain to an airstream at T, = 25°C andl=< w. =
50 ny's, with a strip termperature of T, = 35°C.

— Je
—_—
Air stream
T, —
——
Strip
. v -h Support rod and

/ current lead

Scanned by CamScanner

1.2



(a) Determine the relationship between the electrical
power dissipation per unit width of the strip in the
transverse direction, P’ (mW/mm), and the airstream
velocity. Show this relationship graphically for the
specified range of w..

(b) If the accuracy with which the temperature of the
operating strip can be measured and maintained
constant is +0.2°C, what is the uncertainty in the
airstream velocity?

(c) The proposed design operates In a stip constant-
temperature mode for which the airstream velocity
is related to the measured power. Consider now an
altemative mode wherein the strip is provided
with a constant power, say, 30 mW/mm, and the
airstream velocity is related to the measured strip
temperature T, For this mode of operation, show
the graphical relaﬁonskﬁp between the strip termper-
ature and airstream velocity. If the temperature can
be measured with an uncertainty of +0.2°C, what
is the uncertainty in the airstream velocity?

(d) Compare the features associated with each of the
anemormeter operating modes.
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PROBLEM 7.23

KNOWN: Design of an anemometer compnsed of a thin metallic strip supported by stiff rods serving as
electrodes for passage of heating cumrent. Fine-wire thermocouple on tratling edge of strip.

FIND: (a) Relatonship between electrical power dissipation per unit width of the strip in the transverse
direction, P' (mW/mm), and airstream velocity u, when mantained at constant strip temperature, T,
show the relationship graphically; (b) The uncertanty in the airstream velociny if the accuracy with which
the strip temperature can be measured and maintained constant 1s £0.2°C; (c) Relationship between simp
temperature and airstream velociry u, when the smip is provided with a constant power, P'= 30 mW/mm
show the relationship graphically. Also. find the uncertainty in the airsream velocity if the accuracy with
which the smp temperature can be measured 15 +0.2*C; (d) Compare features associated with each of the

operating nodes.
SCHEMATIC:
<A stream,> i
Tea=25°C B —
121,250 mls
Suppert rod and
¢ / current lead
T (e
0 L X

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Strip has uniform temperature
in the midspan region of the strip, (4) Negligible conduction in the transverse direction in the nudspan
region, and (5) Airstream over strip approximates parallel flow over two sides of a smoath flat plate.

ANALYSIS: (2) In the midspan regzon of wform remperature T, with no conduction in the transverse
direction. all the dissipated electrical power is transferred by convection to the arstream,
P'=2h L(T, -Tx) m

where P’ is the poiwer per unit width (transverse direction). Using the IHT Correlation Tool for External
Flow-Flat Plate the power as a function of atrstream velociry was determined and is plotted below. The
THT tool nses the flat plate correlation, Eq. 7.30 since the flow s lanunar over this velocity range.

.1}

j—f"
E o
i A
‘.
g & -
{ A~
Z 4
I 1A
7
]
[=] 12 20 b 1] 43 50

AvEirzaT ey, Urd ()
Contimued...
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PROBLEM 7.23 (Cont.)

(b) By differenniation of Eq. (1), the zelative uncertamties of the convection coefficient and strip
tetuperatire are, assuning the power remains codstant,

Ah AT,
M 8 2)
b L-T,
Smce the flow was lammar for the range of airstream velocines, Eq. 7.30,
- Ah A
by ~ul/2 or 2L 5= 3)
158 U
Hence, the relative uncertainty in the air velocity due to uncertainty in T,, AT, ==0.2°C
=0 7%

U T-Ty {35—95}"c
(c) Using the THT workspace sefting P' = 30 mWimm, the strip temperature T, as a function of the
airstream velocity was determined and plotted. Note that the clope of the T, vs. u_, curve is steep for low
velocities and relatively flat for high velocities. That is. the technique is more sensitive at lower
velocities. Using Eq. (4), but with T, dependent upon u_, the relatve uncertamnty in w_ can be

determmed.
-] [
1 -
=
g \ Z 1
- Fl] 3 4 =
- \ e —/
4 ) .
: \ i A
T s1Pg E 24—~
B
“ &
""‘"--..____ I’
] [
= o
o 11 a ] 40 = 2 I 2 ) 40 51
AfpireaT velodly, Ui [mis) Arteam velachy uinl mE)

(d) For the constant power mode of operation, part (a), the uncertainty in u_ due to uncertainty in
temperature measwrement was found as 4%, independent of the magnitude u_. For the constant-
temperature mode of operation, the uncertaimnty m u_ 15 less than 4% for t‘elocmes less than 30 m/'s, with
avalue of 1% around 2 m/s. Howewer, in the upper wloc:ry range, the error increases to 5%
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7.27 A steel stiip emerges from the hot roll section of a steel
mill at a speed of 20 ny's and a termperature of 1200 K. Its
length and thickness are L = 100 m and § = 0.003m,
respectively, and its density and specific heat are 7900
kg/m’ and 640 ] /kg - K, respectively.

Atmospheric air,
T.=300K
@ 1 r Steel strip (1200 K)
1 " i —> V=20 m/s
&—1 L -
o

Atmospheric air,
T.=300K
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Accounting for heat transfer from the top and bottom
surfaces and neglecting radiation and strip conduction
effects, determine the time rate of change of the strip
termperature at a distance of 1 m from the leading edge
and at the trailing edge. Determine the distance from
the leading edge at which the minimum cooling rate is
achieved.
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PROBLENM 7.27

KNOWN: Length. thickness, speed and temperature of steel strip,

FIND: Rate of change of strip temperature | m from leading edge and at triling edge. Location of
minimum cooling rate.

SCHEMATIC:

8=0003m CAIr > Tp=300K

T=1200K Leonys___
I200R—— l Zco v; = ——

ASSUMPTIONS: (1) Constant properties, (2) Negligible mdiation, (3) Negligible longitudinal

conduction in strip, (4) Critical Reynolds numberis 5 x 10,

3
PROPERTIES: Steel (given): p = 7900 kg/m , cp = 640 Jhg-K. Tuble A-4, Air
= -6 2
[T =T750K, | Eltm}f v=764x%10 m /s, k =0.0549 Wim-K, Pr=0.702.

ANALYSIS: Performing an energy balance for a control mass of unit surface area Ag riding with the
strip,
—Eou =dEgy /dt

- -T, 2(900K )1
dT/dt = 2 (T-To) __ (00K Jhy =-0.119hy (K’s).

pic, 7900 ke/m? (0.003 m)640 kg -K

A% 20 m/s(Im

Atx=1m, Rc,;:—‘: IE 2]
Voo 764x N mS s

=2.62x10° <Rey . Hence,

. 10549 Wi - K 1/2 y
hy =(kx)0.332Rel2p1 3 = 22 ]" L h(0.332}(2.62x105) (0.702)'"3 =8.29W/m? K
m
and atx = lm, dT/dt=-0.987 K/s. <

Al the trailing edge, Rey =2.62x 107 > Rey ¢ Hence

? 0549 W/m- K 4/5 3 .
hy = (kix}0.0296Re; pr'™ =M[0_02‘Jﬁ)(2.63x mT) (0.702)'} =124wim? K
. ' 100 m
and at x = 100 m, dT/dt=-1.47 KJs. <
The minimum ceoling rate occurs just before transition: hence, for Rey o =5x10°
s, . 5x10°x76.4x10 %m? /s <
Xe =5x107 (v/V)= =1.91'm
' 20m/s

COMMENTS: The cooling rates are very low and would remain low even if radiation were
considered, For this reason, hot strip metals are quenched by water and not by air.
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7.29 An array of electronic chips is mounted within a sealed
rectangular enclosure, and cooling is implemented by
attaching an aluminum heat sink (k= 180 W/m- K).
The base of the heat sink has dimensions of wy = w, =
100 mm, while the 6 fins are of thickness t = 10 mm
and pitch § = 18 mm The fin length is Ly = 50 mm,
and the base of the heat sink has a thickness of L, =
10 mm

If cooling is implemented by water flow through
the heat sink, with ©, = 3nys and 7., = 17°C, what is
the base temperature T, of the heat sink when power
dissipation by the chips is Py, = 1800 W? The average
convection coefficient for surfaces of the fins and the
exposed base may be estimated by assuming parallel
flow over a flat plate. Properties of the water may be
approximated as k= 0.62 W/m-K, v="7.73 X 107’
é/s, and Pr = 5.2.
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et S

/_{ // 7 //

Ly, water ., T, pir
Electronic—___ ey T
package, =TT

P |"‘— Wl

elec

+— Chips
L¢ = | LA oA “’F

Scanned by CamScanner



PROBLEM 7.29

EXNOWN: Dimensions of alurmnum heat sink. Temperature and veloaity of coelant (water) flow
through the heat cink.  Power disstpation of electronie package attached to the heat sink.

FIND: Base temperature of heat sink.

SCHEANIATIC:
p—— wy= 100 mm
t=10mm —k— —A g S5=18mm

Aluminum
T heat sink T Ta
Li=50 mm AN AN — - g
a Rb RL[)
Lb:“ll]mmf F‘CWE:"]DOmm

L
T = 17°C \ — .
u,=3mis 9= Pelec = 1800 W

ASSUMPTIONS: (1) Average convection coefficient association with flow over fin surfaces may be
approximated as that for a flat plate in parallel flow, (2) All of the electric power is dissipated by the

Leat sink (3) Transition Reyvoolds number of Reg =5 % 105. {4) Constant properties.
PROPERTIES: Given Aluminum k= 180 Wim K. Water: k=062 WmEK, v=7.73 x 1o

m¥s, Pr=52,
ANALYSIS: From the tharmal circudt,
T, -T,
q=P b~ im

glec = —Rb . Rt,o

where Ry = Ly /kpg (W xW1) = 001 m 180 W/ m-K(0.10 ma) = 56107 K/W and, from Eqs.
3.102 and 3.103,

-1
- NA
Rio ={11A1 [1 '—f(l‘ﬂf]]}
At
The fin and total surface area of the array are Ap =2wy(Ly+1/2)=0.2m(0.055 m)=0011 m® and
3 2
Ay =NAg +4y =NAgs +H(N-1)5-1)wq =6 (u.ou m')+ 5(0.008 m)0.1 m = (0.066 +0.004) = 0.070 m".

With Rey, =ugws/v=3m/sx010m/7.73x 10_?1:12 /e=38% :{IOS, lammnar flow may be assumed

over the entire surface. Hence

= (ltw 062 W/ m-K 1/2
h=| X 0.664Rel! 2 pel ' -[—m)ﬂ.ﬁﬁi(lsﬁxlﬂsl (23 maszwim®
w3 w2 010m

|"1

_ : 112
With m= {28 /1) = (:2::4-1:13 W /m? -Knsow;m-mnmm) =703m™, ml,=703m™
(0055 m) =3.86 and tanhmL. = 09991, Eq. 3.89 yields

_tanhml, _ 0.9991
ml, 386

=0.259

Contmued .. __
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PROBLEM 7.29 (Cont.)

Hence,

Q .066:112

4
RBiy= {4443 Wi’ -Kxo.o?um3[1 - (1- 0.159]}}» —00107 K/ W <

0.070m
and
Ty =T+ Petec (R #Re o) = 17°C+tsoow(5.56xm“3 +0.0107 ]r-:nv: 62c <

COMDMENTS: (1) The boundary layer thickness at the trailing edge of the fin is

B )

S=5waf {I«b:‘,h.2 }]' " =080 mm << (5-1). Hence, the assumption of parallel flow over a flat plate 15
reasomable. (2) If a finned heat sink is not employed and heat transfer 15 smply by convection from
the w1 xw base surface. the comresponding convection resistance would be 0.0225 KAW, which 15
only twice the resistance associated with the fin array. The small enhancement by the array is
anributable to the large value of I and the correspondingly small value of 1. Were a fluid such as
air or a dielectric Liquid used as the coolant, the much smaller thermal conductrvaty would yield a
smaller &, a larger ny and hence a larger effectiveness for the array.
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747 To enhance heat transfer from a silicon chip of width
W= 4 mmonaside, a copper pin finis brazed to the sur-
face of the chip. The pinlength and diameter are I, = 12
mmand D = 2 mim, respectively, and atmospheric air at
V=10mysand 7., = 300 K is in cross flow over the pin
The surface of the chip, and hence the base of the pin, are
maintained at a temperature of T, = 350 K.

= D e
Pin T R
Air fin

n

() Assuming the chip to have a negligible effect on
flow over the pin, what is the average convection
coefficient for the surface of the pin?

(b) Neglecting radiation and assuming the convection
coefficient at the pin tip to equal that calculated in
part (), determine the pin heat transfer rate.

(c) Neglecting radiation and assuming the convection
coefficient at the exposed chip surface to equal that

calculated in part (a), determine the total rate of
heat trarsfer from the chip.

(d) |Independently determine and plot the effect of
increasing velocity (10 < V=40nys) and pin
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diameter (2 = D < 4 mm) on the total rate of heat
transfer from the chip. What is the heat rate for
V=40 mys and D = 4 mn?
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FROELEAMI 7.47

EKNOWN: Dimensions of chip and pin fin  Chip temperature. Free stream velocity and temperature of
air coolant.

FIND: (a) Average pui convection coefficient, (b) Pin heat transfer mate, (c) Total heat xate, (d) Effect of
velocity and pin diameter on total heat rate.

SCHEMATIC:
T

2D =4 mm

1DsVsdOms —_ > [ =42mm /T
T=30K —
W =4 mm

Tp = 350 K

ASSUMPTIONS: (1) Steady-state conditions, (2) Ona-dimensional conduction in piny, (3) Constant
propesties, (4) Convection coefficients on pin surface (tip and side) and chip surface correspond to single
cylinder i cross flow, (5) Negligble radiation,

PROPERTIES: Trble A7, Copper (350K): k=399 WimK: Table 4.4, Air (Tr=325 K. | amm); v=
13.41 % 10* :nzr's, k=0.0282 Wim-K, Pr=0.704.
ANALYSIS: (3) With V =10m's and D=0002 m,

h P
i = VD L 10m/s x0.002m —1087

Vo 1841x10 O mi/s

Using the Churchill and Bernstein correlations, Eq. (7.54),

v 445
- 1/2 5 1/3 5/8
Nup < 03+ —C02reD” Br [1+ Rep ~167
913 U4|_ 282,000
[1+(04/pr) |

h = (Nupk/D)=(16.7x 0.0282 W/m-K/0.002m) = 235 W/m? K <

(b) Feor the fin with tip convection and

. 2 172 2 3 172
M=(h:ernrD /4) ﬁu=(ﬂf2)[235“'/m K(0.002m) mwjm.x] 50K =2.15W

1/2
m=(ER/ka, ) = (4 235W/ -K/399me-mo.oozm) =343
mL =343m™1 (0.012m)= 0412
(B k) -(2351-.5',/“12 K/343m™ 399W/m-K | =0.0172.

The finheat rate is
sinhml, + [ﬁfmk)cosh mL
coshmL +( h/mk )sinhmL

=0.868W . <

Continued...
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PROBLEM 7.47 (Cant.)
(c) The total heat rate 15 that from the base and through the fin,

q=qy +0q5 =H(w2 —frnz,'f-;]ﬂb +qp = (0.151+0.868) W = 1.019W . <

{d) Using the THT Extended Surface Model for 2 Pin Fin with the Correlations Tool Pad for a Cylinder in
crossflow and Properties Tool Pad for Alr, the following results were generated,

z 3
- I
18 P 1k L]
z bt g
s 15 e g L2 _’._,,...L-"'"#
k - :
2 - ,.l/ b 1B
; I
3 / 2
= e 14
12 /. il T
a1
v R
! 2 24 28 az as 4
10 20 ki 2

; Fin ctametar, Cymmy
Freastream velosty, Vim's)

== U = {0m's
— =2 W ==\ = 40 m'S

Clearly, there 15 sigruficant benefit associated with increasing V which wncreases the convection
coefficient and the total heat rate. Althongh the convection coefficient decreases with increasing I, the
increase in the total heat transfer surface area 1s sufficient to vield an increase mn q with increasmg D. The
maxinm heatrate 15 q=2.77 Wior V=40m's and D=4 mm_

COMMENTS: Radiation effects should be negligible, althongh tip and base convection coefficients wall
diffar from those calculated in parts (a) and (d).
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7.78 A spherical thermocouple junction 1.0 mm in diameter
is inserted in a combustion chamber to measure the
temperature T, of the products of combustion. The hot

gases have a velocity of V = 5 mys.

i

| Combustor
wall, T,

—_—
Combustion ~ Thermocouple
gases, V, T : (] junction, D, T

(@) If the thermocouple is at room terperature, T;, when
it is inserted in the chamber, estimate the time
required for the temperature difference, T, — T, to
reach 2% of the initial terperature difference, 7. —
T. Neglect radiation and conduction through the
leads. Properties of the thermocouple junction are
approximated as k= 100 Wm- K, ¢ = 385]/kg - K,
and p = 8920 kg/nt, while those of the combustion
gases may be approximated as k= 0.05 W/m- K,
v = 50 X 107° /s, and Pr = 0.69.

(b) If the thermocouple junction has an emissivity of
0.5 and the cooled walls of the combustor are at
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(©)

T, = 400 K, what is the steady-state temperature of
the thermocouple junction if the combustion gases
are at 1000 K? Conduction through the lead wires
may be neglected.

To determine the influence of the gas velocity on
the thermocouple measurement error, compute the
steady-state termperature of the thermocouple junc-
tion for velocities inthe range 1 = V= 25 nys. The
emissivity of the junction can be controlled through
application of a thin coating. To reduce the measure-
ment error, should the emissivity be increased or
decreased? For V = 5 nys, compute the steady-state
junction temperature for emissivities in the range
01=¢=1.0.
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PROBLEM 7.78

KXNOWXN: Velocity and temperature of combustion gases. Diasmeter and emissivity of thermarouple
Junction. Combustor temperature.

FIND: () Time to achieve 98% of maximum thermocouple temperature nise, (b) $teady-state
thermocouple temperature, (c) Effect of gas velociry and thermocouple emissivity on measutement eror.

SCHEMATIC:

12V<25mls o

T =1000K ——

T,= 400K

ASSUMPTIONS: (1) Validity of lumped capacitance analysis, (2) Constant properties, (3) Negligible
conduction through lead wires, (4) Radiation exchange between small surface and a large enclosure (parts
b and ¢).

PROPERTIES: Thermocouple (given): 0.1 <e< 1.0, k=100 WimK, c =385 JkoK, p=_8920 kg/m’;
Gases (given): k=005 WimK, v=50x 10° m¥/s, Pr= 0.69.
ANALYSIS: (a) If the lumped capacitance analysis may be used, it follows from Equation 5.5 that
(= 2V 5T DAy 50).
hA, T-Tgy 6h
Neglecting the viscosity ratio correlation for variable property effects, use of V=35 m's with the Whitaker
correlation yields

- B - VD 5 0.001
=2 =(]:|ka} =1+(U.4Regz+0-ﬂ'53€?ﬁb)ho"‘ Yo - mfs[-d ;ll) =100
v 50x10 Tms
__”-'“; ;';fl s [z +{04(100)""* +0.06(100)*"> )(0-69)0'4] =328W/m’ X
; m

Since Bi= i{rn fS)jk =55 x 10, the lumped capacitance method may be used. Hence,

h=

0.001m(8920ke /1’ |385 }fice K
t=

5 In(50)=6.83s <
6x328 W/m" K

(b) Performing an energy balance on the juniction and evaluating radiarion exchange from Equation 1.7,
Geomr = Qg Henee, withe =05,

BA, (TI—T}=£A50[T4—TEI)

L _5' T 2_ >4
0.5x5.67x10 'f»/m K [T4-(400)1K4.
328W/m? K

(1000-T)K =

T=936K <
(c) Using the IHT First Law Model for a Solid Sphere with the appropiate Correlafion for external flow
from the Tool Pad, parametric calculations were performed to determine the effects of V and £, and the

following results were obtained, .
Continued. ..
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PROBLEM 7.78 (Cont.)

100 0ot
h
5]
€ £
F = h
g ] s e A
2 e S e 5 .
Ju W .~
4 . ? 830 "‘_h
lE // - \"'-
7 . &0 .,
T
=
€00 &80
[} 5 10 15 20 25 ci D2 03 ©4 0% D& 07 08 0B 1
Velocity. Wimis) Emaswry
— Ervssivty, epsion = 0.5 — Veloaity, V=5 mis

Since the temperature recorded by the thermocouple junction increases with increasing V and decreasing
&. the measurement error, Ty, - T, decreases with increasing V' and decreasing €. The error is due to net

radiative transfer from the junction (which depresses T) and hence should decrease with decreasing e.
For a prescribed heat loss, the temperature difference (T - T) decreases with decreasing convection

resistance, and hence with ineraaging h(V).

COMMENTS: To infer the acmal gas temperature (1000 K) from the measured result (936 K),
correction would have to be made for radiation exchange with the cold surroundmgs.
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7.79 A thermocouple junction is inserted in a large duct to
measure the termperature of hot gases flowing through

the duct.
r Duct i —‘
“Hot - ases
@xu__g__ o Thermocouple
‘ P Ijunction
g —_—
—

(a) If the duct surface temperature 7; is less than the
gas temperature T, will the thermocouple sense a
temperature that is less than, equal to, or greater
than T,;? Justify your answer on the basis of a simt
ple analysis.

(b) A thermocouple junction in the shape of a 2-mm
diameter sphere with a surface emissivity of 0.60 is
placed in a gas stream moving at 3 nys. If the ther-
mocouple senses a temperature of 320°C when the
duct surface temperature is 175°C, what is the
actual gas temperature? The gas may be assurmed to
have the properties of air at atrnospheric pressure.

(c) |How would changes in velocity and erussivity
affect the temperature measurerment exror? Deter-
mine the measurement error for velocities in the
range 1 = V= 25nys (¢ = 0.6) and for emissivi-
ties inthe range 0.1 = ¢ = 1.0 (V= 3 1my5s).
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PROBLEM 7.79

KNOWN: Diameter, emissivity and temperature of a thermocouple Junction exposed to hot gases
flowing through a duct of prescribed surface temperature

FIND: (a) Relative masmitudes of gas and thermocouple temperatures if the duct surface temperature is
less than the gas remperature, (b) Gas temperature for preseribed conditions, (¢) Effect of Velocity and
ermssivity On measurement emor.

SCHEMATIC:
Duct

N
Goonv _/qmd \_ Ts=175°C

T , —> 1) —— Themotcoupk junction,

g - = -
V=3ms — = T;= 320°C, D=0.002m, =06

ASSUMPTIONS: (1) Steady-state conditions, (2) Junction is diffuse-gray, (3) Duct forms a large
enclosure about the junction, (4) Negligible heat transfer by conduction through the thermocouple leads,

(5) Gas properties are those of atmosphenc air.
PROPERTIES: Table A4, Air (T~ 650K, 1 atm): ¥=6021x 10" m'/s, k = 0.0487 Wim K. Pr=
0.690, | = 322.5 x 107 Nsm’; Air (T) = 593 K. 1 atm); p =304 x 107" N-s/nd”.
ANALYSIS: (a) From an energy balance on the thermocouple junction, qegny = dgad - Hence,
(g—5) (1—s)
= Y 4_d . E _[rd o4
BA(Tg-Ty)=eoA[T/-T) o Tg-Tj=Zo(T}-T).
I T.<T; it follows that T; < Ty, <

(b) Neglecting the variable property correction, (,Mf Lt )”4 = {32.?‘!_5]_’5':)-1)1J“4 =1.01 ~ 100, and using

VD _ 3m/s(0.002m) ~100
v 6021x10 0 m?fs

Rep

the Whitaker correlation for a sphere gives
E:W{m[u.a(mo)” 2 4 0.06(100)>' 3](0.69}0-“}=163w m” K.
0.002m
Hence
(T ~593K) = —— 5671078 mez—K4[(593I{)4—[:44SK)4:|=I'?K
163W/m? K

T, =610K=337°C. <

(c) With T, fixed at 610 K, the THT First Law Model was used with the Correlations and Praperties Tool
Pads to comypmte the measurement e1or as a fiunetion of V and 2.

Continued...
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PROBLEM 7.79 (Cont.)

25
B A
E 0 \
2 N
o 15
: N
i 12 b

_‘ll.._.h_-
E “‘-h_.____‘_-
2 s
2
Q
0 [ 10 15 b 25
Weloaty. Vimis)

Since the convection tesistance decreases with increasing V, the junction temperature will approach the
gas temperature and the measurement error will decrease. Since the depression in the junction
temperature 15 due to radiation losses from the junction to the duct wall, a reduction 1n £ will reduce the

measurement error.

COADMENTS: Inpart (b), caleulations could be impraved by evaluating properties at 610 K (instead of

650 K).
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7.125

Dry air at 20°C and a velocity of 15 1y's flows over a
20-mm+-diameter rod covered with a thin porous coat-
ing that is saturated with water. The rod (k= 175
W/m- K) is 250 mm long and its ends are attached to
heat sinks maintained at 35°C.

— Rod with porous coating,
A D =20 mm

Heat sink

Dry air T, = 35°C
V=15m/s
T = 20°C

Perform a steady-state, finite-difference analysis of the
rod-porous coating system, considering conduction in
the rod as well as energy transfer from the surface by
convection heat and mass transfer. Use the analysis to
estimate the temperature at the midspan of the rod and
the evaporation rate from the surface. (Suggestions:
Use 10 nodes to represent the half-length of the system

Scanned by CamScanner



Estimate the overall average corwection heat transfer
coefficient based on an average film temperature for the
system, and use the heat-mass transfer analogy to
determine the average corwection mass transfer coeffr
cient. Validate your code by using it to predict a tem:
perature distribution that agrees with the analytical
solution for a fin without evaporation.)
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PROBLEM 7.125 (Cont.)

where all properties are evaluated at Tg. The density of water vapor, PA 5,m - 3s well as the heat of

vaporization. by 5, . must be evaluated at the nodal temperature Te.

Using the IHT Correlation Tool. External Fiow, Cylinder, an estimate of hpy = 101 Wi K was
obrained with Tf =298 5 K (based upon assumed value of Ty =27°C). From the analogy, Eq. (4), find
that ED,m =0.0772m’s. Using the IHT Morfspace, the finite-dafference equations, Eq. (1), were

entered and the remperature distnburion (K, Case 1) determumed as 1abulated below. Using thas same code
with hbp =1.0x 107 m's, the temperature distribution (K. Case 2) was obtained. The results

compared identically with the analytical sohation for a fin with an adiabatic tip using the JHT Afodel,
Extended Surface, Rectangular Pri Fin,

Case T1 T,

1 287 28712
2 3003 3004

T: Ty Ts Ts T: Ts Ta T Ty <

287.6 2883 2894 2909 2029 2954 12986 3027 308
3006 3009 3014 3021 3028 3058 305 364 308

The evaporation rate obtained by summing rates from each nodal element including node bis

na ror =1.08%107 kefs <
COMMENTS: A copy of the JHT orkspace used to perform the above analysis 15 shown below.

Jf Hodal finite-difference equations (Cnly Nodes 1, 2 and 10 shown):

K Ac* (T2-T1)/ delx - mdot! *higl + hbar * P*deb * (Tinf- T1) + k* Ac * (T2 - T1) fdleix = 0
mudet] = hrebar * P geix ® rhoAl

K*Ac*(TI-T2)/ dslx - mdot? * hig2 + hbar * P = cedx " (Tinf - T2) + k= Ac *(T1 - T2) idelx = 0
mdct? = hrobar * P * gelx *rhoA2

mdot10 = hmbar * P * delx * thoA10

Jf Evaporation Rate:

et = mdotd/2 + mdotZ + mdetd + mdot4 + mdatS + mdotf + mdelT = mdotd + mdatd + maotil + mdell
mdats = Ambar * P ¥ dakeD * thalb

Jf Propertiea Tool - Water Wapor, rhoAm and hfgm
If Water property functions T dependence, From Table A B

Jf Units: T(K). p{lars);

x=1 1f Quaity (0==at liquid or 1=3at vapor)
thoA1 = rho_Tx(™Waler" T1,z) If Bensity, kgm*2

hfg1 =hig_T{"Water™ T1) If Hzat of vaporizaton, Jg

thoAZ = rho_Tx(Waler' T2,x) If Density, kg'm*3

hfg2 = hig_T{"Water' T2) If Heat of vaporization, Jikg

rhod 10 = rho_Tr(Yaler, T10x) i Denaity, kg'm™3

n310 = hfg_T{mwatar T10) If Heat of vaporization, Jikg

fhadb = rho_Tx[Water, Th,x) If Density, ko'm?3

hfgh = hfg Ti"Water, Th) If Heat of vaporization, Jikg

Jf Assigned Vanables

Ac=m=D'2H if Cross-zectional area, m'2

P=pi'D If Perimetes, m

D=0020 I Diarneter, m

delx=012510 If Spatia increment, m

k=172 If Thermal conduclivity, Wim.K

Th =35 +273 I Base temperalure, K

Tinf=20+ 273 {f Fluid t=mnperature, K

hmbar =0.07712 If Average mass transfer coefficient, m/s
hbar =101 If Average heat transfer coeficient VWi 2.K
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