SUGGESTED PROBLEMS CH 7

7.7 Consider atmospheric air at 20°C and a velocity of 30 m/s flowing over both surfaces of a 1-m-
long flat plate that is maintained at 130°C. Determine the rate of heat transfer per unit width from

the plate for values of the critical Reynolds number corresponding to 105, 5 x 105, and 10°.

7.8 Consider laminar, parallel flow past an isothermal flat plate of length L, providing an average
heat transfer coefficient of 4, . If the plate is divided into N smaller plates, each of length Ly = L/N,

determine an expression for the ratio of the heat transfer coefficient averaged over the N plates to
the heat transfer coefficient averaged over the single plate, A

by
7.10 (][} Consider a flat plate subject to parallel flow (top and bottom) characterized by u, = 5
m/s, Ty = 20°C.

(a) Determine the average convection heat transfer coefficient, convective heat transfer rate, and
drag force associated with an L = 2-m-long, w = 3-m-wide flat plate for airflow and surface
temperatures of T = 30°C and 80°C.

(b) Determine the average convection heat transfer coefficient, convective heat transfer rate, and
drag force associated with an L = 0.1-m-long, w = 0.1-m-wide flat plate for water flow and surface
temperatures of T = 30°C and 80°C.



PROBLEM 7.7

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 ¢ = 105, 3% 105 and 106.

SCHEMATIC:

e & m—7%:£|wo ‘
T.=20¢ —* l
p-' 1 arm |—) X * Lol

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

PROPERTIES: Table A-4, Air (T¢ = 348K, 1 atm): p = 1.00 kg/m°, v = 20.72 x 10" m/s,
k = 0.0299 W/m-K, Pr = 0.700.

ANALYSIS: With
_Upl 30m/s x Im

Rep = -2~ = 5 —=145x10°
v 20.72x10"m"/s

the flow becomes turbulent for each of the three values of Rey .. Hence,
Nuy, =(0.037 Ref/* -A) '
A =0.037 Ref3 —0.664 Rel/2

Rey ¢ 10° 5x10° 10°
A 160 871 1671
Nu, 2645 2014 1303
b (W/m2 K) 7922 60.2 39
q(Wm) 17,420 13,270 8595

where q'=2hy L(T; - Ty, ) is the total heat loss per unit width of plate.

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



PROBLEM 7.8

KNOWN: Length of isothermal flat plate in parallel flow, L.

FIND: Expression for the average heat transfer coefficients for N plates each of length Ly = L/Nto
the average coefficient for the single plate.

SCHEMATIC:
T Uy
T, u,

— i
i ]
e )

[ L i —_—

— Ly=LIN =—

(N = 3 is shown)

ASSUMPTIONS: (1) Laminar flow, (2) Constant properties.
ANALYSIS: For the single plate, Equation 7.30 applies

Nur = h"}:L = 0.664Rel*Pr'"> or  hzy=(k/L)0.664Re}*Pr'> (1)
For the multiple plates,
Nury = @%‘LN =0.664Re;>Pr'”> where Ly=L/N and Re, =Re,/N (2a, b, ¢)

Combining Equations 2a, 2b and 2c yields
hiy = %0.664(3@4@” P (3)
Dividing Equation 3 by Equation 1 yields

hin/hpy=N'"? <

COMMENTS: (1) By breaking the single plate into shorter segments, the average boundary layer
thickness is reduced, resulting in an increase of the average heat transfer coefficient. This is an
effective strategy for heat transfer enhancement. (2) If the boundary layer over the single plate is not
completely laminar, breaking it into shorter segments may or may not result in an increase in the
average heat transfer coefficient since the turbulent section of the boundary layer over the single plate

may be eliminated. (3) The relationship for completely turbulent flow is % L,/ hr =N' | revealing

less sensitivity to the plate length than for laminar conditions.



PROBLEM 7.10

KNOWN: Dimensions and surface temperatures of a flat plate. Velocity and temperature of air
and water flow parallel to the plate.

FIND: (a) Average convective heat transfer coefficient, convective heat transfer rate, and drag
force when L=2 m, w=2 m. (b) Average convective heat transfer coefficient, convective heat
transfer rate, and drag force when L =0.1 m, w=0.1 m.

SCHEMATIC:
T, =30°C or 80°C

u_,=5m/s // u,=5m/s —b‘/ /4
. =20°C . =20°C
w=3 w=01m

Air, 1 atm - / Water —», /
le— L=2m — ——L=01m —»

(a) Air (b) Water

ASSUMPTIONS: (1) Steady-state conditions, (2) Boundary layer assumptions are valid, (3)
Constant properties, (4) Transition Reynolds number is 5 x 10°.

PROPERTIES: Using /HT, Air (p = 1 atm, T;= 25°C = 298 K): Pr=0.708, k= 26.1 x 10°
W/mK, v=1571 x 10° m%s, p=1.171 kg/m’. Air (p=1 atm, T;=50°C =323 K): Pr=0.704,
k=28.0 x 10° W/mK, v=1.82 x 10° m%s, p = 1.085 kg/m’. Water (T;=298 K): Pr=6.15,
k=0.610 Wm-K, v=28.99 x 107 m%s, p=997 kg/m’. Water (T;= 323 K): Pr=3.56,
k=0.643 W/m-K, v=>5.543 x 107 m%/s, p = 988 kg/m’.

ANALYSIS:
(a) We begin by calculating the Reynolds numbers for the two different surface temperatures:
u,L _ S5m/sx2m

vi 1571 x10° m*/s
Rey, = Sxlb o SWSX2M g 40, 105

V, 1.82 x 10” m“/s
Therefore, in both cases the flow is turbulent at the end of the plate and the conditions in the
boundary layer are “mixed.”
The average drag coefficient can be calculated from Equation 7.40. For the first case,

Cir1 =0.074 Re;'f’ - 1742 Rej},
=0.074(6.37 x 10°)15-1742(6.37 x 10°)'=2.37 x 107

=637 % 10°

ReLl

Then
By = (_:f,LI% pulA,=237x10 x % x 1.171 kg/m® x (5 m/s)*x 12 m?

=0417N <

Continued...



PROBLEM 7.10 (Cont.)

The average Nusselt number is calculated from Equation 7.38, with A = 871 for a transition
Reynolds number of 5 x 10°.

Nur; = (0.037 Rej” - 871) Pr'
=[0.037(6.3? x 10%)%5. 871](0.708)”3= 673.
Then

hii = Nupk/L = 673 x 26.1 x 10> W/m-K/2 m =8.79 W/m? -K <
and

q, = hiiA (T, - T,)=8.79 W/m* -K x 12 m* x (30°C - 20°C) = 1055 W <

Similarly for T, = 80°C we find
Fp, =0.227 N, hro=7.16 W/m*K, q, = 3440 W <

(b) Repeating the calculations for water
u,L _ Sm/sx0.1m

v 899x107 m’/s
Re;, =9.02 x 10°

Re,, = =556 x10°

The flow is turbulent at the end of the plate in both cases.
Cerr = 0.074(5.56 x 10°)13- 1742(5.56 x 10°)1=2.12 x 1073

Fp; =2.12 x 107 x 1/2 x 997 kg/m* x (5 m/s)*x 0.02 m? =0.528 N <
Nup = [0.03?(5.56 x 10%)*3- 8?1](6.15)”3= 1079

hri = 1079 x 0.610 W/m-K/0.1 m = 6583 W/m” -K <
q, = 6583 W/m? -K x 0.02 m? x (30°C -20°C) = 1317 W <

For the higher surface temperature,

Fp: =0.700 N, hr2= 12,600 W/m*K, q, = 15,100 W <

COMMENTS: (1) For air, kinematic viscosity increases with increasing temperature. This
decreases the Reynolds number which causes the transition to turbulence to move downstream,
thereby decreasing the drag force and average heat transfer coefficient. The heat transfer rate
increases for the higher surface temperature, however, because of the greater temperature
difference between the surface and air. (2) For water, kinematic viscosity decreases with
increasing temperature, causing the opposite trends as for air. The heat transfer rate increases
dramatically for the higher surface temperature because of the increases in both the heat transfer
coefficient and temperature difference. (3) Even though the water flows over a plate that is 600
times smaller, the drag force and heat transfer rate are larger than for air because of the smaller
viscosity and greater density, thermal conductivity, and Prandtl number. (4) The problem
highlights the importance of carefully accounting for the temperature dependence of thermal
properties.



7.22 ([ 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 w; = w, = 100 mm, while the 6 fins are of thickness t = 10 mm and pitch S =

18 mm. The fin length is Lf= 50 mm, and the base of the heat sink has a thickness of Ly = 10 mm.
—| t j— fe—st—S

L~ Chips

Water w_, 7. /
Electronic —7/ < ' B
package, :.IH\_.'.‘” .... A

W >
Pelec b 1 A

If cooling is implemented by water flow through the heat sink, with u,, = 3 m/s and T, = 17°C, what
is the base temperature T}, of the heat sink when power dissipation by the chips is Pgjec = 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, p = 995 kg/m3, ¢, = 4178 J/kg - K, v = 7.73 x 1077 m?/s, and Pr = 5.2.



PROBLEM 7.22

KNOWN: Dimensions of aluminum heat sink. Temperature and velocity of coolant (water) flow
through the heat sink. Power dissipation of electronic package attached to the heat sink.

FIND: Base temperature of heat sink.

SCHEMATIC:
f—>— w,; =100 mm
t=10mm —k— — k— S=18mm

Aluminum
T heat sink Ty T
Lf =50 mm ._/\NV\_._/V\/\/\_A —_— q
A Rp Rto
Lb=10mmf 7 W> =100 mm

Tb \
e, Q= Paiec = 1800 W
Up=3m/s

ASSUMPTIONS: (1) Average convection coefficient associated 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

heat sink, (3) Transition Reynolds number of Rey o =5 x 105, (4) Constant properties. (5) Water
temperature is nearly constant as it flows through the array.

PROPERTIES: Given. Aluminum: kps = 180 W/m-K. Water: ky, =0.62 Wm-K, v="7.73 x 10-7

mzfs, Pr=5.2.
ANALYSIS: From the thermal circuit,
Ty, - T,
q="Pelec = =
Rb + Rt,O

where Ry, = Ly, /Ky (g x W, ) =0.01m/180 W /m-K (0.10 m)* = 5.56x10> K /W and, from Egs.
3.107 and 3.108,

Rio = {HA.[ [1— NA—‘A?’(l - qf)]}_l

The fin and total surface area of the array are A =2w, (Lg +t/2)=0.2m(0.055 m) = 0.011 m? and
A =NAg+ Ay =NA; +(N-1)(S-t)w, = 6(0.01] m2)+5(0.008 m)0.1 m = (0.066 +0.004) = 0.070 m.

With Re,, =u,wy /v =3m/sx0.10m/7.73x10" m* /s =3.88x10°, laminar flow may be assumed

over the entire surface. Hence

- |k 0.62W/m-K 1/2
b =(—W}U.664ch2 pr'/3 =(7m)0.664(3.88x105) (52)'% =4443W/m? -K
Wo 2 0.10 m

— 1/2
With m=(2h/khst)”2=(2x4443Wlm2-KHSOWIm-KxU.O]m) =703m ', mL, =703m""

(0.055m) =3.86 and tanh mL_ =0.9991, Eq. 3.95 yields

7 = tanhmL, _ 0.9991 ~ 0259 Continued ...
mL, 3.86




PROBLEM 7.22 (Cont.)

Hence,

0.066m>

-1
(1—0.259)}} =0.0107 K/ W

R, , =1{4443W/m” -Kx0.070m” | 1-
0.070m*

and
Tp = Too +Pelec (Rp +R¢,0 ) = 17°C+1800w(5.56><10‘3 +0.0107 )wa =462°c <

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

1/2
8 ="5w, I(Rcw2 ) =0.80 mm << (S—t). Hence, the assumption of parallel flow over a flat plate is

reasonable. (2) If a finned heat sink is not employed and heat transfer is simply by convection from
the w, x w, base surface, the corresponding convection resistance would be 0.0225 K/W, which is
only twice the resistance associated with the fin array. The small enhancement by the array is
attributable to the large value of h and the correspondingly small value of 7;. Were a fluid such as
air or a dielectric liquid used as the coolant, the much smaller thermal conductivity would yield a
smaller h, a larger n; and hence a larger effectiveness for the array. (3) The water outlet temperature
may be calculated based the energy balance, g = mc, (T, - Tii) OF T = 17°C + 1800 W/(5 %
0.008m x 0.05m x 3 m/s x 995 kg/m’ x 4178 J/kg'K) = 17.07°C where there are N =5 channels. (The
density and specific heat are evaluated at Pr = 5.2.) The assumption of constant water mean

temperature is excellent. (4) If'the increase in the water temperature was significant, an approach
described in Chapter 11 would be needed to analyze the problem. See Problem 11.69.

7.30 Consider atmospheric air at uco = 2 m/s and Too = 300 K in parallel flow over an isothermal
flat plate of length L =1 m and temperature Ts = 350 K.

(a) Compute the local convection coefficient at the leading and trailing edges of the hot plate
with and without an unheated starting length of £ =1 m.

(b) Compute the average convection coefficient for the plate for the same conditions as part (a).

(c) Computer Icon Plot the variation of the local convection coefficient over the plate with and
without an unheated starting length.



PROBLEM 7.30
KNOWN: Conditions for airflow over isothermal plate with optional unheated starting length.

FIND: (a) local coefficient, h,, at leading and trailing edges with and without an unheated starting
length, £ =1 m, (b) average convection coefficient for same conditions, (c) variation of local convection
coefficient over plate with and without unheated starting length.

SCHEMATIC:

I~ I LA
— - |

E=1m

|.7 Unheated 4.| L=2m

starting length

— 6[
:/ b
Te= 350K
< “
L |

No starting length L=1m

PROPERTIES: Table A.4, Air (T;=325K, 1atm): v=18.4 x 10°® InZ/S, Pr=10.703, k= 0.0282
W/mK.

ANALYSIS: (a) The Reynolds numberat&=1mis

Rey = ot 2MVSXIM___; 5g7,105
v 18.4x10~0m?/s
IfRe, . = 5 x 10°, flow is laminar over the entire plate (with or without the starting length). In general,
1/245.1/3
Nuy = 0.332Rey “ Pr 1)
37473
]
(O.332k pr/3 )Rey 2 Rel/2
hy, = =0.00832W/m-K X .
343 343
x| 1-(&/x) x| 1-(&/x)
With Unheated Starting Length: Leading edge (x=1m): Re, =Re;, &/x=1,h, =0 <
Trailing Edge (x = 2 m): Rey = 2Reé: =2.17x10° , &x=05
5 1/2
(2.17><10 ) ,
h, =0.00832 W/m-K o =261W/m? K <
2m[1—(0.5)3"4]

Continued...



PROBLEM 7.30 (Cont.)
Without Unheated Starting Length: Leading edge (x =0): h, = <
Trailing edge (x = 1 m): Re, = 1.087 x 10°

5\1/2
(1.08?)(10 )

hy =0.00832W/m-K =274W/m?.K <

(b) The average convection coefficient HL for the two cases in the schematic are, from Eq. 6.14,
= 1L
hp =f-[0 hy (x)dx )

where L is the x location at the end of the heated section. Substituting Eq. (1) into Eq. (2) and
numerically integrating, the results are tabulated below:

£ (m) h, (L)(W/m™K) hp (W/m>K)
0 2.74 541
1 2.61 422

<
(c) The variation of the local convection coefficient over the plate, with and without the unheated starting
length, using Eq. (1) is shown below. The abscissa is x - £.

20 1
=3 1
&
£ \
3 \
E
= A\
= 10
8 \
S
8
§ R
—
(]
] 0.2 0.4 0.6 0.8 1
Distance, x - zeta (m)
—— Without starting length
—&— Unheated starting length, zeta = 1 <

7.34 Consider the following fluids, each with a velocity of V = 3 m/s and a temperature of T, =
20°C, in cross flow over a 10-mm-diameter cylinder maintained at 50°C: atmospheric air, saturated
water, and engine oil.

(a) Calculate the rate of heat transfer per unit length, q', using the Churchill-Bernstein correlation.

H3 Generate a plot of q' as a function of fluid velocity for 0.5 < V < 10 m/s.



PROBLEM 7.34
KNOWN: Cylinder diameter and surface temperature. Temperature and velocity of fluids in cross flow.

FIND: (a) Rate of heat transfer per unit length for the fluids: atmospheric air and saturated water, and
engine oil, for velocity V =3 m/s, using the Churchill-Bernstein correlation, and (b) Compute and plot
q' as a function of the fluid velocity 0.5 <V < 10 m/s.

SCHEMATIC:

Air, water,
or oil
T.=200C Ts=50°C

v=3m/
ms —_ D=0.01m

ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform cylinder surface temperature.

PROPERTIES: Table 4.4, Air (T;=308 K, 1 atm): v =16.69 x 10° m%s, k = 0.0269 W/m-K, Pr=
0.706; Table A.6, Saturated Water (T;= 308 K): p =994 kg/m’, p =725 x 10" N-s/m’, k = 0.625
W/m-K, Pr=4.85; Table A.5, Engine Oil (T;=308 K): v=340x 10° m¥/s, k = 0.145 W/mK, Pr =
4000.

ANALYSIS: (a) For each fluid, calculate the Reynolds number and use the Churchill-Bernstein
correlation, Eq. 7.54,

B 4/5
— WD 0.62Rels 2 pr!/3 Rep )'°
Nup =—=0.3+
k /34 282,000
1+(0.4/Pr)
Fluid: Atmospheric Air
VD 3m/s)0.01
Rep =—= (ms) 5 1;/ =1797
v 16.69x10°m*/s
4/5
— 0.62(1797)2 (0.706)'/3 1797 3
Nup =03+ 1+ =215
; 234 282,000
1+(0.4/0.706)
— k—  0.0269W/m-K
h =X Nup = 2820OWmM K, 5 s ow/m? K
D 0.01m
'=hzD = 2 °C= <
q'=hzD(T, - T, ) =57.9W/m?* -K 7 (0.01m)(50-20)° C = 54.6 W/m
Fluid: Saturated Water
VD 3m/s)0.01
Rep =~ = im*sg Z;m — =41,130
V. 725x10"°N-s/m?/994kg/m
475
1/2 1/3 5/8
— 0.62(41,130)"* (4.85 41,130
Nup = 0.3+ ( )7 (4385) 1+ =252
282,000

[1 +(0.4/4.85)*" TM

Continued...



PROBLEM 7.34 (Cont.)

Ve = 0.625W/m K

Rk 252=15,730W/m*-K q' =14,830 W/m <
D 0.01m

Fluid: Engine Oil

/
ReD:E— (3m/s)0.01m _882

V. 340x10 % m?%/s

415
— 0.62(88.2)"'% (4000)"' gg2 \'®
Nup =0.3+ 1+ =932
o023 T2 282,000
[1+(0.4;4000) ]
_ k— _0145W/m-K
B =~ Nup = >R 935 1350 W/m? - K q' =1270 W/m <

0.0Im

(b) Using the IHT Correlations Tool, External Flow, Cylinder, along with the Properties Tool for each
of the fluids, the heat rates, q', were calculated for the range 0.5 <V < 10 m/s. Note the q' scale

multipliers for the air and oil fluids which permit easy comparison of the three curves.

__ 40000
E
=
£ 30000
.g_ /
z = —

- 20000 —
§ | _——2r]
m ——
=
& 10000 | ——
£ —
‘E 1 | _———T 9
T 1|

0
0 2 4 6 8 10

Fluid velocity, V (m/s)
—e— Air-q™100
COMMENTS: (1) Note the inapplicability of the Zukauskas relation, Eq. 7.53, since Pr,; > 500.

(2) In the plot above, recognize that the heat rate for the water is more than 10 times that with oil and 300
times that with air. How do changes in the velocity affect the heat rates for each of the fluids?



7.36 A long, cylindrical, electrical heating element of diameter D = 12 mm, thermal conductivity
k =240 W/m - K, density p = 2700 kg/m3, and specific heat cp = 900 J/kg - K is installed in a
duct for which air moves in cross flow over the heater at a temperature and velocity of 30°C and
8 m/s, respectively.

(a) Neglecting radiation, estimate the steady-state surface temperature when, per unit length of
the heater, electrical energy is being dissipated at a rate of 2000 W/m.

(b) If the heater is activated from an initial temperature of 30°C, estimate the time required for
the surface temperature to come within 10°C of its steady-state value.



PROBLEM 7.36

KNOWN: Initial temperature, power dissipation, diameter, and properties of heating element. Velocity
and temperature of air in cross flow.

FIND: (a) Steady-state temperature, (b) Time to come within 10°C of steady-state temperature.
SCHEMATIC:

Heating element
T,=303K

k = 240 W/m-K

p = 2700 kg/m?
cp = 900 Jlkg-K

ASSUMPTIONS: (1) Uniform heater temperature, (2) Negligible radiation.

PROPERTIES: Table A.4, air (assume T;~ 450 K): v=32.39 x 10° mzfs, k=0.0373 W/m-K, Pr=
0.686.

ANALYSIS: (a) Performing an energy balance for steady-state conditions, we obtain
Qeony = h(7D)(T - Ty, ) = Pajec =1000W/m
With
8m/s)0.012
RCD=E= ( l'I'lI,JS) 5 I; =2964
v 3239x10 % m?/s

the Churchill and Bernstein correlation, Eq. 7.54, yields

B 0.60Rel/2prl/3 e /8]
Nup =0.3+ D + D
7/3 14 282,000
[1 +(0.4/Pr) }
4/5
1/2 1/3 5/8
o 0.62(2964 0.686
Nup =0.3+ ( ) ( ) + 2964 =27.6
23 M4 282,000
[1 +(0.4/0.686) il
ho X Nup < CBBWmMK o gs7w/m? K
D 0.012m
Hence, the steady-state temperature is
4 /
T=T, +elec 303K + 1000 W/m =612K <

#Dh 7(0.012m)85.7W/m? K

(b) With Bi = Efo /k = 85.7 W/m*K(0.006 m)/240 W/m-K = 0.0021, a lumped capacitance analysis may
be performed. The time response of the heater is given by Eq. 5.25, which, for T; = Ty, reduces to

T=T, +(b/a) [l —exp(—at)]



7.43 In a manufacturing process, long aluminum rods of square cross section with d = 25 mm are
cooled from an initial temperature of T; = 400°C. Which configuration in the sketch should be used
to minimize the time needed for the rods to reach a safe-to-handle temperature of 60°C when
exposed to air in cross flow at V= 8 m/s, Ty, = 30°C? What is the required cooling time for the
preferred configuration? The emissivity of the rods is € = 0.10 and the surroundings temperature is
Tgur = 20°C.

V. T




PROBLEM 7.43

KNOWN: Dimension and initial temperature of long aluminum rods of square cross-section.
Velocity and temperature of air in cross flow. Rod emissivity and surroundings temperature.

FIND: Which orientation of the rod relative to the cross flow should be used to minimize the time
needed for the rods to reach a temperature of 60°C. Required cooling time for preferred configuration.

SCHEMATIC:

d =25mm
V=8m/s —— i
— T,.=20°C
T,=30°C
— (I
e
T,=400°C
£=0.10

ASSUMPTIONS: (1) Constant properties.

PROPERTIES: Table A-4, Air (T=400K): v=26.41x 10° m%s, k= 0.0338 W/m-K, Pr=0.690.
Table A-1, Pure aluminum (7= 500 K): p, = 2702 kg/m’, ¢, = 991 J/kg:K, k, = 235 W/mK.

ANALYSIS: The heat transfer coefficient can be calculated from Equation 7.52, with the dimension
D defined differently for the two configurations, as shown in Table 7.3. When the air flows
perpendicular to a face of the rod,

D=d=0.025m, Rep = VD/v=8m/s x 0.025 m/26.41 x 10° m%/s = 7573, and from Table 7.3, C =
0.158 and m = 0.66. Thus,

CRe" Py = 0.0338 W/m-K

— k
h = —CRe), 0.158(7573)"(0.69)"" = 68.6 W/m* - K
D 0.025m

When the rod is rotated so that it presents an edge to the flow, D = 224 =2"7%0.025 m=0.0354 m,
Rep=VD/v=8m/s x 0.0354 m/26.41 x 10 m%/s = 10,710, and from Table 7.3,C=0.304and m =
0.59. Thus,

k 0.0338 W/m K
BCRe;'Pr'” T2

0.0354 m

h = 0.304(10,710)*7(0.69)"” =61.2 W/m® - K

Radiation will affect both rods in the same way, therefore the rod with the larger value of convection
heat transfer coefficient will cool faster. The rod should be oriented with a face perpendicular to the

flow in order to minimize the cooling time. <

The importance of radiation can be estimated by calculating the radiation heat flux at the initial time,
g,y =60 (T} -T2 ) =0.1x5.67x10" W/m*-K* x[ (673 K)* - (293 K)* | = 1120 W/m”. The initial

convection heat transfer flux is ¢, =4 (T, —T,) = 68.6 W/m® - K x (400°C —30°C) = 25,380 W/m’.

Since the radiation heat transfer rate is only around 4% initially, and will decrease in relative
importance with time, radiation can be neglected in a calculation of the cooling time.



7.49 To augment heat transfer between two flowing fluids, it is proposed to insert a 100-mm-long,
5-mm-diameter 2024 aluminum pin fin through the wall separating the two fluids. The pin is
inserted to a depth of d into fluid 1. Fluid 1 is air with a mean temperature of 10°C and velocity of 10
m/s. Fluid 2 is air with a mean temperature of 40°C and velocity of 3 m/s.

T_=10°C, v=10m/s

—_—
Air -
: d
>
—_—
D=5mm
<—
<—
L =100 mm g
-
-~ Air
-—
3 T_=40°C,V=3m/s

(a) Determine the rate of heat transfer from the warm air to the cool air through the pin fin for d =
50 mm.

H Plot the variation of the heat transfer rate with the insertion distance, d. Does an optimal
insertion distance exist?



PROBLEM 7.49

KNOWN: Velocities and temperatures of two air streams separated by a wall. Dimensions of an
aluminum pin fin inserted through the wall. Distance it extends into the upper fluid.

FIND: (a) Heat transfer rate between the fluids via the pin fin, when it extends 50 mm into the upper
fluid. (b) Heat transfer rate as a function of the distance it extends into the upper fluid.

SCHEMATIC: T,=10°C, V=10 m/s

Air

D=5mm——* +—

100 mm ———— T,=40°C,V=3mis

~
n

+«— Air

P

ASSUMPTIONS: (1) Velocity is uniform — decreased velocity near wall can be neglected, (2) For
the purpose of evaluating properties, the fin temperature is equal to the average of the two fluid
temperatures, T, = 25°C.

PROPERTIES: Table A4, Air 1 (Ty = 17.5°C =290.5 K): v, = 1.504 x 10°° m’/s, k; = 0.02554
W/mXK, Pr; = 0.710. Air 2 (T = 32.5°C =305.5 K): v, = 1.644 x 10° m%s, k, = 0.02671 W/mK,
Pr, = 0.706. Table A-1, Aluminum 2024 (T, = 25°C = 300 K): k = 177 W/m K.

ANALYSIS:
(a) The heat transfer coefficients between the air and the fin are analyzed as flow past a cylinder
using the Churchhill-Bernstein correlation:

Rey, = VID _ 10m/s <0.005m _ ),

v, 1.504 x 10°m?/s

Rep, = VoD 3mfsx 0.0;]52m —oL2.
2 1.644 x 10”m*/s

From Equation 7.54,

12 113 5/8
Nup, =03 + 0.62 Rel4? Pr 1;4[1+( Rep, ] ]
[1 _'_(0_4[];,1_1)2!3] 282,000

12 173 58743

0.62 x (3320) “x (0.710

. (3320) "> ( m) [H( 3320) } o7
[1 +(0_4,0_710)z;3} 282,000

4/5

=03

and b= Nupiki _ 297002554 Wi K _ (o) o
D 0.005 m

Continued...



PROBLEM 7.49 (Cont.)
Similarly, Nup, = 15.3, h, = 81.5 W/m*K.

Next we analyze heat transfer along the rod as if it were two fins joined at their base — the location
where the fin passes through the wall. Thus, using the corrected fin length approach, Equation 3.94,

q; =M, tanh mL,
q; =M, tanh m,L,

where

nD
M, = Jh,PkA 0,; = \/h,Dk > (T, - T,..)

m; = /h,P/kA_ =2,/h;/kD

and L; = L; + D/4. In this expression, L; =d and L, = L - d. Finally, since heat leaving one
rod enters the other,

q1 = -q2

JhDk ? (T, - T,,) tanh m L, =—/h,Dk % (T, -T,,) tanh m,L,
Solving for Ty:
_ \/E Tool tan-h(mchl) + \/1; Twz tan-h(mchZ)

T
b Jh tanh(m,L,,) + /h, tanh(m,L,)

)

We calculate

m, = 2,/h, kD =2,/152 W/m® -K/(177 W/m K x 0.005 m) =26.2 m""

and similarly, m;=19.2 m™’. Also,L,1=L,;=d+D/4=0.05m+ 0.005 m/4 =0.05125 m.

Thus
V152 W/m? K x 10°C % tanh (26.2 m™ x 0.05125 m)

+/81.5 W/m? - K x 40°C x tanh (19.2 m™ x 0.05125 m)
V152 W/m? -K x tanh (26.2 m™ x 0.05125 m)
++/81.5 W/m? -K x tanh (19.2 m™ x 0.05125 m)

b=

=21.6°C

Finally
D
q=q; =-q; = /h)Dk _11:2 (T, - T,;) tanh(m,L;) (2)

7(0.005 m)
2
x (21.6°C - 10°C) tanh (26.2 m™'x 0.05125 m)

:\/152 W/m?-K x 0.005 m x 177 W/m K x

=0924 W <
Continued...



PROBLEM 7.49 (Cont.)

(b) WithL,; =d+D/4and L, =L - d + D/4, we vary d in the range 0 < d < 0.1 m and solve
Equations (1) and (2). The results for q are plotted below.

We see that there is an optimal insertion distance, d = 40 mm. A longer fin length (= 60 mm) is
needed in fluid 2 to compensate for its smaller heat transfer coefficient.

COMMENTS: It is of interest to compare the heat transfer between the two fluids via the fin to the
heat transfer through the wall. In Chapter 8 we will see how to calculate heat transfer coefficients for
flow in a channel. Assuming that the channel widths are both a?proximately 50 mm, the heat transfer
coefficients between the fluid and the wall are roughly 40 W/m™K and 10 W/m”K for the faster and
T -T

1/h; + 1/h,
example a 60 mm-square area, would be required to transfer the same amount of heat as the fin (in
part a), 0.924 W.

slower streams, respectively. Then q" = = 240 W/m®. A wall area of 4 x 10” m’, for

7.55 Consider a sphere with a diameter of 20 mm and a surface temperature of 60°C that is
immersed in a fluid at a temperature of 30°C and a velocity of 2.5 m/s. Calculate the drag force and
the heat rate when the fluid is (a) water and (b) air at atmospheric pressure. Explain why the results
for the two fluids are so different.

7.56 A spherical, underwater instrument pod used to make soundings and to measure conditions in
the water has a diameter of 100 mm and dissipates 400 W.

(a) Estimate the surface temperature of the pod when suspended in a bay where the current is 1 m/s
and the water temperature is 15°C.

(b) Inadvertently, the pod is hauled out of the water and suspended in ambient air without
deactivating the power. Estimate the surface temperature of the pod if the air temperature is 15°C
and the wind speed is 3 m/s.



PROBLEM 7.55

KNOWN: Sphere with a diameter of 20 mm and a surface temperature of 60°C that is immersed in a
fluid at a temperature of 30°C with a velocity of 2.5 m/s.

FIND: The drag force and the heat rate when the fluid is (a) water and (b) air at atmospheric pressure.
Explain why the results for the two fluids are so different.

SCHEMATIC:

Sphere
Tg = 60°C
D =20 mm
e
FD,W or FD,a

V=25m/ls :

-

ASSUMPTIONS: (1) Flow over a smooth sphere, (2) Constant properties.

PROPERTIES: Table A-6, Water (To = 30°C =303 K): p=28.034 x 10° N-s/m’, v =8.068 x 10~/
m’/s, k = 0.6172 W/m'K, Pr = 5.45; Water (T = 333 K): ps = 4.674 x 10™ N-s/m’; Table A-4, Air
(T =30°C =303 K, 1 atm): p=1.86x 10" N-s/m>, v=1.619 x 10" m°/s, k= 0.0265 W/m-K, Pr =
0.707; Air (Too = 333 K): pg =2.002 x 107 Nos/m’.

ANALYSIS: The drag force, F,, for the sphere is determined from the drag coefficient, Eq. 7.50,
Fp

As ( pV?2 /2)

where A= nD/4 is the frontal area. C p is a function of the Reynolds number Rep = VD/v

as represented in Figure 7.9. For the convection rate equation,

q=hpAg (Ts _Too)
where A = 7D’ is the surface area and the convection coefficient is estimated using the Whitaker
correlation, Eq. 7.56,

1/2 2/37p, 0.4 1/4
NuD=2+[O.4ReD +0.06 Rey ]Pr (#/ pg)

Cp=

where all properties except pg are evaluated at T,. For convenience we will evaluate properties

required for the drag force at T,,. The results of the analyses for the two fluids are tabulated below. <

Fluid | Rep Cp | Fp(N) Nuy | bp (mez .K) q(W)
water | 6.198 x 104 0.5 0.489 439 13,540 510
air 3.088 x 103 0.4 |[0452x 10-3 31.9 423 1.59

The frontal and surface areas, respectively, are Ap=3.142 x 10 m” and Ag=1.257x 107 m”.

COMMENTS: (1) The Reynolds number is the ratio of inertia to viscous forces. We associate
higher viscous shear and heat transfer with larger Reynolds numbers. The drag force also depends

upon the fluid density, which further explains why Fp for water is much larger, by a factor of 1000,

than for air. Nup is dependent upon Repy where n is 1/2 to 2/3, and represents the dimensionless
temperature gradient at the surface. Since the thermal conductivity of water is nearly 20 times that of
air, we expect a significant difference between hy, and q for the two fluids. (2) For air, the viscosity
ratio is outside of the range for which the Whitaker correlation was developed.



PROBLEM 7.56

KNOWN: An underwater instrument pod having a spherical shape with a diameter of 100 mm
dissipating 400 W.

FIND: Estimate the surface temperature of the pod for these conditions: (a) when submersed in a bay
where the water temperature is 15°C and the current is 1 m/s, and (b) after being hauled out of the
water without deactivating the power and suspended in the ambient where the air temperature is 15°C
and the wind speed is 3 m/s.

’ air \

Instrument pod
D =100 mm T =15°C —>

V=3mls —>

ASSUMPTIONS: (1) Steady-state conditions, (2) Flow over a smooth sphere, (3) Uniform surface
temperatures, (4) Negligible radiation heat transfer, and (5) Constant properties (i = p,) for water.

PROPERTIES: Table A-6, Water (To, = 15°C = 288 K): p=0.001053 N-s/m>, v =1.139 x 10°°
m’/s, k = 0.5948 W/m K, Pr = 8.06; Table A-4, Air (To, =288 K, 1 atm): p=1.788 x 10° N-s/m’, v
= 1.482 x 10 m’/s, k = 0.02534 W/m'K, Pr=0.710 ; Air (T = 945 K): ps = 4.099 x 10" N-s/m”.

ANALYSIS: The energy balance for the submersed-in-water (w) and suspended-in-air (a) conditions
are represented in the schematics above and have the form

Ein_Eout+Egen=_QCv+Pe=O )
~hp Ag(Tg— Ty ) +Pe =0
where Ag = 7D’ and ED is estimated using the Whitaker correlation, Eq. 7.56,

< 1/4
Nup, =2+[0.4Re1D"2+0.06Re2D"3]Pr0-4(,uf,us) @)

where all properties except s are evaluated at T,,. The results are tabulated below.

Condition Rep Nup hp T,
(Wm”K)  (°C)

(w) water 8.78 x 10° 548 3261 19.1

(a) air 2.02 x 10° 73.9 18.7 695

COMMENTS: (1) While submerged and dissipating 400 W, the pod is safely operating at a
temperature slightly above that of the water. When hauled from the water and suspended in air, the
pod temperature increases to a destruction temperature (695°C).

(2) The assumption that p/pg = 1 is appropriate for the water (w) condition. For the air (a) condition,
p/ps = 0.436 and the final term of the correlation is significant. Unfortunately, the Whitaker
correlation is restricted to p/pg > 1, so the results here should be seen as an estimate only.

(3) Recognize that radiation exchange with the surroundings for the air condition should be considered
for an improved estimate.



7.70 Consider the in-line tube bank of Problem 7.69 (D =10 mm, L =1 m, and ST =SL = 15 mm),
with condensing steam used to heat atmospheric air entering the tube bank at Ti = 25°C and V =
5 m/s. In this case, however, the desired outlet temperature, not the number of tube rows, is known.
What is the minimum value of NL needed to achieve an outlet temperature of To > 75°C? What is
the corresponding pressure drop across the tube bank?



PROBLEM 7.70

KNOWN: Surface temperature and geometry of a tube bank. Inlet velocity and inlet and outlet
temperatures of air in cross flow over the tubes.

FIND: Number of tube rows needed to achieve the prescribed outlet temperature and corresponding
pressure of drop of air.

SCHEMATIC:

St 16.mm Tube, D = 10 mm
— 50 . L=1m
T,= 250C @ . Pr=P_L=15
V=5m/s O * — T. = 75°C
p=1atm —_— @ s °
OQ =+ » s« O

S =15mm > K-

ASSUMPTIONS: (1) Steady-state, (2) Negligible temperature drop across tube wall and uniform
outer surface temperature, (3) Constant properties, (4) C; = 1, (5) Negligible radiation and
incompressible flow.

PROPERTIES: Table A-4, Atmospheric air. (T =(T; +T,)/2=323K): p =1.085 kgr’m3,

¢p =10071/kg K, v=182x10"°m? /s, k =0.028 W /m K, Pr=0.707; (T, =298K): p=1.17kg/m’;
(T, =373K): Pr, = 0.695.

ANALYSIS: The temperature difference (T, —T) decreases exponentially in the flow direction, and
at the outlet

T-Tp _ exp(_ 7DNy H]
T,-T, pVSt p
where Ny, = N/NT. Hence,
AL EH[TS —TOJ

7#Dh T,-T,
With Vi =[Sp/(Sp —D)]V =15m/s,Rep, 0y = Vingy D /v = 8240. Hence, with Sy /S =1>0.7,
C;=0.27 and m = 0.63 from Table 7.5, and the Zukauskas correlation yields

Np = (D

1/4
— P
Nup, = C1C) Re} pax Pr-° [—rJ =0.27x1(8240)*% (0.707)%3¢ (0.707/0.695)! /4 = 70.1

I

— k— 0028W/m-K
h=—Nuy =—— - —70.1=1963W/m”-K
D 0.0lm
117kg/m’ (5m/s)0.015m (10071 /kg - K) (25
Hence, =— n| — [=15.7
7(0.01m)1963W /m? K
and 16 tube rows should be used N =16 <
With Rep jax =8240, P =1.5 and (Py -1)/(P_ -1)=1, f =035 and y = 1 from Fig. 7.14. Hence,
2 3 2
v, 1.085kg / 15m/
AptNLz[P ‘““Jf:l{ gl ol mid) :|0.35=684me2 <
2 2

COMMENTS: (1) With C, = 0.99 for N, = 16 from Table 7.6, assumption 4 is appropriate. (2)
Note use of the density evaluated at T; = 298K in Eq. (1).



7.73 A tube bank uses an aligned arrangement of 30-mm-diameter tubes with S;= S; = 60 mm and
a tube length of 1 m. There are 10 tube rows in the flow direction (N, = 10) and 7 tubes per row (N
= 7). Air with upstream conditions of T,, = 27°C and V = 15 m/s is in cross flow over the tubes, while

a tube wall temperature of 100°C is maintained by steam condensation inside the tubes. Determine
the temperature of air leaving the tube bank, the pressure drop across the bank, and the fan power
requirement.



PROBLEM 7.73

KNOWN: Surface temperature and geometry of a tube bank. Velocity and temperature of air in
cross-flow.

FIND: (a) Air outlet temperature, (b) Pressure drop and fan power requirements.

SCHEMATIC:
31_:60”“180 + =+ O<——Tube, D=30mm

* 7;:373K
Veibmls o O : N,=10,Ny=7,N=70
y — . ==>
Teo=300K=T;, —> g ) [
3,_=60mm—onla<|) - O

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible radiation, (3) Air pressure is
approximately one atmosphere, (4) Uniform surface temperature.

. 3
PROPERTIES: Table A-4, Air (300K, 1 atm): p=1.1614kg/m , cp = 1007 J/kg'K, v =15.89 x
10 m%/s, k = 0.0263 W/m-K, Pr = 0.707; (373K): Pr=0.695.

ANALYSIS: (a) The air temperature increases exponentially, with

#DNh
T, =Ty —(Tq —Ti)exp[—i].

p\'rNTSTcp
, S 60 30 m/s x0.03
With Vg =—L—V="152=302; Rep max = X 56,639.
S;-D 30 s s ’ 15.89x10% m? /s

Tables 7.5 and 7.6 give C; =0.27, m = 0.63 and C = 0.97. Hence from the Zukauskas correlation,

Nup, =027(0.97)(56,639)%% (0.707)%3¢ (0.707/0.695)/* = 229

h = Nu k/D = 229x0.0263 W/m-K/0.03 m = 201 W/m” -K.

Hence,

2
0.03 mx70% 201 W/m? -K
T, = 373K - (373-300)K exp(— PO Tx = ]

1.1614 kg/m® x15 m/s x 7x 0.06 m x 1007 J/kg - K
T, =373K - 73K x0.835 = 312K = 39°C. <

(b) With Rep max = 5.66 x 104, Pr=2,(P1-DAPL-1)=1,Fig. 7.14 yields f= 0.19 and 3 = 1.
Hence,

V2 ) 1o (1.1614 kg/m? x (30 m/s)?
2 2

Ap = NLX[ ]0.19 =993 N/m? = 0.00993 bar. <

The fan power requirement is

P=m, Ap/p = pVNTSTL Ap/p =15 m/sx7x0.06 mxImx 993 N/m? =6.26 kW. <
COMMENTS: The heat rate is
q= Iil:1‘31:1 (Tu _Tl) = pVNTSTL ¢y (Tu _Tl)

q=1.1614 kg/m> x15 m/s x 7x 0.06m x Imx 1007 J/kg-K (312-300)K =88.4 kW.



