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6-2
Mechanism and Types of Convection

6-1C A fluid flow during which the density of the fluid remains nearly constant is called incompressible flow. A fluid whose
density is practically independent of pressure (such as a liquid) is called an incompressible fluid. The flow of compressible
fluid (such as air) is not necessarily compressible since the density of a compressible fluid may still remain constant during
flow.

6-2C In forced convection, the fluid is forced to flow over a surface or in a tube by external means such as a pump or a fan. In
natural convection, any fluid motion is caused by natural means such as the buoyancy effect that manifests itself as the rise of
the warmer fluid and the fall of the cooler fluid. The convection caused by winds is natural convection for the earth, but it is
forced convection for bodies subjected to the winds since for the body it makes no difference whether the air motion is caused
by a fan or by the winds.

6-3C If the fluid is forced to flow over a surface, it is called external forced convection. If it is forced to flow in a tube, it is
called internal forced convection. A heat transfer system can involve both internal and external convection simultaneously.
Example: A pipe transporting a fluid in a windy area.

6-4C The convection heat transfer coefficient will usually be higher in forced convection since heat transfer coefficient
depends on the fluid velocity, and forced convection involves higher fluid velocities.

6-5C The potato will normally cool faster by blowing warm air to it despite the smaller temperature difference in this case
since the fluid motion caused by blowing enhances the heat transfer coefficient considerably.

6-6C Nusselt number is the dimensionless convection heat transfer coefficient, and it represents the enhancement of heat
transfer through a fluid layer as a result of convection relative to conduction across the same fluid layer. It is defined as

hL . - . . .
Nu = k° where L. is the characteristic length of the surface and k is the thermal conductivity of the fluid.

6-7C Heat transfer through a fluid is conduction in the absence of bulk fluid motion, and convection in the presence of it. The
rate of heat transfer is higher in convection because of fluid motion. The value of the convection heat transfer coefficient
depends on the fluid motion as well as the fluid properties. Thermal conductivity is a fluid property, and its value does not
depend on the flow.
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6-8 The rate of heat loss from an average man walking in still air is to be determined at different walking velocities.

Assumptions 1 Steady operating conditions exist. 2 Convection heat transfer coefficient is constant over the entire surface.

Analysis The convection heat transfer coefficients and the rate of heat losses at different walking velocities are

(a) h=8.6v %% =8.6(0.5m/s)?>* =5.956 W/m?.°C

. r_\
Q=hA (T, —T,) = (5.956 W/m?.°C)(L.8 m?)(30 ~ 10)°C = 214 W Air g}
:
ON
(b) h=8.6vV %% =8.6(1.0 m/s)*** =8.60 W/m?.°C \T/ - 10°C { ]
» = / T, =30°C
Q=hA (T, —-T,,) =(8.60 W/m?.°C)(1.8 m?)(30 —10)°C = 310 W —> <
0.53 0.53 2 > %) %)

(©) h=8.6V %% =8.6(1.5m/s)*> =10.66 W/m?.°C — g (\

Q=hA,(T, -T,) = (10.66 W/m?.°C)(1.8 m?)(30 —10)°C = 384 W @ >\\\
(d) h=8.6V %% =8.6(2.0m/s)**® =12.42 W/m?.°C - 7—;&'

Q=hA,(T, T, ) =(12.42 W/m?.°C)(1.8 m?)(30 —10)°C = 447 W

6-9 The rate of heat loss from an average man in windy air is to be determined at different wind velocities.
Assumptions 1 Steady operating conditions exist. 2 Convection heat transfer coefficient is constant over the entire surface.

Analysis The convection heat transfer coefficients and the rate of heat losses at
different wind velocities are

f_\
(a) h =14.8v %%° =14.8(0.5m/s)*% =9.174 W/m? .°C Air I\ \
. v >
Q=hA (T, -T,)=(9.174 W/m?.°C)(1.7 m?)(29-10)°C = 296.3 W T, = 100(}/{ / T2 29°C
=

(b) h =14.8v %%° =14.8(1.0 m/s)%*° =14.8 W/m?.°C
Q=hA (T, -T,)=(14.8W/m?.°C)(1.7 m?)(29-10)°C = 478.0 W
(c) h=14.8v *% =14.8(1.5m/s)*% =19.58 W/m?.°C Q)

Q=hA (T, -T,) = (19.58 W/m?.°C)(1.7 m?)(29 -10)°C = 632.4 W
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6-10 Heat transfer coefficients at different air velocities are given during air cooling of potatoes. The initial rate of heat
transfer from a potato and the temperature gradient at the potato surface are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Potato is spherical in shape. 3 Convection heat transfer coefficient is
constant over the entire surface.

Properties The thermal conductivity of the potato at the film temperature of T; = (T + T,,)/2 = (20°C + 5°C)/2 = 12.5°C is
Kfuig = 0.02458 W/m'K (from Table A-15).

Analysis The initial rate of heat transfer from a potato is Air
) ) ) V=1m/s
A, =7D° = 7(0.08 m)“ =0.02011m T =5°C

. Potato
Q=hA (T, -T,) = (19.1W/m?2.°C)(0.02011m?)(20-5)°C = 5.8 W

Ti=20°C

W

where the heat transfer coefficient is obtained from the table at 1 m/s velocity. The initial
value of the temperature gradient at the potato surface is

. . or
Uconv = Ucond = _kfluid [a_] = h(Ts -T,)
rJr=r
_ 20 Evo
ﬂ :_h(l's Tw):_(19.1W/m .°C)(20-5) C:—11,666°C/m
or |, K 0.02458 W/m.°C

6-11 The upper surface of a solid plate is being cooled by water. The water convection heat transfer coefficient and the water
temperature gradient at the upper plate surface are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Heat conduction in solid is one-dimensional. 4
No-slip condition at the plate surface.

Properties The thermal conductivity of the solid plate is given as k = 237 W/m-K. The thermal conductivity of water at the
film temperature of Ts = (T, 1 + T.,)/2 = (60°C + 20°C)/2 = 40°C is kqyig = 0.631 W/m'K (from Table A-9).

Analysis Applying energy balance on the upper surface of the solid

plate (x = 0), we have Water
o T2 T — T,
Guong =Geony = k=55 =0(T5; =T,) — g
The convection heat transfer coefficient for the water is
L T»

jz?llW/m2~K

LT, -T, 050m | 6020

k (Ts,z —Ts,lJ 237 W/m-K (120 ~ 60
L

The temperature gradient at the upper plate surface (x = 0) for the water is
h— —Kriuia (OT 10Y) y—o

TS _Too
2
a - —L(Fsl -T.)= —mwl—mK(GO—zo) K =-45,071K/m
oy y=0 Kfiuid ' 0.631W/m-K

Discussion The film temperature is used to evaluate the thermal conductivity of water (Kqyiq)- This is to account for the effect
of temperature on the thermal conductivity.
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6-12 Airflow over a plate surface has a given temperature profile. The heat flux on the plate surface and the convection heat
transfer coefficient of the airflow are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 No-slip condition at the plate surface. 4 Heat
transfer by radiation is negligible.

Properties The thermal conductivity and thermal diffusivity of air at the film temperature of T; = (T + T,.,)/2 = (220°C +
20°C)/2 = 120°C are keyig = 0.03235 W/m'K and agig = 3.565 x 10> m?/s (from Table A-15).

Analysis For no-slip condition, heat flux from the solid surface to the fluid layer adjacent to the surface is

oT

4 =0cond = Knig— = —(0.03235 W/m - K)(—4.488 x10° °C/m) = 1.452 x 10* W/m?

y=0

where the temperature gradient at the plate surface is

oT \Y \
- = —Ts)( Jexp{— y]
oy y=0 Xfid Pflid /] ,_g
(T, Ty —— |- (20°C—220°C)[ 0.08ms )
Xfiuid 3.565%x107> m*/s

= —4.488x10° °C/m

The convection heat transfer coefficient of the airflow is

~Kaig OT18Y) vy — -K)(- °°
b Kinig (O /2Y)yo _ - (0.03235 Wim - K)(-4.488x10° °CIm) _ o 0o
T, T, (220°C - 20°C)

Discussion The positive heat flux means that the plate is being cooled by the airflow that passes over the surface of the plate.
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6-13 The expression for the heat transfer coefficient for air cooling of some fruits is given. The initial rate of heat transfer
from an orange, the temperature gradient at the orange surface, and the value of the Nusselt number are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Orange is spherical in shape. 3 Convection heat transfer coefficient is
constant over the entire surface. 4 Properties of water is used for orange.

Properties The thermal conductivity of the orange is given to be k = 0.50 W/m.°C. The thermal conductivity and the
kinematic viscosity of air at the film temperature of (T + T,,)/2 = (15+5)/2 = 10°C are (Table A-15)

k =0.02439 W/m.°C, v =1.426x10° m?/s

Analysis (a) The Reynolds number, the heat transfer coefficient, and the initial rate
of heat transfer from an orange are
Air

A, = D? = 7(0.07m)? =0.01539 m? V =0.3 m/s
T,=5C
Re — VD _ 0.3 m/s)((_)5.07 2m) 1473 —
v 1.426x10” m“/s =
—5
1/3 o 1/3 >
he 5.05k,, Re _ 5.05(0.02439 W/m.°C)(1473) — 20.0 W/MZ.°C

D 0.07m
Q=hA,(T, - T,) = (20.0 W/m?.°C)(0.01539 m?)(15 — 5)°C = 3.08 W

(b) The temperature gradient at the orange surface is determined from

. . or
Uconv =Yeond = _k(a_j = h(rs -T,)
rJr-r
_ 20 _E)o
ﬂ _ h(T, -T,) __ (20.0 W/m*©.°C)(15-5)°C — _400°C/m
or | _r k 0.50 W/m.°C

(c) The Nusselt number is

_hD _(20.0 W/m?.°C)(0.07 m)
k 0.02439 W/m.°C

Nu =574
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6-14 Heat transfer coefficient as a function of air velocity is given during air cooling of steel balls. The initial values of the
heat flux and the temperature gradient in the steel ball at the surface are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The thermal conductivity is constant. 3 Convection heat transfer
coefficient is constant over the entire surface.
Properties The thermal conductivity of the steel ball is given to be k = 15 W/m-K.

Analysis The initial value of the heat flux in the steel ball at the surface is

Gs = Ag =h(T, -T,,) = (22.28 W/m? - K)(300 -10) K = 6462 W/m?

s Air
where V=15m/s
T, =10°C
h=17.9v %% =17.9(1.5)%% = 22.28 W/m? . K a Steel ball
I Lo . — Ts = 300°C
The initial value of the temperature gradient in the steel ball at the surface is _;
—>

. . . or
Us =Ycond = Yconv - - k(_j = h(Ts _Tw)
or ),

. 2
ay __h@-T,) G __6462Wm~ _ .00
ol e k k  15W/m-K

Discussion The higher the temperature gradient in the steel ball, the higher the value of the heat flux would be.
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£E
6-15 E Heat transfer coefficient as a function of air velocity is given during air cooling of chromium steel balls. The
effect of air velocity on the temperature gradient in the chromium steel ball at the surface is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The thermal conductivity is constant. 3 Convection heat transfer
coefficient is constant over the entire surface.

Properties The thermal conductivity of the steel ball is given to be k = 40 W/m-K.

Analysis The equation for the temperature gradient in the chromium steel ball at the surface is
C . oT
Us =Ucond =Ycov > — k(a_j = h(rs -Ty)
r r=R

or

o

[m—j __h(s -T) where  h=18.05v %%
r-R k Cr-St ball

T, =450°C

The problem is solved using EES, and the solution is given below:

"GIVEN"
T s=450 [C]
T _inf=5 [C]

"PROPERTIES"
k=40 [W/m-K]

"ANALYSIS"
h=18.05*v"0.56
dTdr_s=h*(T_s-T_inf)/lk "Temperature gradient at the surface"

Vs (BT/0r), - [K/m] BB0-

0.2 81.54

0.4 120.2 300} ]

0.6 150.8

0.8 177.2 T 2500 ]

1.0 200.8 >

1.2 222.4 . 200k ]

1.4 242.4 =

16 261.3 E 150 ]

18 279.1 ,

2.0 296.0 100l ]

2.2 312.3

2.4 327.9 N
0 0.5 1 1.5 2 2.5

V [m/s]

Discussion As the air velocity increases the surface temperature gradient in the chromium steel ball increases as well. Thus,
the rate of heat removal from the chromium steel ball increases with increasing air velocity.
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6-16 A metal plate surface is being cooled by convection. The ratio of the temperature gradient in the fluid to the temperature
gradient in the plate at the surface is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The thermal conductivities of the plate and the fluid are constant. 3
Convection heat transfer coefficient is constant over the entire surface. 4 No-slip condition at the plate surface.

Properties The thermal conductivities of the plate and the fluid are constant.
Analysis The temperature gradient in the fluid at the plate surface is

he —Ks1ig (OT 1 0Y) f1gig,y=0
= N
TS _Toc

or h
—j = —(~T.)
oy fluid,y=0 fluid

The temperature gradient in the plate at the surface is
. . oT
Ueond =Yeonv ™ — I(plate [_J =h(T,-T,)
plate,y=0
or

oT h
CAN
%y plate,y=0 plate

Thus, the ratio of the temperature gradient in the fluid to the temperature gradient in the plate at the surface is

h
- (T,-T,
(5T /ay)ﬂuid,y=0 _ kﬂuid ( * ) _ kplate
(aT /ay) plate,y=0  _ h (Ts _TOO) I(fluid
plate

Discussion The temperature gradient in the fluid is larger than the temperature gradient in the plate, because the thermal
conductivity of solid is generally larger than the thermal conductivity of fluid (Kpiae > Kia)-

6-17 The upper surface of a metal plate is being cooled by air while the bottom surface is subjected to uniform heat flux. The
temperature gradient in the air at the upper plate surface is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The thermal conductivity of the fluid is constant. 3 Convection heat
transfer coefficient is constant over the entire surface. 4 Heat conduction in solid is one-dimensional. 5 No-slip condition at
the plate surface.

Properties The thermal conductivity of air is given as kg ig = 0.259 W/m-K

Analysis The heat flux through the plate is A, b, Ty

. . . —_— T

Os =Ucond =Ycov > U= h(Ts -T.) yT —_— ﬁ §
The temperature gradient in the air at the upper plate surface is Metal plate

p = X (T /%)y (RRNRRRARARRNRRRNRARL!

(e 1000 W/m?
0 2
oy __h(@-T,)__ 4 ___1000W/m — _3861K/m
ay y:O kﬂuid kﬂuid 0259 W/m . K

Discussion The temperature gradient in the air at the plate surface increases with decreasing ksyig-
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6-18 The top surface of a metal plate is being cooled by air while the bottom surface is subjected to a hot steam. The
temperature gradient in the air and the temperature gradient in the plate at the top surface of the plate are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The thermal conductivity of fluid and the plate are constant. 3 Convection
heat transfer coefficient is constant over the entire surface. 4 Heat conduction in solid is one-dimensional. 5 No-slip condition
at the plate surface.

Properties The thermal conductivity of air is given as ky; = 0.243 W/m-K and the thermal conductivity of the plate is given as
kplate =237 W/m-K.

Analysis The heat transfer rate through the plate is

Qconv,l = Qconv,Z - hsteam A(Tocl _Tl) = hairA(TZ _TooZ)

yT — Aty T

The temperature gradient in the air at the top surface of the plate is Solid plate
—
—Kair (OT 1 0Y)air,y-0 —_—
air a"Tz -T :Ir : _b—l' Hot steam, hsteam’ 7-’oo,l T,

ar - _ hair (rz _Tocz) _ hsteam ol _Tl)
o k
air,y=0

air

Thus,

2
ar :_(3OW/m -K)(100-80) K 2469 K/m
oy airy=0 0.243W/m-K
The temperature gradient in the plate at the top surface is

oT oT

h (I—oo - )
- |(plate (_j = hair (TZ _Too2) = hsteam (Tool _Tl) - [—J —__steamlcl 71/
plate,y=0 plate,y=0

kplate

oy oy

Thus,

=-2.53K/m

(g ) (30 W/m®-K)(100-80) K
 Jotaey-o 237 W/m-K

Discussion The temperature gradient in the air is larger than the temperature gradient in the plate, because the thermal
conductivity of the plate is larger than the thermal conductivity of air (Kpiate > Kair)-
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T3
6-19 E Heat transfer coefficient as a function of air velocity is given during air cooling of a flat plate. The effect of air
velocity on the air temperature gradient at the plate surface is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The thermal conductivities or air and plate are constant. 3 Convection
heat transfer coefficient is constant over the entire surface. 4 No-slip condition at the plate surface.

Properties The thermal conductivity of the plate is given as Ky = 1.4 W/m'K and the thermal conductivity of air is given as
Kair = 0.266 W/m'K.

Analysis The air temperature gradient at the plate surface is

h _kair (aT /aY)air,y:O (GT j
= e
air,y=0

h
=——(T,-T,) where h=27v0®

T, -T, oy Kair
The temperature gradient in the plate at the surface is
. . oT oT h
Ucond = Uconv - = I(plate (_j = h(Ts -T,) or [_] = _k_(Ts -T,)
plate,y=0 oy plate, y=0 plate
The problem is solved using EES, and the solution is given below:
"GIVEN"
T _s=75[C]
T_inf=5 [C]
"PROPERTIES"
k_plate=1.4 [W/m-K]
k_air=0.266 [W/m-K]
"ANALYSIS"
h=27*v"0.85
dTdy_air=h*(T_s-T_inf)/k_air "Air temperature gradient at the surface"
dTdy plate=h*(T_s-T_inf)/k_plate "Plate temperature gradient at the surface"
v —(0T/0y)o,air ~(0T/0y)o plate 9000
[m/s] [K/m] [K/m] 80001 7
0 0 0 ]
0.1 1003 190.5 7000} prd -
Air // i
0.2 1809 343.7 T 6000} /// |
0.3 2553 485.2 S - ]
04 3261 619.6 =. 5000} e .
] - l
0.5 3942 749.0 > 4000k _ - i
0.6 4603 874.5 "E_ - ]
0.7 5247 996.9 & 3000f e .
1 / 4
0.8 5878 1117 2000/ /// |
0.9 6497 1234 i Plate -
1.0 7105 1350 1o00p 7 .
1.1 7705 1464 olkZ ‘ ‘ ‘ ‘ ‘ ]
1.2 8296 1576 0 0.2 0.4 0.6 0.8 1 1.2
V [m/s]

Discussion The air temperature gradient is larger than the temperature gradient in the plate, because the thermal conductivity
of the plate is larger than the thermal conductivity of air (Kpiae > Kair)-

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




6-12

6-20 A metal plate is being cooled by air, the plate temperature gradient at the surface after 2 minutes of cooling is to be
determined.

Assumptions 1 The thermal properties are constant. 2 The heat transfer coefficient is uniform over the entire surface. 3
Radiation effects are negligible. 4 The Biot number is Bi < 0.1 so that the lumped system analysis is applicable (this
assumption will be verified).

Properties The properties of the metal plate are given as k = 180 W/m-K, p = 2800 kg/m®, and Cp = 880 J/kg-K.

Analysis The characteristic length and the Biot number of the metal plate are

L.=—-= =L= 5 =5mm  (Note: the plate thickness is 2L = 10 mm)

hL, _ (30W/m?-K)(5x10~° m)
k (180 W/m - K)

Bi= =0.0008333<0.1

Since Bi < 0.1, the lumped system analysis is applicable, then

b M h 30 W/m? - K
eV eyl (2800 kg/m®)(880 J/kg - K)(5x 1072 m)

=0.002435s*

The temperature of the plate after 2 minutes (t = 120 s) of cooling is

TS (t) B Too — e—bt

e T (0)=T, + Ty ~T.)e ™

S,i 0

T, (t) =5°C + (300 — 5)(°C) exp[(0.002435 5 1)(120 5)] = 225.3°C

The plate temperature gradient at the surface att =120 s is

aT(t) aT(t) [T () -T,]
—k—" =hO-T.] » —/H =-——""—"—""7
ay y=0 8y y=0 k
Thus,
oT@M)| _ (BowW/m?-K)(225.3-5)K  36.7K/m
|y 180 W/m - K S

Discussion With respect to the y-direction on the plate, the negative temperature gradient at the surface indicates that heat is
being removed from the plate.
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EE
6-21 E Metal plates are being cooled by air. The effect of cooling time on the plates’ temperature gradient at the surface
is to be determined.

Assumptions 1 The thermal properties are constant. 2 The heat transfer coefficient is uniform over the entire surface. 3
Radiation effects are negligible. 4 The Biot number is Bi < 0.1 so that the lumped system analysis is applicable (this
assumption will be verified).

Properties The properties of the metal plate are given as k = 180 W/m-K, p = 2800 kg/m®, and C, = 880 J/kg-K.

Analysis The characteristic length and the Biot number of the metal plates are (note: plate thickness is 2L = 10 mm),

2 -3
LoV A tomm g gk GOWIm? K)(5x107 m)

. 2A 2 k (180 W/m - K)

=0.0008333<0.1

Thus, lumped system analysis is applicable. The problem is solved using EES, and the solution is given below:

"GIVEN"

h=30 [W/m"2-K]
L_c=10e-3/2 [m]
T_infinity=5 [C]
T_i=300 [C]

"PROPERTIES"
k=180 [W/m-K]
c_p=880 [J/kg-K]
rho=2800 [kg/m"3]

"ANALYSIS"

Bi=h*L_c/k

b=h/(rho*c_p*L_c)

(T_s-T_infinity)/(T_i-T_infinity)=exp(-b*t)

dTdy_s=-h*(T_s-T_infinity)/k "Plate temperature gradient at the surface"

t (aT/ay)O,plate

[s] [K/m]

0 ~49.17

100  —38.54 ]
200 -30.21

300  -23.68 c

400  -18.56 > 7
500  —14.55 o

600  -11.41 >

700  -8.941 E |
800  —7.009 =

900  -5.494 ]
1000  —4.307

1200 —2.646

1600 ~0.9991 -500 500 1000 1500 2000 2500 3000
2200 -0.2318 { [s]

3000 —0.03304

Discussion As the plates cool to the air temperature, the temperature gradient at the surface approaches zero.
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6-22 A stainless steel strip is heat treated as it moves through a furnace. The surface temperature gradient of the strip at mid-
length of the furnace is to be determined.

Assumptions 1 The thermal properties are constant. 2 The heat transfer coefficient is uniform over the entire surface. 3
Radiation effects are negligible. 4 The Biot number is Bi < 0.1 so that the lumped system analysis is applicable (this
assumption will be verified).

Properties The properties of stainless steel are given as k = 21 W/m-K, p = 8000 kg/m?, and Cp, = 570 J/kg-K.

Analysis The characteristic length and the Biot number of the stainless steel strip

L ZKZE:L:m:Zanm Furnace
¢ A 2A 2 // Steel strip
(Note: the strip thickness is 2L = 5 mm) ‘T / /
— 7 F—> | cm/s
. hL 2 . -3 i
Bi = Mke _ (BOW/M™ - K)(25x107M) _ 53955 01 [ I

k (21W/m - K)
Since Bi < 0.1, the lumped system analysis is applicable, then

b A h 80 W/m? - K
eV peyle (8000 kg/m?)(570 J/kg - K)(2.5x 1072 m)

=0.007018s™

The time of the stainless steel strip being heated can be determined from the furnace mid-length and the speed of the moving
strip:
_3m/2
0.01mf/s

Thus, the temperature of the strip at mid-length of the furnace is (at t = 150 s)

LO Lo 1@=T, + (1, -T,)e ™
T =T '

o]

T, (t) = 900°C + (20 — 900)(°C) exp[—(0.007018 s )(150'5)] = 592.9°C

The strip temperature gradient at the surface at t = 150 s is

oT(t) aT(t) hTs(t) - T.]
—k—=  =hTO-T.] > —/F =-——
¥ |, ¥ |, k
Thus,
oT __ (BOWM?-K)(E929-900)K _ oo
|y 21W/m - K -

Discussion With respect to the y-direction on the strip, the positive temperature gradient at the surface indicates that heat is
being added to the strip.
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EE
6-23 E A steel strip is heat treated as it moves through a furnace. The surface temperature gradient of the strip as a
function of the furnace location is to be determined.

Assumptions 1 The thermal properties are constant. 2 The heat transfer coefficient is uniform over the entire surface. 3
Radiation effects are negligible. 4 The Biot number is Bi < 0.1 so that the lumped system analysis is applicable (this
assumption will be verified).

Properties The properties of stainless steel are given as k = 21 W/m-K, p = 8000 kg/m®, and ¢, = 570 J/kg-K.
Analysis The characteristic length and the Biot number of the steel strip are (note: plate thickness is 2L = 5 mm),

2 -3
LoV A MM o gDl (BOWM’ K)(@25x10° m)

A, 2A 2 k (21W/m - K)

=0.00952<0.1

Thus, lumped system analysis is applicable. The problem is solved using EES, and the solution is given below:

"GIVEN"
h=80 [W/m"2-K] Furnace
L_c=5e-3/2 [m] /

Steel strip
T_infinity=900 [C] y //
T_i=20 [C] T

V=0.01 [m/s] 4 . £—> 0.0l m/s

"PROPERTIES" |_| I_l
k=21 [W/m-K]
c_p=570 [J/kg-K] x=0 x=3m
rho=8000 [kg/m"3]

"ANALYSIS"

t=x/V "Cooling time"

Bi=h*L_c/k

b=h/(rho*c_p*L_c)

(T_s-T_infinity)/(T_i-T_infinity)=exp(-b*t)

dTdy_s=-h*(T_s-T_infinity)/k "Surface temperature gradient of the strip"

X (OT/0y)o strip 3500 —
[m]  [K/m] i

0 3352 3000

0.2 2913 i

0.4 2532 2500

0.6 2200 c |

0.8 1912 S

10 1662 X, 2000

1.2 1444 = i

1.4 1255 & 1500

1.6 1091 = i

1.8 947.9 ~ 1000

2.0 823.8 i

2.2 715.9 500

2.4 622.2 I

2.6 5407 o
2.8 469.9 0 0.5 1 1.5 2 2.5 3
3.0 408.4

x [m]

Discussion As the strip heats to the hot air in the furnace, the surface temperature gradient of the strip approaches zero. With
respect to the y-direction on the strip, the positive temperature gradient at the surface indicates that heat is being added to the
strip.
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Boundary Layers and Flow Regimes

6-24C A fluid in direct contact with a solid surface sticks to the surface and there is no slip. This is known as the no-slip
condition, and it is due to the viscosity of the fluid.

6-25C The fluids whose shear stress is proportional to the velocity gradient are called Newtonian fluids. Most common fluids
such as water, air, gasoline, and oil are Newtonian fluids.

6-26C Viscosity is a measure of the “stickiness” or “resistance to deformation” of a fluid. It is due to the internal frictional
force that develops between different layers of fluids as they are forced to move relative to each other. Viscosity is caused by
the cohesive forces between the molecules in liquids, and by the molecular collisions in gases. Liquids have higher dynamic
viscosities than gases.

6-27C The ball reaches the bottom of the container first in water due to lower viscosity of water compared to oil.

6-28C (a) The dynamic viscosity of liquids decreases with temperature. (b) The dynamic viscosity of gases increases with
temperature.

6-29C The fluid viscosity is responsible for the development of the velocity boundary layer. For the idealized inviscid fluids
(fluids with zero viscosity), there will be no velocity boundary layer.

6-30C The Prandtl number Pr=v/« is a measure of the relative magnitudes of the diffusivity of momentum (and thus the
development of the velocity boundary layer) and the diffusivity of heat (and thus the development of the thermal boundary
layer). The Pr is a fluid property, and thus its value is independent of the type of flow and flow geometry. The Pr changes

with temperature, but not pressure.

6-31C A thermal boundary layer will not develop in flow over a surface if both the fluid and the surface are at the same
temperature since there will be no heat transfer in that case.

6-32C Reynolds number is the ratio of the inertial forces to viscous forces, and it serves as a criterion for determining the
flow regime. For flow over a plate of length L it is defined as Re = VL/v where V is flow velocity and v is the kinematic
viscosity of the fluid.
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6-33C A fluid motion is laminar when it involves smooth streamlines and highly ordered motion of molecules, and turbulent
when it involves velocity fluctuations and highly disordered motion. The heat transfer coefficient is higher in turbulent flow.

6-34C The friction coefficient represents the resistance to fluid flow over a flat plate. It is proportional to the drag force
acting on the plate. The drag coefficient for a flat surface is equivalent to the mean friction coefficient.

6-35C In turbulent flow, it is the turbulent eddies due to enhanced mixing that cause the friction factor to be larger.

6-36C Turbulent viscosity 4 is caused by turbulent eddies, and it accounts for momentum transport by turbulent eddies. It is

— au . - L ,
expressed as 7, =—pu'v' = E where U is the mean value of velocity in the flow direction and u’ and u’ are the

fluctuating components of velocity.

6-37C Turbulent thermal conductivity k; is caused by turbulent eddies, and it accounts for thermal energy transport by

turbulent eddies. It is expressed as d; = pc,V'T"=—k; % where T’ is the eddy temperature relative to the mean value, and

d; = pc,v'T " the rate of thermal energy transport by turbulent eddies.
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6-38 Using the given velocity profile, the wall shear stresses for air and liquid water, are to be determined.
Assumptions 1 The fluid is Newtonian. 2 Properties are constant.

Properties The dynamic viscosities for air and liquid water at 20°C are 1.825 x 10> kg/m-s (Table A-15) and 1.002 x 10~
kg/m-s (Table A-9), respectively.

Analysis The shear stress at the wall surface is

7, =ya—“ =100,u[1+ 4y—1.5y2]y:0 =100

y=0
(a) For air

Tq air =100, =100(1.825x107°) N/m? = 1.825x 10> N/m?
(b) For water

7o 2o = 10024450 =100(1.002x107%) N/m? = 0.1002 N/m?

Discussion For the same velocity profile, the wall shear stress ratio for liquid water and air is simply the ratio of the dynamic
viscosity for both fluids:

Ts,hz0 _ HH20 (8u/8y)|y:0 _ Mo _ggg
T, air Hair (ou /GY)|y:0 Hair

Hence the wall shear stress of liquid water flow over the surface is approximately fifty five times larger than that of air flow.
Since liquid water is about fifty five times more viscous than air.

6-39 Using the given velocity and temperature profiles, the expressions for friction coefficient and convection heat transfer
coefficient are to be determined.

Assumptions 1 The fluid is Newtonian. 2 Properties are constant. 3 No-slip condition at the plate surface.

Analysis The shear stress at the wall surface is

ou
Ts = U ZClﬂ[lJr 2y_3y2]y:0 =Cu
o
The friction coefficient is
27 i 1%

The heat transfer convection coefficient is

Ko BT 1Y) vy —Kawia [2C2672Y | o — 2C. ke
h= quld( ay) y=0 _ f|uldl 2 Jy_o _ C2 fluid where Ts =T(0) :Cg 1
T, -T, T =T, C,-1-T,

Discussion Obtaining the expressions for friction and convection heat transfer coefficients is simple if the velocity and
temperature profiles are known. However, determining the velocity and temperature profiles is generally not a simple matter
in practice.
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6-40 For air flowing over a flat plate, the wall shear stress and the air velocity gradient on the plate surface at mid-length of
the plate are to be determined.

Assumptions 1 Isothermal condition exists between the flat plate and fluid flow. 2 Properties are constant. 3 Edge effects are
negligible.

Properties The properties of air at 20°C are x = 1.825 x 10~ kg/m's, v = 1.516 x 10 ° m?/s, and p = 1.204 kg/m® (Table A-
15).

Analysis At mid-length of the plate (x = 0.5 m), the friction coefficient is

-0.5 -0.5
C = 0.664(\/—)() - 0.664{ (7 m/ S)(O'SS mz) } —0.001382
v 1.516x107> m*/s

The wall shear stress on the plate can be determined using

pV?

3 2
_ (0.001382) 1204 KIMI)T M) _ 1 14076 N/m?

75 =Cy >

The velocity gradient at the plate surface is

=2233.4 s*

au)  _r,_ 0.04076 N/m?
o)y M 1825x10°kg/m-s

Discussion For Newtonian fluids, such as air, the shear stress is proportional to the velocity gradient at the wall surface.
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£E
6-41 E For air flowing over a flat plate, the effect of air velocity on the wall shear stress at x = 0.5 mand 1 mis to be
determined.

Assumptions 1 Isothermal condition exists between the flat plate and fluid flow. 2 Properties are constant. 3 Edge effects are
negligible.

Properties The properties of air at 20°C are v = 1.516 x 10> m%s and p = 1.204 kg/m® (Table A-15).
Analysis The friction coefficient and the wall shear stress can be determined with

pv?
2

VX -0.5
Cf :0664(—J and Tg :Cf
|4

The problem is solved using EES, and the solution is given below:

"GIVEN"
x_1=0.5 [m]
X_2=1.0 [m]

"PROPERTIES"
nu=1.516e-5 [m"2/s]
rho=1.204 [kg/m"3]

"ANALYSIS"

C_f1=0.664*(V*x_1/nu)(-0.5)
C_f2=0.664*(V*x_2/nu)*(-0.5)

tau_wl1=C_fl*rho*V"2/2 "Wall shear stress at x = 0.5 m"
tau_w2=C_f2*rho*V"2/2 "Wall shear stress atx = 1.0 m"

Y tw(x=05m) 7, (x=1m) 0.035
[m/s]  [N/m?] [N/m?] i
05  0.0007782 0.0005503 0.03
1.0 0.002201 0.001556 I
0.025
15 0.004044 0.002859
2.0 0.006225 0.004402 T o002
2.5 0.008700 0.006152 >
3.0 0.01144 0.008087 : 0.015
35 0.01441 0.01019 -
4.0 0.01761 0.01245 0.01
45 0.02101 0.01486 i
0.005
5.0 0.02461 0.01740 7
5.5 0.02839 0.02008 0
6.0 0.03235 0.02287

Discussion As the air velocity increases, the wall shear stress also increases.
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13
6-42 E For air flowing over a flat plate at 5 m/s, the effect of plate location on the wall shear stress is to be determined.

Assumptions 1 Isothermal condition exists between the flat plate and fluid flow. 2 Properties are constant. 3 Edge effects are
negligible.

Properties The properties of air at 20°C are v = 1.516 x 10> m%s and p = 1.204 kg/m® (Table A-15).
Analysis The friction coefficient and the wall shear stress can be determined with

pv?
2

VX -0.5
Cf :0664(—) and Tg :Cf
|4

The problem is solved using EES, and the solution is given below:

"GIVEN"
V=5 [m/s]

"PROPERTIES"
nu=1.516e-5 [m"2/s]
rho=1.204 [kg/m”3]

"ANALYSIS"
C_f=0.664*(V*x/nu)”(-0.5)
tau_w=C_f*rho*Vv"2/2

x [m] T [N/M?]

0.01 0.1740 0.2
0.02 0.1230 ;

0.03 0.1005 0,16

0.04 0.0870 :

0.06 0.07104 ot

0.08 0.06152 E M

0.10 0.05503 =

0.15 0.04493 S 0.08

0.20 0.03891 ;

0.30 0.03177 0.04}

0.40 0.02751 ;

0.50 0.02461 :

0.60 0.02246 00““0.12““0.14‘“‘0.16““0.18““1
0.80 0.01945 x [m]

1.00 0.01740

Discussion The wall shear stress decreases with increasing x. This is because as the air flows along the plate, the velocity
gradient decreases with increasing velocity boundary layer thickness.
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6-43 A flat plate is positioned inside a wind tunnel. The minimum length of the plate necessary for the Reynolds number to
reach 1 x 10° is to be determined. The type of flow regime at 0.2 m from the leading edge is to be determined.

Assumptions 1 Isothermal condition exists between the flat plate and fluid flow. 2 Properties are constant.
Properties The kinematic viscosity for air at 20°C is v=1.516 x 10> m?/s (Table A-15).
Analysis The Reynolds number is given as

VL,

14

Re

For the Reynolds number to reach 2 x 10’, we need the minimum length of

_vRe (1.516x107° m?%/s)(2x10")
\ 60 m/s

At L, =0.2 m, the flow regime is

VL, _ (60m/s)(0.2m)
v 1516x107° m?/s

L, =5.053m

Re = =7.92x10° >5x10° —  Flow is turbulent

Discussion The distance from the leading edge necessary for the flow to reach turbulent regime is

_vRe,  (1.516x107° m?/s)(5x10°)

Xer =01263m
Y 60 m/s

6-44 For air flowing over a flat plate, the plate length to achieve a Reynolds number of 1 x 10° at the end of the plate and the
distance from the leading edge of the plate at which transition would occur are to be determined.

Assumptions 1 Isothermal condition exists between the flat plate and fluid flow. 2 Properties are constant. 3 Edge effects are
negligible.

Properties The kinematic viscosity of air at 25°C is v = 1.562 x 107> m?/s (Table A-15).
Analysis (a) The Reynolds number is given as

VL,
14

Re

For the Reynolds number to reach 1 x 10%, we need a plate length of

LY Re  (1.562x10°° m%/s)(1x10%)
V 40 m/s

=39.1m

(b) The distance from the leading edge for the transition to take place with a critical Reynolds number of 5 x 10°is

-5 .2 5
_v Re., _ (1.562x107° m“/s)(5x10°) 0195 m

X
“ \Y; 40 m/s

Discussion The expressions for the Reynolds number and the critical Reynolds number when combined would provide the
following expression.

Re 5x10°
Xy = L, =22 (39.1m)=0.195 m
Re 1x10®

The above expression the knowledge of Re and Re, can be used to quickly establish the location of the transition along the
plate.
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6-45 Fluid is flowing over a flat plate. The distance from the leading edge at which the transition from laminar to turbulent

flow occurs for different fluids is to be determined.

Assumptions 1 Isothermal condition exists between the flat plate and fluid flow. 2 Properties are constant.

Properties The kinematic viscosities for the different fluids are listed in the following table:

Fluid Table Kinematic viscosity, m%/s
Air (1 atm, 20°C) A-15 1.516 x 10°°
Lig. water (20°C) A-9 1.004 x 10°°
Methanol (20°C) A-13 7.429 x 107
Engine oil (20°C) A-13 9.429 x 107"
Mercury (25°C) A-14 1.133x 107

Analysis The distance from the leading edge at which the transition from laminar to turbulent flow occurs is calculated using

vRe,
Xer = T

Substituting the appropriate kinematic viscosities, we have

Fluid Xe, M
Air (1 atm, 20°C) 1.52
Lig. water (20°C) 0.100
Methanol (20°C) 0.0743
Engine oil (20°C) 94.3
Mercury (25°C) 0.0113

Discussion The distance required by the flow to reach turbulent regime increases with increasing value of kinematic viscosity.
Engine oil has the highest kinematic viscosity and requires the longest length and mercury with the smallest value of

kinematic viscosity requires the shortest distance.
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6-46E Fluid is flowing over a flat plate. The distance from the leading edge at which the transition from laminar to turbulent
flow occurs for different fluids is to be determined.

Assumptions 1 Isothermal condition exists between the flat plate and fluid flow. 2 Properties are constant.

Properties The kinematic viscosities for the different fluids at 50°F are listed in the following table:

Fluid Table Kinematic viscosity, ft’/s
Air (1 atm) A-15E 1.535x 10™*
Lig. water A-9E 1.407 x 107
Isobutane A-13E 3.368 x 10°°
Engine oil A-13E 2.169 x 107
Mercury A-14E 1.289 x 10°°

Analysis The distance from the leading edge at which the transition from laminar to turbulent flow occurs is calculated using

vRe,
Xer = T

Substituting the appropriate kinematic viscosities, we have

Fluid X, ft
Air (1 atm) 76.8
Liq. water 7.04
Isobutane 1.68
Engine oil 10845
Mercury 0.645

Discussion The distance required by the flow to reach turbulent regime increases with increasing value of kinematic viscosity.
Mercury due to its low kinematic viscosity value, can achieve turbulent flow at a relatively short distance from the leading
edge.
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Convection Equations and Similarity Solutions

6-47C For steady, laminar, two-dimensional, incompressible flow with constant properties and a Prandtl number of unity and
a given geometry, yes, it is correct to say that both the average friction and heat transfer coefficients depend on the Reynolds
number only since C; = f,(Re_) and Nu=g5(Re_,Pr) from non-dimensionalized momentum and energy equations.

6-48C The continuity equation for steady two-dimensional flow is expressed as g_u +% =0. When multiplied by density,
X

the first and the second terms represent net mass fluxes in the x and y directions, respectively.

6-49C Steady simply means no change with time at a specified location (and thus du /ot =0), but the value of a quantity may
change from one location to another (and thus du/ox and ou/dy may be different from zero). Even in steady flow and thus

constant mass flow rate, a fluid may accelerate. In the case of a water nozzle, for example, the velocity of water remains
constant at a specified point, but it changes from inlet to the exit (water accelerates along the nozzle).

6-50C In a boundary layer during steady two-dimensional flow, the velocity component in the flow direction is much larger
than that in the normal direction, and thus u >>v, and ov/ox and ov/dy are negligible. Also, u varies greatly with y in the

normal direction from zero at the wall surface to nearly the free-stream value across the relatively thin boundary layer, while
the variation of u with x along the flow is typically small. Therefore, ou/dy >>ou/ox . Similarly, if the fluid and the wall are

at different temperatures and the fluid is heated or cooled during flow, heat conduction will occur primarily in the direction
normal to the surface, and thus oT /dy >> 0T / ox . That is, the velocity and temperature gradients normal to the surface are

much greater than those along the surface. These simplifications are known as the boundary layer approximations.

6-51C For flows with low velocity and for fluids with low viscosity the viscous dissipation term in the energy equation is
likely to be negligible.

6-52C For steady two-dimensional flow over an isothermal flat plate in

the x-direction, the boundary conditions for the velocity components u Uy, Tor Te
and v, and the temperature T at the plate surface and at the edge of the
boundary layer are expressed as follows: y
Aty =0: u(x, 0) =0, v(x,0) =0, T(x,0) =T;
X
As y—> o U(X, ©) = Uy, T(X,0)=T,

6-53C An independent variable that makes it possible to transforming a set of partial differential equations into a single
ordinary differential equation is called a similarity variable. A similarity solution is likely to exist for a set of partial
differential equations if there is a function that remains unchanged (such as the non-dimensional velocity profile on a flat
plate).
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6-54C During steady, laminar, two-dimensional flow over an isothermal plate, the thickness of the velocity boundary layer
(a) increases with distance from the leading edge, (b) decreases with free-stream velocity, and (c) and increases with
kinematic viscosity

6-55C During steady, laminar, two-dimensional flow over an isothermal plate, the wall shear stress decreases with distance
from the leading edge

6-56C A major advantage of nondimensionalizing the convection equations is the significant reduction in the number of
parameters [the original problem involves 6 parameters (L,V , T.,, Ts, v, «), but the nondimensionalized problem involves just
2 parameters (Re, and Pr)]. Nondimensionalization also results in similarity parameters (such as Reynolds and Prandtl
numbers) that enable us to group the results of a large number of experiments and to report them conveniently in terms of
such parameters.

6-57C A curved surface can be treated as a flat surface if there is no flow separation and the curvature effects are negligible.
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6-58 A shaft rotating in a bearing is considered. The power required to rotate the shaft is to be determined for different fluids
in the gap.

Assumptions 1 Steady operating conditions exist. 2 The fluid has constant properties. 3 Body forces such as gravity are
negligible.

Properties The properties of air, water, and oil at 40°C are (Tables A-15, A-9, A-13)
Air: 1=1.918x10" N-s/m?
Water: = 0.653x10 N-s/m?

il — 2
Ot u= 077N/ T —
Analysis A shaft rotating in a bearing can be O
approximated as parallel flow between two large plates ( ) ( ) jtS cm
with one plate moving and the other stationary. YA OO

Therefore, we solve this problem considering sucha 7 b
flow with the plates separated by a L=0.5 mm thick fluid
film similar to the problem given in Example 6-2. By
simplifying and solving the continuity, momentum, and 25cm
energy equations it is found in Example 6-2 that

. : : dT NV 2 WV 2 V2
mech Qo QL dy y-o KL ( ) 2L L
First, the velocity and the surface area are
. . (1min
V =zDN = 7(0.05 m)(4000 rev/mln)( 50 ] =10.47 m/s
S

A= DL pezring = 7(0.05mM)(0.25 m) = 0.03927 m*

(a) Air:
2 -5 2 2
W, = A w2 (0.03927m?) (1.918x107> N -s/m?)(10.47 m/s) IW \_ o083 w
2L 2(0.0005 m) IN-m/s
(b) Water:
2 -3 2 2
W, Q= A W —(0.03927m?) (0.653x107° N -s/m?)(10.47 m/s) IW V. Leiw
2L 2(0.0005 m) IN-m/s
(c) Oil:
2 2 2
W, =0y =AD" _ (003027 m2) QATTN-SM)A0ATM/S)" (AW ) _ g7
2L 2(0.0005 m) 1IN-m/s
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6-59 Parallel flow of oil between two plates is considered. The velocity and temperature distributions, the maximum
temperature, and the heat flux are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Qil is an incompressible substance with constant properties. 3 Body
forces such as gravity are negligible. 4 The plates are large so that there is no variation in z direction.

Properties The properties of oil at the average temperature of (40+15)/2 = 27.5°C are (Table A-13):
k=0.145W/m-K and x=0.605kg/m-s = 0.605 N-s/m’

Analysis (a) We take the x-axis to be the flow direction, and y to be the normal direction. This is parallel flow between two
plates, and thus v = 0. Then the continuity equation reduces to

Continuity: 8_u+ﬂ:0_) a—u=0 — u=u(y)

ox oy OX

Therefore, the x-component of velocity does not change in the flow
direction (i.e., the velocity profile remains unchanged). Noting that
u=u(y),v=0,and oP/ox =0 (flow is maintained by the motion
of the upper plate rather than the pressure gradient), the x-
momentum equation (Eq. 6-28) reduces to

ou auj o%u opP d?u

X-momentum: U—+V— —_—

"[ x o) My Ty

This is a second-order ordinary differential equation, and integrating it twice gives
u(y)=C,y+C,

The fluid velocities at the plate surfaces must be equal to the velocities of the plates because of the no-slip condition.
Therefore, the boundary conditions are u(0) = 0 and u(L) =V, and applying them gives the velocity distribution to be

y
u(y)==V
() C
Frictional heating due to viscous dissipation in this case is significant because of the high viscosity of oil and the

large plate velocity. The plates are isothermal and there is no change in the flow direction, and thus the temperature depends
onyonly, T=T(y). Also, u=u(y) and v =0. Then the energy equation with dissipation (Egs. 6-36 and 6-37) reduce to

2 2
Energy: 0= ka—T+,u(Z;J —> k(;TI:_ﬂ(Vf)

since ou /oy =V /L. Dividing both sides by k and integrating twice give
Ly ?
T(y)=—2-| =V C C
() Zk(L j +C3y+C,

Applying the boundary conditions T(0) = T, and T(L) = T, gives the temperature distribution to be

Wy y*
T T, +

(b) The temperature gradient is determined by differentiating T(y) with respect to y,

dT T2 -T; yV 1-2Y
oL 2k L

The location of maximum temperature is determined by setting dT/dy = 0 and solving for y,

dT T2 Tl ,uV 1-22 y 0 y - L k TZ Tl 1
dy L 2k L we 2
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The maximum temperature is the value of temperature at this y, whose numeric value is

y=L k@ﬁ =(0.0007 m)| (0.145 W/m.°C) (40‘15’) ¢ - A1
N 2 (0.605N.s/m*)(12m/s)* 2

=0.0003791m =0.379mm

Then

T, -T 2 2
T =T(00003790) =2 Ly 4T, 4 ﬂ;/k [%_i_z]

_1Eyo ofm 2 2 2
_(40-15)°C (0.0003791m) +15°C + (0.605N -s/m“)(12m/s)“ ( 0.0003791m  (0.0003791m)
0.0007 m 2(0.145W/m-°C) 0.0007 m (0.0007 m)?
=103°C
(c) Heat flux at the plates is determined from the definition of heat flux,
- 2 _ 2
o =— ar :_kﬂ_kﬂ(l_o):_kﬂ_i
dy y=0 L 2kL L 2L
_1Eyo . 2 2
— —(0.145W/m.°C) (40-15)°C  (0.605N -s/m*)(12 m/s) ( 1W j=—6.74x104 Wim?
0.0007 m 2(0.0007 m) IN-m/s
_ 2 _ 2
4, =- ay _ Tl_kﬂ(l_z):_kqui
dy|, L 2kL L 2L

= —(0.145 W/m.°C)

(40-15)°C _ (0.605N -s/m?)(12 m/s)? [ 1W

j: 5.71x10% W/m?
0.0007 m 2(0.0007 m) IN-m/s

Discussion A temperature rise of about 75°C confirms our suspicion that viscous dissipation is very significant. Calculations
are done using oil properties at 27.5°C, but the oil temperature turned out to be much higher. Therefore, knowing the strong
dependence of viscosity on temperature, calculations should be repeated using properties at the average temperature of about
65°C to improve accuracy.
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6-60 Parallel flow of oil between two plates is considered. The velocity and temperature distributions, the maximum
temperature, and the heat flux are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Qil is an incompressible substance with constant properties. 3 Body
forces such as gravity are negligible. 4 The plates are large so that there is no variation in z direction.

Properties The properties of oil at the average temperature of (40+15)/2 = 27.5°C are (Table A-13):
k=0.145W/m-K and x=0.605kg/m-s = 0.605 N-s/m’

Analysis (a) We take the x-axis to be the flow direction, and y to be the normal direction. This is parallel flow between two
plates, and thus v = 0. Then the continuity equation (Eq. 6-21) reduces to
ou ov ou

Continuity: —+—=0—>> —=0—> u=u
y 'y P v)

Therefore, the x-component of velocity does not change in the flow
direction (i.e., the velocity profile remains unchanged). Noting that
u=u(y),v=0,and oP/ox =0 (flow is maintained by the motion
of the upper plate rather than the pressure gradient), the x-
momentum equation reduces to

ou auj o%u opP d?u

X-momentum: U—+V— —_—

p[ x o) My Ty

This is a second-order ordinary differential equation, and integrating it twice gives
u(y)=C,y+C,

The fluid velocities at the plate surfaces must be equal to the velocities of the plates because of the no-slip condition.
Therefore, the boundary conditions are u(0) = 0 and u(L) =V, and applying them gives the velocity distribution to be

u(y)=+v

Frictional heating due to viscous dissipation in this case is significant because of the high viscosity of oil and the large plate
velocity. The plates are isothermal and there is no change in the flow direction, and thus the temperature depends ony only, T
=T(y). Also, u=u(y) and v = 0. Then the energy equation with dissipation reduces to

2 2 2
Energy: 0= ka—T+u(2;j — k(;_l-:_'“(%J
y

since ou /oy =V /L. Dividing both sides by k and integrating twice give

2
y
1xw=—§§[EVJ-M%y+C4

Applying the boundary conditions T(0) = T, and T(L) = T, gives the temperature distribution to be

T,-T Vify y?
T =2 _1y.T +'u_ A A
() L y+1y K [L 2

(b) The temperature gradient is determined by differentiating T(y) with respect to y,

ar _To-Ty wv2( L,y
dy L2 L

The location of maximum temperature is determined by setting dT/dy = 0 and solving for y,

dT T2 Tl IL[V 1 2y :0 y:|_ sz Tl l
dy L Tk L V2 "2
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The maximum temperature is the value of temperature at this y, whose numeric value is

y=L k@ﬁ = (0.0004 m)| (0.145 W/m.°C) (40 ‘125) ¢ S oL
W 2 (0.605 N.s/m“)(12m/s)* 2
=0.0002166 m =0.217 mm

Then

T, -T 2 2
Tmax=T(0.0002166):%y+-|-1+ﬂ;/k (%_K_ZJ

T o2 2 2
_(A0-151C ) otgem)  15°C 4 (2608 N -5im?)a2ms)’” ((0.0002166m _ (00002166 m)
0.0004 m 2(0.145 W/m - °C) 0.0004 m (0.0004 m)?
=103°C
¢) Heat flux at the plates is determined from the definition of heat flux,
Heat fl he pl isd ined f he definition of heat fl
_ 2 _ 2
o =— (cjj_T :_kﬂ_kﬂ(l_o):_kﬂ_i
Ym0 L 2kL L 2L
—_ o . 2 2
(0,145 Wimec) @0=15)°C _ (0605N -s/m?)(12 mis) ( 1w j=—1.18><105 Wim?
0.0004m 2(0.0004 m) IN-mis
_ 2 _ 2
4, =- ar :_ku_ki(l_g):_k“ LI
dy,_, L 2kL 2L

= —(0.145 W/m.°C)

(40-15)°C  (0.605 N -s/m?)(12 m/s)? ( 1W

j: 9.98 x10* W/m?
0.0004 m 2(0.0004 m) 1IN -m/s

Discussion A temperature rise of about 35°C confirms our suspicion that viscous dissipation is very significant. Calculations
are done using oil properties at 27.5°C, but the oil temperature turned out to be much higher. Therefore, knowing the strong
dependence of viscosity on temperature, calculations should be repeated using properties at the average temperature of about

45°C to improve accuracy.
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6-61 The flow of fluid between two large parallel plates is considered. The relations for the maximum temperature of fluid,
the location where it occurs, and heat flux at the upper plate are to be obtained.

Assumptions 1 Steady operating conditions exist. 2 The fluid has constant properties. 3 Body forces such as gravity are
negligible.

Analysis We take the x-axis to be the flow direction, and y to be the normal direction. This is parallel flow between two
plates, and thus v = 0. Then the continuity equation reduces to

Continuity: Z—u+@= 0 _)a_u: 0 —— u=u(y)
X

oy OX

Therefore, the x-component of velocity does not change in the flow
direction (i.e., the velocity profile remains unchanged). Noting that u
=u(y), v=0,and oP/ox =0 (flow is maintained by the motion of the
upper plate rather than the pressure gradient), the x-momentum
equation reduces to

aou
X-momentum: plu—+v— =

This is a second-order ordinary differential equation, and integrating it twice gives
u(y)=C,y+C,

The fluid velocities at the plate surfaces must be equal to the velocities of the plates because of the no-slip condition.
Therefore, the boundary conditions are u(0) = 0 and u(L) =V, and applying them gives the velocity distribution to be

u(y) =3V

Frictional heating due to viscous dissipation in this case is significant because of the high viscosity of oil and the large plate
velocity. The plates are isothermal and there is no change in the flow direction, and thus the temperature depends on y only,
T =T(y). Also, u=u(y) and v = 0. Then the energy equation with dissipation (Eqs. 6-36 and 6-37) reduce to

2 2 2 2
Energy: 0=k Zy_-err y(%} —> k (;—I = _ﬂ(\ﬂ
y

since ou /oy =V /L. Dividing both sides by k and integrating twice give

ar _ ﬂ(V
dy k

2
—| y+C
Lj y+Lj

2
y
T(y) :_Z_/Vll((tvj +C3y+Cy

Applying the two boundary conditions give

Ll

B.C.1: y=0
y dy

=0——>Cy=0
y=0

V2

BC.2: y=L  T()=To——C,=To+ ",

Substituting the constants give the temperature distribution to be

w2y
T(y) =T Y
() =T, + K ( sz

The temperature gradient is determined by differentiating T(y) with respect to y,
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ar _-pv?
dy kL2

y

The location of maximum temperature is determined by setting dT/dy = 0 and solving for y,

dr —uv?
—= y=0 y=0
dy  kL?

Therefore, maximum temperature will occur at the lower plate surface, and it s value is

w2
2k

Tmax =T0) =Ty +

.The heat flux at the upper plate is

2 2
ar ”VZ LA
dyf,., kU L

QL:—k
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6-62 The flow of fluid between two large parallel plates is considered. Using the results of Problem 6-45, a relation for the
volumetric heat generation rate is to be obtained using the conduction problem, and the result is to be verified.

Assumptions 1 Steady operating conditions exist. 2 The fluid has constant
properties. 3 Body forces such as gravity are negligible.

Analysis The energy equation in Prob. 6-55 was determined to be

d27 V)2
Gl o

The steady one-dimensional heat conduction equation with constant
heat generation is

d2T + égen

=0 2
5k 2)

Comparing the two equation above, the volumetric heat generation rate is determined to be

Integrating Eq. (2) twice gives

T _ e

=— +C
dy " y+Cs
égen 2
T(y)=- ) +C3y+Cy

Applying the two boundary conditions give

B.C.1: y=0 -k— =0—>C;=0

€gen | 2
B.C.2: y=L T(L)=T,——C, =Ty + ok L

Substituting, the temperature distribution becomes

8o L 2
T =Ty +-2 (—1J

2k L2

Maximum temperature occurs aty = 0, and it value is
. 2
egen

Thax =T(0) =Ty +
mox =T(0) =To + =5

2
which is equivalent to the result T, =T(0)=T, + lu;/k obtained in Prob. 6-55.
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6-63 The oil in a journal bearing is considered. The velocity and temperature distributions, the maximum temperature, the rate
of heat transfer, and the mechanical power wasted in oil are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Qil is an incompressible substance with constant properties. 3 Body
forces such as gravity are negligible.

Properties The properties of oil at 50°C are given to be

k=017 W/m-K and x=0.05N-s/m? 3000 rpm |
Analysis (a) Oil flow in journal bearing can be w [rnnbiininl
approximated as parallel flow between two large plates with () ( ) jte cm
one plate moving and the other stationary. We take the x- /L |

axis to be the flow direction, and y to be the normal @ @ peeeeee oo i
direction. This is parallel flow between two plates, and thus |
v = 0. Then the continuity equation reduces to |

Continuity: 8_u+@: 0 —>a—u: 00— u=u(y)

ox oy OX

Therefore, the x-component of velocity does not change in the flow direction (i.e., the velocity profile remains unchanged).
Noting that u = u(y), v =0, and 0P /dx =0 (flow is maintained by the motion of the upper plate rather than the pressure
gradient), the x-momentum equation reduces to

_ ou  au o%u oP d2u
X-momentum:  plU—+V— |= y——— —— =0
ox oy oy?  ox dy?

This is a second-order ordinary differential equation, and integrating it twice gives
u(y)=Cyy+C,

The fluid velocities at the plate surfaces must be equal to the velocities of the plates because of the no-slip condition. Taking x
= 0 at the surface of the bearing, the boundary conditions are u(0) = 0 and u(L) = V, and applying them gives the velocity
distribution to be

-y
MW—LV

The plates are isothermal and there is no change in the flow direction, and thus the temperature depends ony only, T = T(y).
Also, u=u(y) and v = 0. Then the energy equation with viscous dissipation reduce to

2 2 2 2
Energy: 0=k Zy—IJr ﬂ(%u] — k i_z = _#[th
y

since ou /oy =V /L. Dividing both sides by k and integrating twice give

2
y
T(y)=—§[IVJ +C3y+Cy

Applying the boundary conditions T(0) = T, and T(L) = T, gives the temperature distribution to be

Wiy y?
T(y)=T, + y_ ¥
() =To oK {L Lz]

The temperature gradient is determined by differentiating T(y) with respect to y,

2
ar _wvo( Y
dy  2kL L

The location of maximum temperature is determined by setting dT/dy = 0 and solving for y,

2
ar _ W (1 oY
L

dy 2kL
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Therefore, maximum temperature will occur at mid plane in the oil. The velocity and the surface area are

1min
60s

V = zDN = 7(0.06 m)(3000 rev/min)( j =9.425m/s

A= DL yering = 7(0.06 M)(0.20 m) =0.0377 m?

The maximum temperature is

2 2
T =T(L/2)=T,+*Y (le—(m) J

2k | L L?
2 2 2
_T, +,uV _50°C4+ (0.05 N -s/m*©)(9.425 m/s) [ 1W j:53'3°C
8k 8(0.17 W/m-°C) IN-m/s
(b) The rates of heat transfer are
2 2
Gy =kall  — a4 _g)= A K
dy y=0 2kL 2L
2 2
_ (0.0877m?) (0.05N-s/m<)(9.425 m/s) 1w __419W
2(0.0002 m) IN-m/s
LI Y (1—2)—A“V2 ——Q, =419 W
Lo oL 2k IR

(c) Therefore, rates of heat transfer at the two plates are equal in magnitude but opposite in sign. The mechanical power

wasted is equal to the rate of heat transfer.

Wi =Q =2x419 =838 W
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6-64 The oil in a journal bearing is considered. The velocity and temperature distributions, the maximum temperature, the rate
of heat transfer, and the mechanical power wasted in oil are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Qil is an incompressible substance with constant properties. 3 Body
forces such as gravity are negligible.

Properties The properties of oil at 50°C are given to be

k=017 W/m-K and x=0.05N-s/m?

Analysis (a) Oil flow in journal bearing can be 3000rpm | |
approximated as parallel flow between two large plates with W[
one plate moving and the other stationary. We take the x- ( ) ( ) jtﬁ cm
axis to be the flow direction, and y to be the normal / j-j-j-j-j-j-j-j-j-j-j-j-j-j-j-j-:-:-:-:-|

direction. This is parallel flow between two plates, and thus ~ p—————————————r |
v = 0. Then the continuity equation reduces to |

!
Continuity: 8_u+@: 0 _>8_U: 0 > u=u(y) 20cm

ox oy OX

Therefore, the x-component of velocity does not change in the flow direction (i.e., the velocity profile remains unchanged).
Noting that u = u(y), v =0, and 6P/ ox = 0 (flow is maintained by the motion of the upper plate rather than the pressure
gradient), the x-momentum equation reduces to

_ ou  au o%u  oP du
X-momentum: plU—+vV— |=py——— —=0
ox oy oy?  oOx dy?
This is a second-order ordinary differential equation, and integrating it twice gives
u(y)=C,y+C,

The fluid velocities at the plate surfaces must be equal to the velocities of the plates because of the no-slip condition. Taking x
= 0 at the surface of the bearing, the boundary conditions are u(0) = 0 and u(L) = V, and applying them gives the velocity
distribution to be

ww={v

Frictional heating due to viscous dissipation in this case is significant because of the high viscosity of oil and the large plate
velocity. The plates are isothermal and there is no change in the flow direction, and thus the temperature depends on y only,
T =T(y). Also, u=u(y) and v = 0. Then the energy equation with dissipation reduce to

2 2 2 2
Energy: 0=k Zy_1—+ 'L{%uj —> Kk :—I = _'L{ij
y

since ou /oy =V /L. Dividing both sides by k and integrating twice give

ar _ ﬂ(V
dy k

2
—| y+C
Lj y+Lj

2
y
T(y) :_Z_i[tvj +C3y+Cy

Applying the two boundary conditions give

BC.1: y=0  T(0)=T,——C, =T,

S ar
dy

_ AV

B.C.2: y=L
y KL

y=L

Substituting the constants give the temperature distribution to be
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W[ y?
T(Y)=T, + .
(=T, o [y ZLJ

The temperature gradient is determined by differentiating T(y) with respect to y,

ar vy
dy kL L

The location of maximum temperature is determined by setting dT/dy = 0 and solving for y,

ar _ v’
dy kL

(1-%}:0—”: L

This result is also known from the second boundary condition. Therefore, maximum temperature will occur at the shaft
surface, for y = L. The velocity and the surface area are

1min
60s

V = zDN = 7(0.06 m)(3000 rev/min)( j =9.425m/s

A= DL yering = 7(0.06 M)(0.20 m) =0.0377 m?

The maximum temperature is

2 2 2 2
T =T)=T,+2 (L—L—J:Tl+’u\l: [1—1j=T1+“V

kL 2L 2 2k

2 2
(0.05 N -s/m*~)(9.425 m/s) W ) _631°C
2(0.17 W/m -°C) IN-m/s

=50°C +

(b) The rate of heat transfer to the bearing is

2 2
Q= EDPCLE _kAi(1—0)= Aty
dy y=0 kL
2 2
_ _(0.0377 m2) (0.05N-s/m<)(9.425m/s) 1w __837W
0.0002m IN-m/s

(c) The rate of heat transfer to the shaft is zero. The mechanical power wasted is equal to the rate of heat transfer,

Wi, =Q =837 W
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£E
6-65 E Prob. 6-64 is reconsidered. The effect of shaft velocity on the mechanical power wasted by viscous dissipation is
to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

D=0.06 [m]
N_dot=3000 [1/h]
L_bearing=0.20 [m]
L=0.0002 [m]
T_0=50 [C]

"PROPERTIES"
k=0.17 [W/m-K]
mu=0.05 [N-s/m"2]

"ANALYSIS"
Vel=pi*D*N_dot*Convert(1/min, 1/s)
A=pi*D*L_bearing
T_max=T_0+(mu*Vel*2)/(8*k)
Q_dot=A*(mu*Vel*2)/(2*L)
W_dot_mech=2*Q_dot

N Wmech 2500 r . r . r
[rpm] [W] .

0 0

250 5.814 2000

500 23.25 I

750 52.32 = 1500

1000 93.02 =

1250 145.3 < I

1500 209.3 2

1750 284.9 'BE 1000

2000 372.1 I

2250 470.9

2500 581.4 200

2750 703.5 i

3000 837.2

3250 9825 0 - - - -
3500 1139 0 1000 2000 3000 4000 5000
3750 1308 N [1/h]

4000 1488

4250 1680

4500 1884

4750 2099

5000 2325
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6-66 The oil in a journal bearing is considered. The bearing is cooled externally by a liquid. The surface temperature of the
shaft, the rate of heat transfer to the coolant, and the mechanical power wasted are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Qil is an incompressible substance with constant properties. 3 Body
forces such as gravity are negligible.

Properties The properties of oil are given to be k = 0.14 W/m-K and 2= 0.03 N-s/m% The thermal conductivity of bearing is
given to be k =70 W/m-K.

Analysis (a) Oil flow in a journal bearing can be 4500 r |
. . pm
approximated as parallel flow between two large plates with w |
one plate moving and the other stationary. We takethex- AN
axis to be the flow direction, and y to be the normal ( ) ( ) jt5 cm
direction. This is parallel flow between two plates, and thus / 3;3;3;3;3;3;3;3;3;3;3;3;3;3;3;3;3;3;3;3;|
v = 0. Then the continuity equation reduces to |
I
Continuity: a—u+@=0 —>a—u:0 — u=u(y) 15cm !
ox oy OX

Therefore, the x-component of velocity does not change in the flow direction (i.e., the velocity profile remains unchanged).
Noting that u = u(y), v =0, and oP /dx =0 (flow is maintained by the motion of the upper plate rather than the pressure
gradient), the x-momentum equation reduces to

_ ou  au o%u P d2u
X-momentum: plu—+v—|=py—-— —
ox oy oy?  ox dy?
This is a second-order ordinary differential equation, and integrating it twice gives
u(y)=C,y+C,
The fluid velocities at the plate surfaces must be equal to the velocities of the plates because of the no-slip condition.
Therefore, the boundary conditions are u(0) = 0 and u(L) =V, and applying them gives the velocity distribution to be

_y
ww—Lv

where

1min
60s

V = zDN = 7(0.05 m)(4500 rev/min)( j =11.78m/s

The plates are isothermal and there is no change in the flow direction, and thus the temperature depends ony only, T = T(y).
Also, u=u(y) and v =0. Then the energy equation with viscous dissipation reduces to

2 2 2 2
Energy: 0=k Zy—IJr y(%u] —> k 2_1 = _ﬂ[vtj
y

since ou/dy =V /L. Dividing both sides by k and integrating twice give

2
dT = —ﬁ(lj y+C3

dy kL
u(y,Y
T(y)=—§(tvj +C3y+C,

Applying the two boundary conditions give

B.C.1: y=0 —k—

B.C.2: y=L T(L)=T, ——>C, :TOJJ‘;/k
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Substituting the constants give the temperature distribution to be

T(y)=T A
(¥)=To + oK [ LZJ

The temperature gradient is determined by differentiating T(y) with respect to y,

ar _-pv?
dy  kL?
.The heat flux at the upper surface is
2 2
G, BUDLLE B ”VZ LAV
dyf,., kL L

Noting that heat transfer along the shaft is negligible, all the heat generated in the oil is transferred to the shaft, and the rate of
heat transfer is

V2 (0.03N -s/m?)(11.78 m/s)?

=7(0.05m)(0.15m
7 X ) 0.0006 m

=163.5W

Q =A0, = (ADW)
(b) This is equivalent to the rate of heat transfer through the cylindrical sleeve by conduction, which is expressed as

(W@ -Ts) (70 W/m - °C) 27(015m)(To -40°C) _ 165 5y
In(D, / D) In(8/5)

Q
which gives the surface temperature of the shaft to be

T,=41.2°C
(c) The mechanical power wasted by the viscous dissipation in oil is equivalent to the rate of heat generation,

W =Q=163.5W
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6-67 The oil in a journal bearing is considered. The bearing is cooled externally by a liquid. The surface temperature of the
shaft, the rate of heat transfer to the coolant, and the mechanical power wasted are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Qil is an incompressible substance with constant properties. 3 Body
forces such as gravity are negligible.

Properties The properties of oil are given to be k = 0.14 W/m-K and 2= 0.03 N-s/m% The thermal conductivity of bearing is
given to be k =70 W/m-K.

Analysis (a) Oil flow in a journal bearing can be 4500 r |
. . pm
approximated as parallel flow between two large plates with w [
one plate moving and the other stationary. We takethex- AN
axis to be the flow direction, and y to be the normal ( ) ( ) @5 cm
direction. This is parallel flow between two plates, and thus VA
v = 0. Then the continuity equation reduces to |
|
Continuity: a—u+@=0 —>a—u:0 — u=u(y) 15cm |
ox oy OX

Therefore, the x-component of velocity does not change in the flow direction (i.e., the velocity profile remains unchanged).
Noting that u = u(y), v =0, and oP /dx =0 (flow is maintained by the motion of the upper plate rather than the pressure
gradient), the x-momentum equation reduces to

_ ou  au o%u P d2u
X-momentum: plu—+v—|=py—-— —
ox oy oy?  ox dy?
This is a second-order ordinary differential equation, and integrating it twice gives
u(y)=C,y+C,
The fluid velocities at the plate surfaces must be equal to the velocities of the plates because of the no-slip condition.
Therefore, the boundary conditions are u(0) = 0 and u(L) = V, and applying them gives the velocity distribution to be

_y
ww—Lv

where

1min
60s

V = zDN = 7(0.05 m)(4500 rev/min)( j =11.78m/s

The plates are isothermal and there is no change in the flow direction, and thus the temperature depends ony only, T = T(y).
Also, u=u(y) and v =0. Then the energy equation with viscous dissipation reduces to

2 2 2 2
Energy: 0=k Zy—IJr y(%u] —> k 2_1 = _ﬂ[vtj
y

since ou /oy =V /L. Dividing both sides by k and integrating twice give

2
dT = —ﬁ(lj y+C3

dy kL
u(y,Y
T(y)=—§(tvj +C3y+C,

Applying the two boundary conditions give

B.C.1: y=0 —k—

B.C.2: y=L T(L)=T, ——>C, :TOJJ‘;/k

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




6-43
Substituting the constants give the temperature distribution to be

T(y)=T A
(¥)=To + oK [ LZJ

The temperature gradient is determined by differentiating T(y) with respect to y,

ar _-pv?
dy  kL?
.The heat flux at the upper surface is
2 2
G, BUDLLE B ”VZ LAV
dyf,., kL L

Noting that heat transfer along the shaft is negligible, all the heat generated in the oil is transferred to the shaft, and the rate of
heat transfer is

V2 (0.03N -s/m?)(11.78 m/s)?

=7(0.05m)(0.15m
7 X ) 0.001m

=98.1W

Q =A0, = (ADW)
(b) This is equivalent to the rate of heat transfer through the cylindrical sleeve by conduction, which is expressed as

_ 2o =To) (70 W/m - °C) 27015 m)(To -40°C) _ g4 4y
In(D, / D) In(8/5)

Q
which gives the surface temperature of the shaft to be

T, =40.7°C
(c) The mechanical power wasted by the viscous dissipation in oil is equivalent to the rate of heat generation,

Wit =Q=98.1W
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6-68E Glycerin is flowing over a flat plate. The velocity and thermal boundary layer thicknesses are to be determined.

Assumptions 1 Isothermal condition exists between the flat plate and fluid flow. 2 Properties are constant.
Properties The properties of glycerin at 50°F are v= 0.03594 ft*/s and Pr = 34561 (Table A-13E).
Analysis The Reynolds number at x = 0.5 ft is

Re >
v 0.03594ft°/s

=83.47 <5x10°>  (flow is laminar at x = 0.5 ft)

The velocity boundary thickness for laminar flow over a flat plate is

491X 4.91(0.5ft)

Re,  +/83.47

The thermal boundary thickness over a flat plate is

5, =0 _0268TM _ nogoagtt

Pri/® 345617

o =0.2687 ft

Discussion The ratio of the velocity boundary thickness to the thermal boundary layer thickness can be expressed as

9 _prl3 _3257

O

6-44

Since glycerin has a large Prandtl number, this implies that the velocity boundary thickness is larger than the thermal

boundary layer thickness, and this case by an order of about 33 times.
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6-69 Water is flowing between two parallel flat plates. The distances from the entrance at which the velocity and thermal
boundary layers meet are to be determined.

Assumptions 1 Isothermal condition exists between the flat plates and fluid flow. 2 Properties are constant.
Properties The properties of water at 20°C are p = 998.0 kg/m?®, = 1.002 x 10 kg/m-s and Pr = 7.01 (Table A-9).

Analysis The kinematic viscosity for water at 20°C is

g 1.002x107° kg/m-s

s - =1.004x107% m?/s
P 998.0kg/m P

Both the velocity and thermal boundary —
layers meet at the centerline between the

two parallel plates when ;
_1em _5.005m

0=0, =—
T2
Assuming the flow is laminar, the velocity and thermal boundary layer thicknesses are
o= _ 491 and o, = 4.91

Niox) CoprE V)

The distance from the entrance at which the velocity boundary layers meet is

5%V (0.005m)?(0.5mis)

o - = o ~0.516m
(4.9)%y  (4.91)2(1.004x10°° m2/s)

The distance from the entrance at which the thermal boundary layers meet is

. sZPr’®v (0,005 m)?(7.01)%'%(0.5 m/s)

¢ = > > = 2 =1.89m
(4.9)°v (4.91)(1.004x10™ m*/s)

Discussion The analysis for this problem assumed that the flow is laminar. To check whether the flow is indeed laminar, the
Reynolds number at x = 0.516 m is calculated:
Vx _ (0.5m/s)(0.516 m)

L 00ax 105 mss 2.57x10° <5x10°  (flow is laminar at x = 0.516 m)
1% . X m=/s

Re, =

Therefore, the laminar flow assumption for this analysis is valid.
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6-70E The &/ 6, ratios for different fluids in laminar boundary layer flow over a flat plate are to be determined.

Assumptions 1 Isothermal condition exists between the flat plate and fluid flow. 2 Properties are constant.

Properties The Prandtl numbers for the different fluids at 50°F are listed in the following table:

Fluid Table Pr
Air (1 atm) A-15E 0.7336
Lig. water A-9E 9.44
Isobutane A-13E 4114
Engine oil A-13E 22963
Mercury A-14E 0.02737

Analysis The velocity and thermal boundary layers for laminar flow can be related using

Pr 5t

Hence the 6/, ratio for each fluid is

Fluid o190,
Air (1 atm) 0.902
Liq. water 2.11
Isobutane 1.60
Engine oil 28.4
Mercury 0.301

Discussion For Pr > 1, the velocity boundary layer is thicker than the thermal boundary layer (S > &, ). For Pr < 1, the
velocity boundary layer is thinner than the thermal boundary layer (6 < &, ).
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6-71 For laminar boundary layer flow over a flat plate with air (100°C and 1 atm), & is 15% larger than 6. Determine the ratio
of 3/3, for engine oil (unused) at the same conditions.

Assumptions 1 Laminar flow.
Properties For air at 100°C and 1 atm, Pr = 0.7111 (Table A-15). For engine oil (unused) at 100°C, Pr = 279.1 (Table A-13)

Analysis The Prandtl number strongly influences growth of the velocitys, and thermal &, boundary layers. For laminar flow,
the approximate relationship is given by

515, ~Pr"

Where n is a positive coefficient. Substituting the values for air
511.156 = (0.7111)" — n = 0.4099

For engine oil (unused) it follows that
5168,=(279.1)%4%=10.06

Discussion Large value of Prandtl number for engine oil causes §>> ¢.
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£E
6-72 E The hydrodynamic boundary layer and the thermal boundary layer both as a function of x are to be plotted for the
flow of air over a plate.

Analysis The problem is solved using Excel, and the solution is given below.

Assumptions

1. The flow is steady and incompressible

2. The critical Reynolds number is 500,000
3. Air is an ideal gas

4. The plate is smooth

5. Edge effects are negligible and the upper surface of the plate is considered

Input Properties
The average film temperature is 40°C (Property data from Table A-15)
p=1.127 kg/m®
¢, = 1007 J/kg-°C
4=0.00001918 kg/m-s
v=1.702x10° m?/s
k =0.02662 W/m-°C
Pr=0.7255

Input Parameters

W=03m
Travg = 40°C
V=3mls
Thuig = 15°C
Ts=65°C
Analysis
vV . -5 2
The critical length: Re = Xor o = Rev _ (500000)d.702x10 " m*fs) _ 2.84m
v \ 3m/s
Hydrodynamic boundary layer thickness: o= 491
Re,
Thermal boundary layer thickness: o = jlgi
Pri’® /Re,
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X (m) Re, S o)

0.00 0 0 0

0.10 17628 0.0038 0.0042

0.20 35255 0.0053 0.0059

0.30 52883 0.0065 0.0073

0.40 70511 0.0075 0.0084

0.50 88139 0.0084 0.0094

0.60 105766 0.0092 0.0103

0.70 123394 0.0100 0.0111

0.80 141022 0.0107 0.0119

0.90 158650 0.0113 0.0126

1.00 176277 0.0119 0.0133

1.10 193905 0.0125 0.0139

1.20 211533 0.0130 0.0145

1.30 229161 0.0136 0.0151

1.40 246788 0.0141 0.0157

1.50 264416 0.0146 0.0162

1.60 282044 0.0151 0.0168

1.70 299672 0.0155 0.0173

1.80 317299 0.0160 0.0178

1.90 334927 0.0164 0.0183

2.00 352555 0.0168 0.0187

2.10 370182 0.0173 0.0192

2.20 387810 0.0177 0.0197

2.30 405438 0.0181 0.0201

2.40 423066 0.0184 0.0205

2.50 440693 0.0188 0.0210

2.60 458321 0.0192 0.0214

2.70 475949 0.0196 0.0218

2.80 493577 0.0199 0.0222

2.81 495339 0.0200 0.0222

2.82 497102 0.0200 0.0223

2.83 498865 0.0200 0.0223

Hydrodynamic and Thermal Boundary Layer
Thickness
Vs,
Position
Air Flowing
0.025
— 0.020 11 T]
% r'.,lr‘*":::w.-‘r""ﬂﬂﬂ
E o015 | 7 [ 471 —+—Hydrodyn. B. L.
E 0010 rjr‘r“,.«r‘ —= Thermal B. L.
= TH
. I
@ 0.005 §
0.000
0.00 0.50 1.00 1.50 2.00 2.50 3.00
Position [m )
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6-73 E The hydrodynamic boundary layer and the thermal boundary layer both as a function of x are to be plotted for the
flow of liquid water over a plate.

Analysis The problem is solved using Excel, and the solution is given below.

Assumptions

1. The flow is steady and incompressible

2. The critical Reynolds number is 500,000
3. Air is an ideal gas

4. The plate is smooth

5. Edge effects are negligible and the upper surface of the plate is considered

Input Properties
The average film temperature is 40°C (Property data from Table A-9)
p=992.1 kg/m®
cp, = 4179 J/kg-°C
4 =0.000653 kg/m-s
k =0.631 W/m-°C
Pr=4.32

Input Parameters

W=03m
Travg = 40°C
V=3mls
Thuig = 15°C
Ts=65°C
Analysis
- Y% ) .
The critical length:  Re = Xer Xor = Rev _Reu _ (500.000)(0.000653 kg;m 9 =0.11m
v \ Vp (3m/s)(992.1kg/m*)
Hydrodynamic boundary layer thickness: o= 491
Re,
Thermal boundary layer thickness: o; = lei
Pri’® /Re,
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X (m) Re, S o)
0.000 0.000 0 0
0.005 22789 0.0002 0.0001
0.010 45579 0.0002 0.0001
0.015 68368 0.0003 0.0002
0.020 91158 0.0003 0.0002
0.025 113947 0.0004 0.0002
0.030 136737 0.0004 0.0002
0.035 159526 0.0004 0.0003
0.040 182315 0.0005 0.0003
0.045 205105 0.0005 0.0003
0.050 227894 0.0005 0.0003
0.055 250684 0.0005 0.0003
0.060 273473 0.0006 0.0004
0.065 296263 0.0006 0.0004
0.070 319052 0.0006 0.0004
0.075 341842 0.0006 0.0004
0.080 364631 0.0007 0.0004
0.085 387420 0.0007 0.0004
0.090 410210 0.0007 0.0004
0.095 432999 0.0007 0.0004
0.100 455789 0.0007 0.0005
0.105 478578 0.0008 0.0005
0.110 501368 0.0008 0.0005
Hydrodynamic and Thermal Boundary Layer Thickness
'3
Position
Water Flowing
0.0009
0.0008 T
_ 0.0007 s
£ T
= 0.0006 PE
g 0.0005 T+ o i —e— Hydrodyan. B. L.
E 0.0004 —a— Thermal B. L.
|_
- 00003 +]
= 0.0002 Ld
¥l
0.000
0.0000
0000 0020 0040 00B0 0080 0100 0120
Position (m )
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6-74 E For saturated liquid water flowing over a flat plate, the effect of plate location on the velocity and thermal
boundary layer thicknesses is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant.

Properties The properties of saturated liquid water at 5°C are & = 1.519 x 10~ kg/m's, p = 999.9 kg/m?, and Pr = 11.2 (Table
A-9).

Analysis The Reynolds number at x = 0.5m is

Re. - PVX _(999.9 kg /m®)(1m/s)(0.5ft)
o 1.519x10 % kg/m-s

=3.29x10° <5x10° (flow is laminar at x = 0.5m)

The velocity and thermal boundary thicknesses for laminar flow over a flat plate are

491
_ 49X and 5tzi where ReX:p—VX
Re

0

X

The problem is solved using EES, and the solution is given below:

"GIVEN"
V=1 [m/s]

"PROPERTIES"
mu=1.519e-3 [kg/m-s]
rh0=999.9 [kg/m"3]
Pr=11.2

"ANALYSIS"
Re_x=rho*V*x/mu
delta=4.91*x/Re_x"0.5
delta_t=delta/Pr*(1/3)

x [m] o [m] oy [m] 0.005
0.0001  0.00006052  0.00002705 Pr=112>1
0.001 0.0001914  0.00008553
0.01 0.0006052  0.0002705
0.02 0.0008558  0.0003825
0.03 0.001048 0.0004685
0.04 0.001210 0.0005410
0.05 0.001353 0.0006048
0.10 0.001914 0.0008553
0.15 0.002344 0.001048
0.20 0.002706 0.001210
0.25 0.003026 0.001352
0.30 0.003315 0.001482
0.35 0.003580 0.001600
0.40 0.003827 0.001711 .
0.50 0.004279 0.001913 X [m]

d, dt [m]

Discussion The ratio of the velocity boundary layer thickness to the thermal boundary layer thickness can be expressed as 6/6;
= Pr'. Since Pr > 1 for saturated liquid water, the velocity boundary layer develops quicker than the thermal boundary layer
along the plate.
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T3
6-75 E For mercury flowing over a flat plate, the effect of plate location on the velocity and thermal boundary layer
thicknesses is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant.
Properties The properties of mercury at 0°C are v = 1.241 x 10"’ m/s, and Pr = 0.0289 (Table A-14).
Analysis The Reynolds number at x = 0.5 m is

x Loall0 mils - 03 x10° <5x10°  (flow is laminar at x = 0.5m)
v 241% m?/s

The velocity and thermal boundary thicknesses for laminar flow over a flat plate are

_ 49k and _o_ where ReX:V—X
14

5 =
Re, Coprls

The problem is solved using EES, and the solution is given below:

"GIVEN"
V=0.1[m/s]

"PROPERTIES"
nu=1.241e-7 [m"2/s]
Pr=0.0289

"ANALYSIS"
Re_x=V*x/nu
delta=4.91*x/Re_x"0.5
delta_t=delta/Pr"(1/3)

x [m] o [m] J¢ [m] 0.014

0.0001  0.0000547  0.0001782 Pr=0.289 <1 ;
0.001  0.0001730  0.0005636 0.012

0.01 0.0005470  0.001782

0.02 0.0007735  0.002521 0.01

0.03 0.0009474  0.003087 —

0.04 0.001094 0.003565 E, 0.008

0.05 0.001223 0.003986 =]

0.10 0.001730 0.005636 < 0006

0.15 0.002118 0.006903

0.20 0.002446 0.007971

0.25 0.002735 0.008912

0.30 0.002996 0.009763

0.35 0.003236 0.01054 0
0.40 0.003459 0.01127

0.50 0.003868 0.01260

0.004

0.002

Discussion The ratio of the velocity boundary layer thickness to the thermal boundary layer thickness can be expressed as 0/6;
= Pr'3, Since Pr < 1 for mercury, the velocity boundary layer develops slower than the thermal boundary layer along the plate.
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6-76 E For water vapor flowing over a flat plate, the effect of plate location on the velocity and thermal boundary layer
thicknesses is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant.
Properties The properties of water vapor at 0°C and 1 atm are v = 1.114 x 10~ m?/s, and Pr = 1.0033 (Table A-16).
Analysis The Reynolds number at x = 0.5 m is

_Vx _ (10m/s)(0.5m)

Re, = = —
v 1.114x10°m*“/s

=4.49 x10° <5x10°  (flow is laminar at x = 0.5m)

The velocity and thermal boundary thicknesses for laminar flow over a flat plate are

_ 49X and §I:L where ReX:V—X

Re, prt/3 v

)

The problem is solved using EES, and the solution is given below:

"GIVEN"
V=10 [m/s]

"PROPERTIES"
nu=1.114e-5 [m"2/s]
Pr=1.0033

"ANALYSIS"
Re_x=V*x/nu
delta=4.91*x/Re_x"0.5
delta_t=delta/Pr*(1/3)

x [m] o [m] o [m] 0.004
0.0001  0.00005182  0.00005177 '
0.001 0.0001639 0.0001637

0.01 0.0005182 0.0005177 0.003f
0.02 0.0007329 0.0007321

0.0035f

0.0025f

0.03 0.0008976  0.0008966 =
0.04 0.001036 0.001035 A :
0.05 0.001159 0.001158 < 0002
0.10 0.001639 0.001637 T 00015

0.15 0.002007 0.002005 7
0.20 0.002318 0.002315 0.001}
0.25 0.002591 0.002588 7

0.30 0.002838  0.002835 0.0005¢

0.35 0.003066  0.003063 0 ‘ ‘ ‘ ‘

0.40 0003278  0.003274 0 0.1 0.2 0.3 0.4 0.5
0.50 0.003664 0.003660 X [m]

Discussion The ratio of the velocity boundary layer thickness to the thermal boundary layer thickness can be expressed as d/6;
= Pr', Since Pr = 1 for water vapor, the velocity and thermal boundary layer thicknesses are approximately the same along
the plate.
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6-77 A laminar ideal gas flows over a flat plate. Using the given Nu, =0.332ReY'? Pr'/3 expression, the formulation for local

convection heat transfer coefficient, h, = C[V /(xT)]™, is to be determined.
Assumptions 1 Isothermal condition exists between the flat plate and fluid flow. 2 Gas behaves as ideal gas.
Analysis Using the definitions for Nusselt, Prandtl, and Reynolds numbers, we have

c
—— Zof and Re =2

k u

Nu , Pr=

Hence

1/2 1/3
c
Nu, =0.332ReY?prt’® hIX(X - 0,332(/’_\/)(} (pT'”J
7

For ideal gas, the density is p = P/(RT), thus

1/2 1/3
c

h, x 0332 PVx pH

k RTu k

Simplifying we get
13,213 1/2 12
¢,k
h, = 0.332”T(3j [Lj
)7 R xT

or h, = CV /(xT)]"

where

1/3y,2/3 1/2
¢’k
C= 0.332"T(Bj and m=2L

1 R 2

Discussion The temperature in the h, = C[V /(xT)]™ expression is an absolute temperature, since it was derived from the
ideal gas law.
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6-78 For air flowing over a flat plate, the convection heat transfer coefficients and the Nusselt numbers at x = 0.5 m and 0.75
m are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Edge effects are negligible. 4 Flow is laminar.
Properties The properties of air at 40°C are k = 0.02662 W/m-K, v = 1.702 x 10> m?/s, and Pr = 0.7255 (Table A-15).
Analysis The Reynolds number at x = 0.75 m is

Re, = Vx __BMROI5M) 4 55 4105 <5x10° (flow is laminar at x = 0.75m)

v 1.702x10°m?/s

For laminar flow over a flat plate, the local convection heat transfer coefficients can be determined using

0.5
h, =0.332Pr'? k[l]
v X

Atx=05m

3m/s
| (1.702x10°° m?/s)(0.5m)

0.5
h, =0.332(0.7255)"/%(0.02662 W/m - K) } =4.715 W/m? .K

Atx=0.75m

3m/s
| (1.702x107° m?/s)(0.75m)

h, = 0.332(0.7255)*3(0.02662 W/m - K)

0.5
} =3.850 W/m? - K

The Nusselt numbers are, at x = 0.5 m,

heX  (4.715W/m? - K)(0.5m)

Nu, = =88.6
k 0.02662 W/m - K
Atx=0.75m
h : 2.K)(0.
N, = xX _ (3.850 W/m* - K)(0.75m) 1085
k 0.02662 W/m- K

Discussion The average convection heat transfer coefficient of the plate can be determined by integrating h, over the plate
length0<x<1m.
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6-79 E For air flowing over a flat plate, the effect of the location along the plate (x) on the heat transfer coefficient and
the surface temperature gradient of the plate are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant.

Properties The properties of air at 40°C and 1 atm are k = 0.02662 W/m-K, v = 1.702 x 10 > m?/s, and Pr = 0.7255 (Table A-
15). The thermal conductivity of the plate is Kyjae = 15 W/m-K.

Analysis The Reynolds number at x = 0.50 m is

Vx _ (3m/s)(0.50 m)

Re, =
v 1.702x10"° m%/s

=8.813 x10* <5x10°  (flow is laminar at x = 0.50m)

For laminar flow over a flat plate, the local convection heat transfer coefficients can be determined using

0.5
h, =0.332Pr3k (i]
VX

The surface temperature gradient of the plate can be determined using

or h
(—] - (TS T
oy plate,y=0 plate

The problem is solved using EES, and the solution is given below:

"GIVEN"

V=3 [m/s]
T_infinity=20 [C]
T_s=60 [C]

"PROPERTIES"
"For Air"
nu=1.702e-5 [m"2/s]
k=0.02662 [W/m-K]
Pr=0.7255

"For Plate"
k_plate=15 [W/m-K]

"ANALYSIS"
h_x=0.332*Pr~(1/3)*k*(V/(nu*x))"0.5
dTdy_0=-h_x/k_plate*(T_s-T_infinity) "Surface temperature gradient of the plate"

x [m] he [W/m*K] (OT/r)o prare [K/M]
0.001 105.4 -281.2
0.005 47.15 -125.7
0.01 33.34 -88.91
0.02 23.58 —62.87
0.03 19.25 -51.33
0.04 16.67 —44.45
0.05 14.91 -39.76
0.1 10.54 -28.12
0.2 7.455 -19.88
0.3 6.087 -16.23
0.5 4.715 -12.57
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120 L - A B L L S R R |

100} 1

hy, [W/m?-K]
N [e2] o]
o o o

N
o
T
1

-100 8

-1501 8

(TTAY)o [K/m]

-200 8

-250 1

_300 " " " " 1 " " " " 1 " " " " 1 " " " " 1 " " " "
0 0.1 0.2 0.3 0.4 0.5

X [m]

Discussion As the magnitude of the surface temperature gradient decreases along X, so does the value of the convection heat
transfer coefficient.
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6-80 The ratio of the average convection heat transfer coefficient (h) to the local convection heat transfer coefficient (h,) is to
be determined from a given relationship for h,.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant.

Analysis From the given relationship for h, = Cx°°

At x = L, the local convection heat transfer coefficient is h,_, = CL™°. The average convection heat transfer coefficient over
the entire plate length is

L L
h= EJ‘ h,dx = EI x05gx = 2C 105 _ o0 05
LJo L Jo L

Taking the ratio of h to h, at x = L, we get
h 2cL?®
hx:l_ CL*0.5

Discussion For laminar flow and constant properties, it should be noted that ratio of the average Nusselt number over the
entire plate length to the local Nusselt number at the end of the plate is also Nu/Nu,_, =2.

=2

6-81E Two airfoils with different characteristic lengths are placed in airflow of different free stream velocities at 1 atm and
60°F. The heat flux from the second airfoil is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 Both airfoils are geometrically similar.

Analysis The relation for Nusselt, Prandtl, and Reynolds

numbers is given as AiL V, —p —
Nu = g(Re,Pr) “—Lu _..|
c
where Nu:h—L, pr="P”  and Re="b
Then | Ji |
I o
2 c
Airfoil 1: Re, = Vb _ A501Us)021) _ 30MtTs 4 pr, =2
v v 1% k
2 c
Airfoil 2- Re, = VL, _ (75ft/s)(0.4ft) _30ft%/s and  Pr, :pT/t
14 v 14

Since the fluid properties are constant, we have Re; = Re, and Pr; = Pr,, which implies
Nu; = g(Rey,Pr;) = Nu, =g(Re,,Pr,) —  Nu; =Nu,
Hence

h1|-1 _ thz
k  k

— h, =hl%=h1%=o.5h1
2 .

Therefore the average convection heat transfer coefficient for airfoil 2 is
h, = 0.5h, = 0.5(21Btu/h - ft? - °F) =10.5 Btu/h - ft® - °F
The heat flux from the airfoil 2 is
4,=h, (T, - T,) = (10.5 Btu/h - ft - °F)(180 — 60)°F = 1260 Btu/h - ft

Discussion The relation for the Nusselt numbers Nu; = Nu, is valid due to Re; = Re, and Pry = Pr,.
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Momentum and Heat Transfer Analogies

. Re -
6-82C Reynolds analogy is expressed as C , TL = Nu, . It allows us to calculate the heat transfer coefficient from a
knowledge of friction coefficient. It is limited to flow of fluids with a Prandtl number of near unity (such as gases), and
negligible pressure gradient in the flow direction (such as flow over a flat plate).

o . Re C h .
6-83C Modified Reynolds analogy is expressed as C; , TL: Nu, Pr/3 or % :—"VPrZ’3 =j, . Itallowsusto
: <,
calculate the heat transfer coefficient from a knowledge of friction coefficient. It is valid for a Prandtl number range of 0.6 <
Pr < 60. This relation is developed using relations for laminar flow over a flat plate, but it is also applicable approximately for

turbulent flow over a surface, even in the presence of pressure gradients.

6-84 An airplane cruising is considered. The average heat transfer coefficient is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The edge

effects are negligible. Air
-50°C

Properties The properties of air at -50°C and 1 atm are (Table A-15) 800 km/h

¢, =0.999 kl/kg-K Pr=0.7440 > Wing

. . . > T=4°C 3m
The density of air at -50°C and 26.5 kPa is _—

P 26.5kPa 3
P =0.4141kg/m 25 m

TRT (0.287 ki/kg.K)(-50 + 273)K

Analysis The average heat transfer coefficient can be determined from the modified Reynolds analogy to be

o _Cr AVep _ 0.0016 (0.4141kg/m*)(800/3.6 m/s)(999 Jkg - °C)

- = =89.6 W/m?-C
2 proB 2 (0.7440)%"3
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6-85 A metallic airfoil is subjected to air flow. The average friction coefficient is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The edge effects are negligible.

Properties The properties of air at 25°C and 1 atm are (Table A-15) l l l l 'ZA\E:EC

p=1184kg/m’, c,=1.007 kikg-K,  Pr=0.7296 ¥ 5mis

4

Analysis First, we determine the rate of heat transfer from

9= MCpairot (T2 —T1) _ (50 kg)(500 J/kg -°C)(160-150)°C _ 2083 W

At (2x60s) L=3m

Then the average heat transfer coefficient is

Q=hA,(T,-T,) Q 2083 W =1.335 W/m?.°C v

CAT T (12m?)(155 - 25)°C

where the surface temperature of airfoil is taken as its average temperature, which is (150+160)/2=155°C. The average
friction coefficient of the airfoil is determined from the modified Reynolds analogy to be
_2hPr?® 2(1.335W/m? -°C)(0.7296)2*

= . =0.000363
pVe,  (1.184 kg/m®)(5 m/s)(1007 J/kg - °C)

Cy

6-86 A metallic airfoil is subjected to air flow. The average friction coefficient is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The edge effects are negligible.

Properties The properties of air at 25°C and 1 atm are (Table A-15) l l l l 'ZAE:[’C
p=1184kg/m®, ¢, =1.007 ki/kg-K, Pr=0.7296 Y 10mis
Analysis First, we determine the rate of heat transfer from 1
9= MCpairon (T2 —T1) _ (50 kg)(500 J/kg -°C)(160-150)°C _ 2083 W
At (2x605) L=3m
Then the average heat transfer coefficient is
Q=hA(T,-T,) >h Q 2083 W =1.335W/m? .°C R

TAM T (12 m?)(155 - 25)°C

where the surface temperature of airfoil is taken as its average temperature, which is (150+160)/2=155°C. The average
friction coefficient of the airfoil is determined from the modified Reynolds analogy to be

_2hPr?®  2(1.335W/m?.°C)(0.7296)2'*

C =
f pVe, (1.184 kg/m3 )(20 m/s)(1007 J/kg - °C)

=0.000181
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6-87 The windshield of a car is subjected to parallel winds. The drag force the wind exerts on the windshield is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The edge effects are negligible.
Properties The properties of air at 0°C and 1 atm are (Table A-15)
p=1292kg/m*, c,=1.006kikg-K,  Pr=0.7362

Air
Analysis The average heat transfer coefficient is 0°C
: 80 km/h
Q =h (T _Too)
AT - Windshield
__ @ - T=4°C 0.6m
As (Ts - Too ) I
—_—
- OW ~11.57 Wim? -°C SN
(0.6x1.8m“)(4-0)°C
1.8 m
The average friction coefficient is determined from the modified
Reynolds analogy to be
213 2 o 2/3
_ 2hPr=° 2(11.57 W/m* - °C)(0.7362) — 0.0006534

C -
" opVc,  (1.292kg/m®)(80/3.6 m/s)(1006 J/kg - °C)

The drag force is determined from

2 3 2
F, =C, A 2" _ (0.0006534)(0.6 x 1.8 m?) (1:292Kg/M")(80/3.6 m/s) ( IN

> |=0.225N
2 2 1kg.m/s

6-88 A flat plate is subjected to air flow, and the drag force acting on it is measured. The average convection heat
transfer coefficient and the rate of heat transfer on the upper surface are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The edge effects are negligible.

Properties The properties of air at 20°C and 1 atm are (Table A-15)

p=1.204 kg/m*’, c,=1.007 ki/kg-K, Pr=0.7309 Air —»
. . . 20°C —
Analysis The flow is along the 5-m side of the plate, and thus the 10 m/s ~ |
characteristic length is L =5 m. The surface area of the upper surface is | |
A, =WL = (5m)(5m) = 25m? ! L=5m |
For flat plates, the drag force is equivalent to friction force. The average friction
coefficient C; can be determined from
2 = Ce2
F, =CfA5pV - f2 _ . 2.4N2 . 1kg-m/s — 0.001595
2 PAV 12 (1.204kg/m?)(25m*=)(A0m/s)“ /2 1IN

Then the average heat transfer coefficient can be determined from the modified Reynolds analogy to be

=11.91W/m?.C

he C_f pVC, _0.001595 (1.204 kg/m3)(10 m/s)(1007 J/kg - °C)
2 pr2s 2 (0.7309)2/®
Them the rate of heat transfer becomes

Q=hA (T, -T,) = 11.92W/m? -°C)(25 m?)(80 — 20)°C = 17,900 W
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6-89 Air is flowing in parallel to a stationary thin flat plate over the top and bottom surfaces. The rate of heat transfer from the
plate is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant. 3 The edge effects are negligible.

Properties The properties of air (1 atm) at the film temperature of T; = (T + T,,)/2 = 20°C are given in Table A-15: p=1.204
kg/m®, ¢, = 1007 J/kg’K, v=1.516 x 10 m’/s, and Pr = 0.7309.

Analysis The flow is over the top and bottom surfaces of the plate, hence the total surface area is

A, =2(1m)@Am) =2m?

S
For flat plate, the friction force can be determined using Air, T, [ ]
2 2F
Fir =C¢ A & - C¢ = fz
2 PAV

Using the Chilton-Colburn analogy, the convection heat transfer coefficient is determined to be:

c c
St h pr2/3 h:—prpV pr-2/3
2 poV 2
F
h=—"c,pr2d = OIN) 1007 55q.1)(0.7309) 2% = 31.03 Wim? - K
AV (2m?)(2m/s)

The rate of heat transfer from the flat plate is
Q=hA/(T, -T,) = (31.03W/m? -K)(2m?)(35-5) K = 1862 W

Discussion The friction force asserted on the flat plate is due to the shear stress on the plate surfaces.
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6-90 Air is flowing in parallel to a stationary thin flat plate over the top surface. The rate of heat transfer from the plate is to
be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant.

Properties The properties of air (1 atm) at the 100°C are given in Table A-15: p = 0.9458 kg/m?, Cp = 1009 J/kg'K, v=2.306
x 107 m?/s, and Pr = 0.7111.

Analysis The flow is over the top surface of the metal foil, hence the surface area is

A, =(0.2m)(0.5m) = 0.1m?

For flat plate, the friction force can be determined using Air, T = 20°C Metal foil
—
2 2F —
Ff:CfAspV — C; = f2 —> . 7
2 PAV Folae = 0100 Wim*

Using the Chilton-Colburn analogy, the convection heat
transfer coefficient is determined to be:

C C
—f:LPrZB R h:—prpV pr-2/3
2 pegV 2
F
h= —fcp pro2/3 = (2'3 N) (1009 J/kg - K)(0.7111) 2/ =38 W/m? - K
AV (0.1m*)(100 m/s)

The surface temperature of the metal foil is

: 2
g=h(,-T,) — T,=d,7, -5100Wm~ Wém +20°C = 181°C
h 38W/m* -K
Discussion The temperature, at 100°C, used for evaluating the fluid properties turned out to be appropriate, since the film
temperature is

T 4T
T, = S; ® —101°C ~100°C
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6-91 Air at 1 atm is flowing over a flat plate. The friction coefficient and wall shear stress at a location 2 m from the leading
edge are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant.

Properties The properties of air (1 atm) at 20°C are given in Table A-15: p = 1.204 kg/m®, C, = 1007 J/kg'K, v=1.516 x 107
m’/s, and Pr = 0.7309.

Analysis At the location x = 2 m from the leading edge, the Reynolds number is

Vx _ (70m/s)(2 m)
v 1.516x107° m?/s

Re, = =9.235x10°

Applying the modified Reynolds analogy,

Cix _st, pr2fd - Nuy pe2r3

 Re, Pr

Substituting the given correlation for Nusselt number, we get

C ] R 0.8 P 1/3
;X _0 03R:XPr  Pr2’* —0.03Re*? o C¢ 4 =0.06Re;*?
X

The friction coefficientat x =2 mis
Ct 4 =0.06Re;*? =0.06(9.235x10°) %% = 0.002427
The wall shear stress is

(1.204 kg/m?®)(70 m/s)?
2

pV?

7s=Cry = (0.002427) =7.16 N/m?

Discussion At x = 2 m from the leading edge, the flow is turbulent. Since the Reynolds number at that location is greater than
5 x 10°.

6-92 Metal plates are subject to parallel air flow cooling. The average convection heat transfer coefficient for the plates are to
be determined from a given average friction coefficient over each plate.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant.

Properties The properties of air at 20°C and 1 atm are v = 1.516 x 10 ° m/s, p = 1.204 kg/m’, ¢, = 1007J/kg-K, and Pr =
0.7309 (Table A-15).

Analysis The Reynolds number for the plate is

Re, - VL _ (5m/s)(Lm)

15162105 m) =3.298x10° <5x10° (flow is laminar at x = 1m)
v . X ~ m/s

The average friction coefficient over the plate is
C; =1.33Re%° =1.33(3.298 x10°) ** = 0.002316
The average convection heat transfer coefficient can be determined from the modified Reynolds analogy to be

he Ct pVep  0.002316 (1.204 kg/m®)(5 m/s)(1007 J/kg - K)

= =8.65 W/m?-K
2 pr?d 2 (0.7309)2/3

Discussion The given C; = 1.33(Re,) * equation is valid up to V = 7.58 m/s to satisfy the Re, < 5 x 10° condition.
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T3
6-93 E A flat plate is subjected to air flow parallel to its surface. The effect of air velocity on the average convection heat
transfer coefficient for the plate is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant.

Properties The properties of air at 20°C and 1 atm are v = 1.516 x 10> m?/s, p = 1.204 kg/m®, ¢, = 1007 J/kg-K, and Pr =
0.7309 (Table A-15).

Analysis The air velocity for Re_ < 5 x 10° is

-5 2 5
Re, = Vb, y_YReL (S16x107 mISEX10T) 455y, v <7.58mis
1% L im
For V < 7.58 m/s, we have Re, <5 x 10°% and for V > 7.58 m/s, we have Re, > 5 x 10°.

Thus,
C,; =1.33Re;*2 for V <7.58m/s (laminar flow)
C; =0.074Re[Y® for 7.58<V <20m/s (turbulent flow)

The average convection heat transfer coefficient can be determined from the modified Reynolds analogy
h= Cr PG,

The problem is solved using EES, and the solution is given below:

"GIVEN"
L=1[m]

"PROPERTIES"
nu=1.516e-5 [m"2/s]
rho=1.204 [kg/m"3]
c_p=1007 [J/kg-K]
Pr=0.7309

"ANALYSIS"
C_f_lam=1.33*(V_lam*L/nu)(-1/2)
C_f_turb=0.074*(V_turb*L/nu)”(-1/5)
h_lam=(C_f_lam/2)*(rho*V_lam*c_p)/(Pr(2/3))
h_turb=(C_f_turb/2)*(rho*V_turb*c_p)/(Pr(2/3))

V [m/s] h [W/m*K] V [m/s] h [W/m?K]

0.01 0.3869 7.58 30.37
0.05 0.8651 8.0 31.71
0.1 1.223 8.5 33.29
0.5 2.736 9.0 34.85
1.0 3.869 10 37.91
15 4.738 11 40.91
2.0 5471 12 43.86
25 6.117 13 46.76
3.0 6.701 14 49.62
3.5 7.238 15 52.44
4.0 7.738 16 55.21
4.5 8.207 17 57.96
50 8.651 18 60.67
6.0 9.477 19 63.35
7.57 10.64 20 66.01
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Discussion The convection heat transfer coefficient in turbulent flow is significantly higher than that of laminar flow.
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Special Topic: Microscale Heat Transfer

6-94 It is to be shown that the rate of heat transfer is inversely proportional to the size of an object.

Analysis Consider a cylinder of radius r and length 1. The surface area of this cylinder is A=2zr(l+r) and its volume is

2(1+r)
rl

. . . A 2 _. . .
A=7r?l. Therefore, the area per unit volume is which, for a long tube | <<r, becomes v =—. Similarly, it can be
r

shown that the surface area to volume ratio is 3 for a sphere of radius r, and 6 for a cube of side r.
r r

Al V=2/r

A/V=3Ir

A/ V=6/r

Note that as r becomes smaller, the surface to volume ratio increases. Specifically, this means that while the surface area is
about the same order of that of the volume of macroscale (meter, centimeter scale) objects, but the surface becomes million or
more times the volume as the size of the object goes to micrometer scale or below. Since, convective heat transfer is
proportional to A(T — T.,), heat flow increases as A increases.

6-95 For specified wall and fluid temperatures, the heat flux at the wall of a microchannel is to be determined.
Assumptions Steady operating conditions exist.

Properties The properties for both cases are given.

Analysis: (a) The gas and wall temperatures are T, =100°C = 373 K, T,, = 50°C = 323 K. Then,

T, - 2=C (i](ij(gJ :(ﬂj(le.efs?jm@[gj
or \r+iPrloy), U1 A 2667 ),

Ty T -
(G_T] _To-Tw _378-33 00
w

oy 0625  0.625

Therefore, the wall heat flux is
oT 2
—k| —| =(0.15W/m-K)(80 K/m) =12 W/m
N )
(b) Repeating the same calculations for a different set of properties,
Ty T = 2-or [ 2y (ij aT :(2—0.8J(2x2j(5) aT
or \r+LA\Prioy), 0.8 2+1 ),

[aT] ~Ty-Tw 373-323
w

£l 10 10

=5K/m

- k(%j = (0.1W/m-K)(5 K/m) = 0.5 W/m?
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6-96 For a specified temperature gradient, the Nusselt numbers associated with ambient air and nitrogen gas are to be
determined.

Assumptions Steady operating conditions exist.

Analysis: At the outer surface of the microchannel (assuming it to be infinitesimally thin), the heat transferred through the
channel fluid (gas-wall interface) outward should balance the heat convected outside, and

ar
h(T, -T,,) = k|
o= )

Therefore, the Nusselt number for cooling is

TR CLELC )
k (Ta=Tw)

The channel is 1.2 um thick, i.e., L=1.2 x 10° m.
(a) For an ambient air temperature of 30°C,

DZ—(aT/dy)W: 80 K/m _a0m?
k  (T,-T,) (50-30)K

Thus,
Nu = hL/k = (4.0 m™)(1.2x10° m) = 4.80 x 10°7°
(b) For a nitrogen gas temperature of -100°C,

D: —(0T /dy),, _ 80 K/m _0533mt
kK (T,-T,) [50-(-100)]K

Thus,
Nu = hL/k = (0.533 m™)(1.2x10° m) = 6.40 x 107

Review problems

6-97E Prantl number is to be determined for a given set of properties.
Assumptions None.
Properties The given properties are: ¢, = 0.5 Btu/lbom-R, k =2 Btu/h-ft-R, x=0.3 lom/ft-s.

Analysis The Prandtl number is

_ Cp i (0.5Btu/lbm-R)(0.31bm/ft - s) (3600s/h)
ok 2Btu/h-ft-R

Pr = 270

Discussion Typically Prandtl number of liquids and gases is listed along with other properties in the property tables in the
Appendix. However, if it is not listed, it can be obtained from the other properties. An alternative to the above equation is Pr
= v/a where v=ulp and e =k/pc,.
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6-98 Determine whether the flow is laminar or turbulent over a flat plate for different fluids at a given temperature.
Assumptions 1 Transition from laminar to turbulent flow over the flat plate occurs at a Reynolds number of 5 x 10°

Properties The properties of the fluids are evaluated at 50°C. For Air: v = 1.798 x 10 ° m%/s (Table A-15). For CO,:

v =09.714 x 10°° m%s (Table A-16). For Water: p = 988.1 kg/m®, p = 0.547 x 10 kg/m-s — v = w/p =5.536 x 10’ m?/s
(Table A-9). For Engine oil (unused): v = 1.671 x 10™* m%s (Table A-13).

Analysis The Reynolds number for the plate is

1%
For Air: Re, :£:%:4.17x104 <5x10° (Laminar Flow)
v 1.798x107° m%/s
For COy: Re, = VL % =7.72x10* <5%10° (Laminar Flow)
v 9.714x107° m%/s
For Water: Re = VL __Bmk)(0.15m) =1.35x10% <5x10° (Turbulent Flow)

v 5.536x10"' m2/s

VL _ (5mis)(0.15m)

For Engine oil (unused): Re, =— = 4.49x10% <5%10° (Laminar Flow)
1.671x107" m“/s

Discussion The value of the kinematic viscosity dictates whether the flow will be laminar or turbulent for the four fluids. The
smaller the value, the higher the Reynolds number.

6-99E Fluid is flowing over a flat plate. The characteristic length (L) at which the Reynolds number is 1 x 10° is to be
determined.

Assumptions 1 Isothermal condition exists between the flat plate and fluid flow. 2 Properties are constant.
Analysis Using the definition for Reynolds number, we have

VL VX
=—< and Re,=—Y
|4 |4

Re

Taking the ratio yields

Re VL. /v N Re L.
Re, Vx,/v Re, Xg

The characteristic length (L) at which Re = 1 x 10° is

Re 1x10°
L. =X, —— =(7ft =1.4ft
c cr R ( )5><105

cr

Discussion In some flow conditions, the value of Re,, may change substantially, depending on the free stream turbulence
level.

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




6-71

6-100 The Coutte flow of a fluid between two parallel plates is considered. The temperature distribution is to be sketched and
determined, and the maximum temperature of the fluid, as well as the temperature of the fluid at the contact surfaces with the
lower and upper plates are to be determined.

Assumptions Steady operating conditions exist.

Properties The viscosity and thermal conductivity of the fluid are given to be z= 0.8 N-s/m and k; = 0.145 W/m-K. The
thermal conductivity of lower plate is given to be k, = 1.5 W/m-K.

Analysis: (a) The general solution of the relevant differential equation is obtained as follows:

UZXV—>d_u:!
L dy L
2 2 2 Insulation
dT —-uV ar _—uV~®
— > = y+C;
dy?  ky L? dy Kk L2
—yVv?
T:K_y +Cy+C, f
L Hs kf y
Applying the boundary conditions: 1 T
-
G —q. — ok, 4T _TO-T, b
roe ay| T bik ! N
y:O 0 p \
k —_— [e]
kfclzT"((:2 -T,) 1) T, = 40°C — K
2
y = L, adiabatic anr g clziv_
dy|, ke L

k
FromEq. (1), C,=b—C,+T, =bi\/_+-|-s
i, kp L

Substituting the coefficients, the temperature distribution becomes

,uV LA v? y7, v?
— —Yy+——Db+T
T(y)= ~y° kf Y G L s

(b) Then the temperatures at the contact surfaces are determined to be

0.8 5°
T()=0+ 0+— 0.003 + 40 = 48.0°C
1.5 0.005
2 2 2
T(Y)=—— —08 S 2, 08 5 0054+98 5 (003440-117°C
2(0.145) 0.0052 0.145 0.005 1.5 0.005

The maximum temperature is T = T(L) = 117°C because of the adiabatic condition aty = L.

(c) The sketch of temperature distribution is given in the following figures. They are obtained using the temperature
distribution obtained in part (a). The top figure shows the distribution in the fluid and the bottom one in the plate. We observe
from this figure that there are different slopes at the interface (y = 0) because of different conductivities (k, > k;). The slope is
zero at the upper plate (y = L) because of adiabatic condition.
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£E
6-101 E The hydrodynamic boundary layer and the thermal boundary layer both as a function of x are to be plotted for
the flow of engine oil over a plate.

Analysis The problem is solved using Excel, and the solution is given below.

Assumptions
1. The flow is steady and incompressible
2. The critical Reynolds number is 500,000
3. Air is an ideal gas
4. The plate is smooth
5. Edge effects are negligible and the upper surface of the plate is considered

Input Properties
The average film temperature is 40°C (Property data from Table A-13)
p =876 kg/m?
¢, = 1964 J/kg-°C
w1=0.2177 kg/m-s
k =0.1444 W/m-°C
Pr=2962

Input Parameters

W=03m
Travg = 40°C
V=3m/s
Thuig = 15°C
Ts=65°C
Analysis
. % . .
The critical length: Re = er Xor = Rev _Reu _ (500,000)(0.2177 kg/3m S _ 41.42m
v \Y Vp (3m/s)(876 kg/m*)
Hydrodynamic boundary layer thickness: o= 4.91x
Re,
Thermal boundary layer thickness: o; = jlgi
Pr/3 JRe,
x (m) Rey 8 S
0.000 0.000 0 0
1.000 12072 0.0455 0.0032
2.000 24143 0.0644 0.0045
3.000 36215 0.0788 0.0055
4.000 48287 0.0910 0.0063
5.000 60358 0.1018 0.0071
6.000 72430 0.1115 0.0078
7.000 84502 0.1204 0.0084
8.000 96573 0.1287 0.0090
9.000 108645 0.1365 0.0095
10.000 120717 0.1439 0.0100
11.000 132788 0.1509 0.0105
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12.000 144860 0.1576 0.0110
13.000 156932 0.1641 0.0114
14.000 169003 0.1703 0.0119
15.000 181075 0.1763 0.0123
16.000 193147 0.1820 0.0127
17.000 205218 0.1876 0.0131
18.000 217290 0.1931 0.0134
19.000 229362 0.1984 0.0138
20.000 241433 0.2035 0.0142
21.000 253505 0.2085 0.0145
22.000 265576 0.2135 0.0149
23.000 277648 0.2182 0.0152
24.000 289720 0.2229 0.0155
25.000 301791 0.2275 0.0158
26.000 313863 0.2320 0.0162
27.000 325935 0.2365 0.0165
28.000 338006 0.2408 0.0168
29.000 350078 0.2451 0.0171
30.000 362150 0.2493 0.0174
31.000 374221 0.2534 0.0176
32.000 386293 0.2574 0.0179
33.000 398365 0.2614 0.0182
34.000 410436 0.2654 0.0185
35.000 422508 0.2692 0.0187
36.000 434580 0.2730 0.0190
37.000 446651 0.2768 0.0193
38.000 458723 0.2805 0.0195
39.000 470795 0.2842 0.0198
40.000 482866 0.2878 0.0200
41.000 494938 0.2914 0.0203
41.210 497473 0.2921 0.0203
41.420 500008 0.2929 0.0204

Hydrodynamic and Thermal Boundary Layer Thickness
VS,
Position
Engine Qil Flowing

0.3500

0.3000

0.2500

0.2000 v —e— Hydrodyan. B. L.

—m— Thermal B. L

0.1500 ”

B. L. Thickness (m )

0.1000

0.0500

0.0000
0.000 10.000 20.000 30.000 40.000 50.000

Position {m )
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6-102 Object 1 and object 2 with same shape and geometry, but different characteristic lengths, are placed in airflow of
different free stream velocities at 1 atm and 20°C. The average convection heat transfer coefficient for object 2 is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant.

Analysis The relation for Nusselt, Prandtl, and Reynolds numbers is given as

c
Nu = g(Re,Pr) where Nu =E , Pr :p—ﬂ, and Re= vL
k k 1%
Then
2 c

Object 1: Re, = VL _ (50 m/s)(0.5m) _ 25m*/s and  Pr, = pM

v v v k

2 c

Object 2: Re, = VL, _ Bm/s)(Em) _ 25m°/s and  Pr, =pTH

Vv 14 14

Since the fluid properties are constant, we have Re; = Re, and Pr; = Pr, , which implies
Nu; = g(Re;,Pr;) = Nu, = g(Re,,Pr,) —  Nu; =Nu,
Hence

hLy _ hLy — h, :hli:hlﬁzo.lhl
k k L, 5

The average convection heat transfer coefficient for object 1 is

G, 12000 W/m?

_ = =120 W/m? -K
T,-T, (120-20)K

ql:hl(Ts _Too) - hl

Therefore the average convection heat transfer coefficient for object 2 is
h, = 0.1h; =0.1(120 W/m? - K) = 12 W/m? . K

Discussion The conditions where Re; = Re, and Pr; = Pr, allowed one to easily relate the Nusselt numbers as Nu; = Nu,. If
Re; # Re,, then the specific expression for g(Re, Pr) is needed to relate Nu; and Nu,.
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6-103 A rectangular bar is placed in a free stream flow. Using the given expression for Nusselt number, the heat transfer
coefficients, for different characteristic lengths and free stream velocities, are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant.
Analysis From the given expression for Nusselt number
m n
Nu=CRe"Pr" — L C(E) [Lj
k v a

From the given information, we have

Casel: h =100W/m?.-K when V,=25m/s and L, =05m

Case2: h,=50W/m?-K when V,=5m/s and L,=05m

Hence

Nu, _CRef' P’ Ref  hl (Vi "
NUZ C RE? Przn RE? hz Lz V2 L2

where Pr; = Pr, is due to constant properties. Then

hG Vil )" . (Q00W/m?-K)(05m) _ {(25 m/s)(0.5 m)}m 5_gm
hoL,  \Valy (50 W/m? -K)(0.5m) | (5m/s)(0.5m)
Solving for the constant m yields m = 0.4307.
(a) ForL=1mand V =5 m/s, the convection heat transfer coefficient is
0.4307 r 10.4307
hh, 2 VL _ (50 W/m? . k)&M) | _(Gm/s)dm) ~337W/m? K
L (V,L, (Im) | (5m/s)(0.5m) |
(b) For L =2 mand V = 50 m/s, the convection heat transfer coefficient is
0.4307 r -0.4307
hoh, 2 VL _ (50 W/m? . ) -5 M) | (50M/s)(2m) —612W/m?-K
L (V,L, (2m) | (5m/s)(0.5m) |

Discussion The Nusselt number relation, Nu=C Re™ Pr", is in general a reasonably accurate representation for convection
heat transfer coefficient. However, more complex relations for Nusselt number are used for better accuracy.
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6-104 Electrical heaters are embedded inside the wing to prevent formation of ice. The heat flux necessary to keep the wing
surface above 0°C is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant.

Properties The properties of air (1 atm) at —10°C are given in Table A-15: v=1.252 x 10> m%s, k = 0.02288 W/m'K, and
Pr=0.7387.

Analysis With a characteristic length of 2.5 m, the Reynolds number is

VL _ (200 m/s)(2.5m)
v 1.252x107° m?/s

Re = =3.994x107

Applying the modified Reynolds analogy,

C; Re k

C C
—NuPr® o Nu:TfRePr“3 or h:TftRePr”3

h= 0'201 (0'022(285\"”) M-K) (3.994x107)(0.7387)'% =165.2 Wim? - K
om

The heat flux necessary to keep the wing surface above 0°C is
4>h(T, -T,) = (165.2W/m?-K)[0- (-20)] K = 3304 W/m? — ¢ > 3304 W/m?

Discussion The modified Reynolds analogy is applicable approximately for turbulent flow over a surface, even when pressure
gradient is present.
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6-105 Forced convection of air is used for cooling the surface of a circuit board. The temperature difference between the
circuit board surface temperature and the airstream temperature is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Properties are constant.

Properties The properties of air (1 atm) at 40°C are given in Table A-15: p = 1.127 kg/m®, C, = 1007 J/kg'K, v=1.702 x 107
m’/s, and Pr = 0.7255.

Analysis Applying the modified Reynolds analogy

Cr _gipran —»
? \nwmé\““'“;
—_—
. h —>
with St= A
T g
—_—
rIJV

2
and rs:Cf'D\;

Electronic

Substituting yields
components

7, _h
pVE eV

T _
Pri? — =T, Prt

The convection heat transfer coefficient is

(0.075 N/m?)

Gms) (1007 J/kg - K)(0.7255) 2/ = 31.18 W/m? - K
m/s

_Ts 213 _
h _ch Pr =

Therefore the temperature difference between the circuit board surface temperature and the airstream temperature is

. 2
T, -T, :E:M:SZ.PC
h  31.18W/m*.-K

Discussion To reduce the temperature difference between the circuit board surface temperature and the airstream temperature,
the value of convection heat transfer coefficient needs to be increased. This can be achieved by increasing the airstream
velocity.
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Fundamentals of Engineering (FE) Exam Problems

6-106 The transition from laminar flow to turbulent flow in a forced convection situation is determined by which one of the
following dimensionless numbers?

(a) Grasshof (b) Nusselt (c) Reynolds (d) Stanton (e) Mach

Answer (c) Reynolds

6-107 The number is a significant dimensionless parameter for forced convection and the number is a
significant dimensionless parameter for natural convection.
(@) Reynolds, Grashof  (b) Reynolds, Mach (c) Reynolds, Eckert

(d) Reynolds, Schmidt  (e) Grashof, Sherwood

Answer (a) Reynolds, Grashof

6-108 In any forced or natural convection situation, the velocity of the flowing fluid is zero where the fluid wets any
stationary surface. The magnitude of heat flux where the fluid wets a stationary surface is given by

@ hd’

2
(@) K(Thia = Twan) (b) kd_T ©) kd_l- dy

(e) None of them
dy

wall wall

wall

Answer (b) k ar

wall

6-109 The coefficient of friction C; for a fluid flowing across a surface in terms of the surface shear stress, z, is given by

(a) 2pV? I, (b) 27 /pV? (€) 27 pVPAT (d) 47 /pV? (e) None of them

Answer (b) 27 /pV?
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6-110 Most correlations for the convection heat transfer coefficient use the dimensionless Nusselt number, which is defined as
@h/k (b)k/h (c) hL ./ k (d)kL./h (e) klpc,

Answer (c) hL./k

6-111 For the same initial conditions, one can expect the laminar thermal and momentum boundary layers on a flat plate to
have the same thickness when the Prandtl number of the flowing fluid is
(@) Close to zero (b) Small (c) Approximately one

(d) Large (e) Very large

Answer (c) Approximately one

6-112 One can expect the heat transfer coefficient for turbulent flow to be for laminar flow
(a) less than (b) same as (c) greater than

Answer (c) greater than

6-113 An electrical water (k = 0.61 W/m-K) heater uses natural convection to transfer heat from a 1-cm diameter by 0.65-m
long, 110 V electrical resistance heater to the water. During operation, the surface temperature of this heater is 120°C while
the temperature of the water is 35°C, and the Nusselt number (based on the diameter) is 5. Considering only the side surface
of the heater (and thus A = zDL), the current passing through the electrical heating element is

@22A (b) 2.7 A (€)36A (d)4.8 A (€)5.6 A

Answer (d) 4.8 A

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

k=0.61 [W/m-K]
d=0.01 [m]
L=0.65 [m]
Nus=5

DT=85 [K]
DV=110 [Voli]
h=Nus*k/d
Q=h*pi*d*L*DT
I=Q/DV
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6-114 In turbulent flow, one can estimate the Nusselt number using the analogy between heat and momentum transfer
(Colburn analogy). This analogy relates the Nusselt number to the coefficient of friction, Cy, as

(a) Nu = 0.5 C¢Re Pr*® (b) Nu=0.5 C;Re Pr¥*® (c) Nu = CRe Pr*®
(d) Nu = C;Re Pr?® (e) Nu = C;Re*? pr'3

Answer (a) Nu = 0.5 C;Re Pr'®

6-115, 6-116 Design and Essay Problems
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