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Objectives

Distinguish between internal and external flow

Develop an intuitive understanding of friction drag and
pressure drag, and evaluate the average drag and
convection coefficients in external flow

Evaluate the drag and heat transfer associated with
flow over a flat plate for both laminar and turbulent flow

Calculate the drag force exerted on cylinders during
cross flow, and the average heat transfer coefficient

Determine the pressure drop and the average heat
transfer coefficient associated with flow across a tube
bank for both in-line and staggered configurations



DRAG AND HEAT TRANSFER IN EXTERNAL FLOW

Fluid flow over solid bodies frequently
occurs in practice such as the drag force
acting on the automobiles, power lines,
trees, and underwater pipelines; the lift
developed by airplane wings; upward
draft of rain, snow, hail, and dust particles
in high winds; and the cooling of metal or
plastic sheets, steam and hot water pipes,
and extruded wires.

Free-stream velocity: The velocity of the
fluid relative to an immersed solid body
sufficiently far from the body.

It is usually taken to be equal to the
upstream velocity V (approach
velocity) which is the velocity of the
approaching fluid far ahead of the body.

The fluid velocity ranges from zero at the
surface (the no-slip condition) to the free-
stream value away from the surface.

FIGURE 7-1
Flow over bodies is commonly
encountered in practice.



Friction and Pressure Drag

Drag: The force a flowing fluid exerts on a
body in the flow direction.

The components of the pressure and wall
shear forces in the normal direction to flow tend
to move the body in that direction, and their
sum is called lift.

Both the skin friction (wall shear) and pressure
contribute to the drag and the lift.
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FIGURE 7-2
Schematic for measuring the drag
force acting on a car in a wind tunnel.
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FIGURE 7-3
(a) Drag force acting on a flat plate
parallel to the flow depends on wall
shear only. (b) Drag force acting on a
flat plate normal to the flow depends
on the pressure only and is
independent of the wall shear, which
acts normal to the free-stream flow.,



The drag force F, depends on the density of the fluid, the upstream velocity V,
and the size, shape, and orientation of the body, among other things.

The drag characteristics of a body is represented by the dimensionless drag
coefficient C, defined as
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Drag coefficient: Cp =

(“'D_pr-.‘ﬁﬁurc =0

The part of drag that is due directly to wall €D = CDfriciion = Cf |

shear stress 7, is called the skin friction drag

(or just friction drag) since it is caused by | FD pressure =0 R
frictional effects, and the part that is due \  Fp=Fpgiction = Fr= A5
directly to pressure P is called the pressure

drag. |

(—T‘D — (-'f.D'. friction + (:151' pressure - o -
FIGURE 7-4

For parallel flow over a flat plate, the
pressure drag is zero, and thus the
drag coefficient is equal to the friction
coefficient and the drag force is equal
to the friction force.

Flar plate: Cp = Cp, friction = C¢

5



At low Reynolds numbers, most drag is
due to friction drag.

The friction drag is proportional to the
surface area.

The pressure drag is proportional to the
frontal area and to the difference
between the pressures acting on the
front and back of the immersed body.

The pressure drag is usually dominant FIGURE 7-5

for blunt bodies and negligible for Separation during flow over a tennis
streamlined bodies. ball and the wake region.

When a fluid separates from a bodyi, it

forms a separated region between the Wake: The region of flow trailing
body and the fluid stream. the body where the effects of the
Separated region: The low-pressure body on velocity are felt.

region behind the body here recirculating Viscous and rotational effects are
and backflows occur. the most significant in the

The larger the separated region, the boundary layer, the separated
larger the pressure drag. region, and the wake.



Heat Transfer

Local and average
Nusselt numbers:

Average Nusselt number:

Film temperature:
Average friction
coefficient:

Average heat transfer
coefficient:

The heat transfer rate:

Nu, = f,(x*, Re,. Pr)

Nu = C Re}'Pr”

and

Nu = f5(Re;, Pr)



PARALLEL FLOW OVER FLA

PLATES

The transition from laminar to turbulent flow depends on the surface geometry,
surface roughness, upstream velocity, surface temperature, and the type of fluid,
among other things, and is best characterized by the Reynolds number.

The Reynolds number at a distance x from the leading edge of a flat plate is

expressed as
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FIGURE 7-6

Laminar and turbulent regions
of the boundary layer during
flow over a flat plate.
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A generally accepted value for
the Critical Reynold number

Vx,,
Re_ . = Prler

5% 10°
0

The actual value of the engineering
critical Reynolds number for a flat
plate may vary somewhat from 10° to
3 x 108, depending on the surface
roughness, the turbulence level, and
the variation of pressure along the
surface.



Friction Coefficient G =Lfic,
Re, = Vx/v _L|Lf“5'54 i
L. 172
. _ 491x 0.664 5 x :
Laminar: 0= Rel” and Cy,= Re! R Re, <5 X 10 _0.664 | Vi ]_H:f, r
- L Jol y,
- _ 06 {V']“” o |t
Turbulent: & = 0.38x and Cp, = w 5% 10° =Re, = 10/ L v % 0
Rel® " Rel® '
| ' _ 2x0664 ( V ]‘”2
.33 . L VL
Laminar: Cr=—5 Re; <5 X 10° N
Re!? - _ 1328
' Re; "~
L 0.0V - . 1T
Turbulent: C = Llf S X 10° = Re; = 10/
J Ref_._. ~

FIGURE 7-7
The average friction coefficient over a
| [ [ L surface is determined by integrating
Cr= I (L Ct ¢ taminar dX T L Cs . wurbulent dﬂ") lhu.:.lncal lf"l::lmn coefficient over the
' e / entire surface. The values shown here
0.074 1747 are for a laminar flat plate boundary

Cr=—7— — 5% 10° =< Re, = 107 layer.
] Re }“1 R e, e =

Combined laminar + turbulent flow:
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% o
Relative Friction
roughness, coefficient
elL Cf
0.0* 0.0029

 x 107 0.0032

I x 1074 0.0049

1 x 1073 0.0084
#Smooth surface for Re = 107, Others

calculated from Eq. 7-18 for fully
rough flow.

_J
FIGURE 7-8

For turbulent flow, surface roughness
may cause the friction coefficient to
increase severalfold.

| N | g\-25
Rough surface, turbulent: C,=11.89 — 1.62 I(.’lgz ,I
of I._. ||
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Heat Transfer Coefficient

The local Nusselt number at a location x for laminar flow over a flat
plate may be obtained by solving the differential energy equation to be

+ hx 0.5 p,.1/3 -
Laminar: Nu, = T 0.332 Re,” Pr'’- Pr > 0.6
h.x _ 0.6 =Pr =060
Turbulent: Nu, = — = 0.0296 Re?® Pr'/? _
ok | 5 X 10° = Re, = 107

These relations are for
isothermal and smooth surfaces

The local friction and heat transfer
coefficients are higher in turbulent
flow than they are in laminar flow.

Also, h, reaches its highest values
when the flow becomes fully
turbulent, and then decreases by a
factor of x0-2 in the flow direction.
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— Laminar |Transition| Turmgem'f The variation of the local friction
— 7 — | = and heat transfer coefficients for
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X flow over a flat plate.




Nusselt numbers for average heat transfer coefficients

Laminar: Nu = % 0.664 Re? Pr!/3 Re, <5 X 107
WL _ 06 =Pr=60
Turbulent: Nu = — = 0.037 Re{® Pr'/3 ) )
k 5 X 10° =Re; = 107
' o . 0.6 =Pr =060
Laminar + -, _ AL _ 037 Reps — g70PIA ]
turbulent 3 5% 10% = Re; = 107
" x "L h A
;} = % ( L} "JI]. [aminar {jr —l_ ) ;F.l'.. turbulent ('FJ) A hx-‘tmlbUIen[ |
h h h:wg |

For liguid metals
Nu, = 0.565(Re, Pr)"? Pr < 0.05

h

X, laminar

For all liquids, all Prandtl numbers
hox 03387 Pr!/3 Rel’?
ko [1 + (0.0468/Pr }3_,:_1][_;4

Nu, =

aminar!

Turbulent

Graphical representation of the average R EETTTERTOIERROAEES

heat transfer coefficient for a flat plate with v Yer

combined laminar and turbulent flow.



It is desirable to have a single correlation that applies to all fluids, including
liquid metals. By curve-fitting existing data, Churchill and Ozoe (1973) pro-
posed the following relation which is applicable for all Prandtl numbers and
is claimed to be accurate to *= 1%,

;F_I._'IL- B “:}.:}.H? Pl,l.-"3 RC_JI:!:
k - [T + {”,U'—lﬁ}{fpr}—"'-".?Il.-"_1

Nu, = Re, Pr = 100 (7-26)

Pe, = Re,Pr is the dimensionless Peclet number

FIGURE 7-11

Jean Claude Eugene Peclet
(1793—1857), a French physicist, was
born in Besancon, France. He was one
of the first scholars of the Ecole
Normale at Paris. His publications
were famous for their clarity of style,
sharp minded views and well
performed experiments. The
dimensionless Peclet number is
named after him.
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Flat Plate with Unheated Starting Length

Local Nusselt numbers
NU, (for ¢=0) 0.332 Re?” Pr'”?
[1 = (G~ 1 = (@017
Nu, (or £=0) 0.0296 RC_{:‘ 8 prl/3

ﬂ”'r‘rﬂ”‘f’”ﬂ Nl.l_x. — [ I - {E/l'}”"r]”]l'm — [l L {E/l_}u;'[n]]..-’u

Laminar: Nu, =

Average heat transfer coefficients I
"J[ | — ( £ / 1'}'1"{4] _— Thermal boundary layer

Laminar: h = - — h,._ —

| — &/L ey

Velocity bo%iu‘y layer \
h

S[1 — (&/x)710]
41 —¢/L) T < & £

Turbulent: h =

Flow over a flat plate
with an unheated
starting length.
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Uniform Heat Flux
For a flat plate subjected to uniform heat flux

Laminar:  Nu, = 0.453 Re"” Pr'/ Pr > 0.6, Re, <5 X 10°

‘X

Turbulent: Nu, = 0.0308 Re>* Pr'’? 0.6 =Pr=60, 5 X 10° =Re, = 10’

These relations give values that are 36 percent higher for
laminar flow and 4 percent higher for turbulent flow relative
to the isothermal plate case.

When heat flux is prescribed, the rate of heat transfer to or

from the plate and the surface temperature at a distance x
are determined from

Q — {']‘FA'E'

q,
G =T —T.]  —  T@=T.+;"
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: EXAMPLE 7-1 Flow of Hot Qil over a Flat Plate

: Engine oil at 60°C flows over the upper surface of a 5-m-long flat plate whose
g temperature is 20°C with a velocity of 2 m/fs (Fig. 7/-12). Determine the total

m drag force and the rate of heat transfer per unit width of the entire plate.
|

| L=5m !

.
FIGURE 7-12

Schematic for Example 7-1.
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SOLUTION Engine oil flows over a flat plate. The total drag force and the rate
of heat transfer per unit width of the plate are to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The critical Reynolds
number is Re, = b = 105

Properties The properties of engine oil at the film temperature of T, = (T, + T_¥
2= (20 + 60)2 = 40°C are (Table A-14).

p = 876 kg/m? Pr = 2870
k= 0.144 Wim - °C v =242 % 105 m?/s

Analysis Noting that L = 5 m, the Reynolds number at the end of the plate is

VI (2mis)5m)

= — = 4.13 % 10
Vo 0.242 % 107 m¥s

Re, =

which is less than the critical Reynolds number. Thus we have laminar flow over
the entire plate, and the average friction coefficient is

G, = 1328 Re; ™ = 1.328 % (4.13 x 1079 = 0.0207

Moting that the pressure drag is zero and thus C, = C, for a flat plate, the drag
force acting on the plate per unit width becomes

e 976 ke/m¥)(2 m/s)? | \
Fo= C,A, B2 = 0.0207 x (5 x 1 m2) &2 XM W) { IN_}
: - 1 kg - mfs*

= 181 N

The total drag force acting on the entire plate can be determined by multiplying
the value obtained above by the width of the plate.

This force per unit width corresponds to the weight of a mass of about 18 kg.
Therefore, a person who applies an equal and opposite force to the plate to keep

17



it from moving will feel like he or she is using as much force as is necessary to
hold a 18-kg mass from dropping.

Similarly, the Nusselt number is determined using the laminar flow relations
for a flat plate,

Nu = % = 0.664 Re/” Pr'® = 0.664 x (4.13 > 109" = 2870"° = 1918
Then,
h =y - 2122 T’r;lm ~"C (1918) = 55.2 Wim2 - °C

and

0 = hA(T. — T;) = (55.2Wim* - "C)(5 = 1 m*)(60 — 20)°C = 11.040 W

18



: EXAMPLE 7-2 Cooling of a Hot Block by Forced Air at High
0 Elevation

:The local atmospheric pressure in Denver, Colorado (elevation 1610 m), is
m 83.4 kPa. Air at this pressure and 20°C flows with a velocity of 8 m/s over a
®m 1.5 m x & m flat plate whose temperature is 140°C (Fig. 7-13). Determine the
® rate of heat transfer from the plate if the air flows parallel to the (a) 6-m-long
: side and (b) the 1.5-m side.

P _=834kPa
T, =20°C T, = 140°C
=& ms i
— —

Air — ’Q
S &
7
tm
FIGURE 7-13

Schematic for Example 7-2. 15




SOLUTION The top surface of a hot block is to be cooled by forced air. The
rate of heat transfer is to be determined for two cases.

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds num-

ber is Re_, = 5 » 105 3 Radiation effects are negligible. 4 Air is an ideal gas.

Properties The properties k, p, Cp- and Pr of ideal gases are independent of

pressure, while the properties v and « are inversely proportional to density and

thus pressure. The properties of air at the film temperature of T, = (T; + T2
= (140 + 202 = BO°C and 1 atm pressure are (Table A-15)

k= 0.02953 W/m - °C Pr=0.7154
Vaam = 2.097 ¥ 107° m¥s

The atmospheric pressure in Denver is P = (83.4 kPa)/(101.325 kPalatm) =
0.823 atm. Then the kinematic viscosity of air in Denver becomes

V=g, ualP = (2097 3 10°° m¥/s)H0.823 = 2.548 < 10° m¥s

Analysis (a) When air flow is parallel to the long side, we have L = &6 m, and
the Reynolds number at the end of the plate becomes
VL (& m/s)H6 m)

Re, = — = — = ].884 % 10f
L™ % 7 2548 % 1075 m¥s

which is greater than the critical Reynolds number. Thus, we have combined
laminar and turbulent flow, and the average Musselt number for the entire plate
is determined to be

hL

Nu = T = (0.037 Re,"* — 871)Pr'~
= [0.037(1.884 = 10%)"8% — 871]0.7154'"
= 2687

Then

HeC
3 m's

{IIE

140°C
Air ’ 1/

@ =14300W

(@) Flow along the long side

FIGURE 7-14

The direction of fluid flow can
have a significant effect on
convection heat transfer.
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B =£I‘~I 0.02953 W/m - °C
L 6 m

A, =wL = (1L5m)6m)=9m

13.2 W/m? - °C

(2687) =

and
0 = hA(T, — T.) = (13.2 W/m? - °C)(9 m?){140 — 20)°C = 1.43 x 10° W

Mote that if we disregarded the laminar region and assumed turbulent flow over
the entire plate, we would get Nu = 3466 from Eq. 7-22, which is 29 percent
higher than the value calculated above.

(b6) When air flow is along the short side, we have L = 1.5 m, and the Reynolds
number at the end of the plate becomes

(8 m/s)(1.5 m)
2.548 x 1077 m¥s

which is less than the critical Reynolds number. Thus we have laminar flow over
the entire plate, and the average Nusselt number is

=471 % 10°

Nu = ’jTL — 0.664 ReS Pri# = 0.664 % (4.71 X 10505 x 0715417 = 408
Then
h=Kpny = 902933 Wim - °C yn8y — .03 Wim? . °C
L 1.5 m
and

0 = hA(T, — T.) = (8.03 W/m® - *C)(9 m?)( 140 — 20)°C = 8670 W

which is considerably less than the heat transfer rate determined in case (a).

. Adr
20°C
f'
r' B m's

.-"

t / I4[] C

=8670'W

'I

6 m

(&) Flow along the short side
FIGURE 7-14
The direction of fluid flow can
have a significant effect on
convection heat transfer.
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: EXAMPLE 7-3 Cooling of Plastic Sheets by Forced Air

* The forming section of a plastics plant puts out a continuous sheet of plastic

g that is 4 ft wide and 0.04 in. thick at a velocity of 30 ft/min. The temperature
m Of the plastic sheet is 200°F when it is exposed to the surrounding air, and a

m 2-ft-long section of the plastic sheet is subjected to air flow at 80°F at a veloc-
m jty of 10 ft's on both sides along its surfaces normal to the direction of motion

: of the sheet, as shown in Figure 7-15. Determine (a) the rate of heat transfer
= rom the plastic sheet to air by forced convection and radiation and (b) the tem-
m perature of the plastic sheet at the end of the cooling section. Take the density,

m specific heat, and emissivity of the plastic sheet to be p = 75 lbm/ft=3, Cp = 0.4
® Biu/lbm - °F, and £ = 0.9,

EEII:'}"'F 21

l\“ Plastic sheet

s @
Air /

a .
B80°F, 10 fi/s 41t

0.04 in |
30 f/min

FIGURE 7-15 22

Schematic for Example 7-3.




SOLUTION Plastic sheets are cooled as they leave the forming section of
a plastics plant. The rate of heat loss from the plastic sheet by convection and
radiation and the exit temperature of the plastic sheet are to be determined.
Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds num-
ber is Re, = b x 10%. 3 Air is an ideal gas. 4 The local atmospheric pressure is
1 atm. 5 The surrounding surfaces are at the temperature of the room air.
Properties The properties of the plastic sheet are given in the problem state-
ment. The properties of air at the film temperature of 7, = (T, + T.)/2 = (200
+ 80)2 = 140°F and 1 atm pressure are (Table A-15E)

kK =0.01623 Bw'h - ft - °F Pr = 0.7202
v = 0.7344 fi%/h = 0.204 x 102 ft%fs

Analysis (a) We expect the temperature of the plastic sheet to drop somewhat
as it flows through the 2-ft-long cooling section, but at this point we do not
know the magnitude of that drop. Therefore, we assume the plastic sheet to be
isothermal at 200°F to get started. We will repeat the calculations if necessary
to account for the temperature drop of the plastic sheet.

Moting that L = 4 ft, the Reynolds number at the end of the air flow across
the plastic sheet is

V'L (10 ft /=) 4 ft)

= = 1.961 x 107
Vo0.204 % 1077 ftYs

Re, =

which is less than the critical Reynolds number. Thus, we have laminar flow
over the entire sheet, and the Musselt number is determined from the laminar
flow relations for a flat plate to be

Nu = % = 0.664 Re,” Pr' = 0.664 x (1.961 = 10%)% x (0.7202)"" = 263.6

Then,
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g - - 9
h =%Nu — 001623 Ei";][_' L F{Eﬁﬁ.ﬁ; = 1.07 Btwh - ft* - °F

A, = (2 fi)(4 f)(2 sides) = 16 fi’

and

Q oy = RALT, — T.,)
= (1.07 Btw'h - ft2 - "F){16 fi?){200 — 80)°F
= 2054 Biwh

Qs = 80A(T} — T2
= (0.9)0.1714 x 107* Btwh - ft* - R*) 16 A*)[(660 R)* — (540 R)*]
= 2584 Biw/h

Therefore, the rate of cooling of the plastic sheet by combined convection and
radiation is

Oy = 0., + O,y = 2054 + 2584 = 4638 Btu'h

(B} To find the temperature of the plastic sheet at the end of the cooling sec-
tion, we need to know the mass of the plastic rolling out per unit time (or the
mass flow rate), which is determined from

i = pA Vs = (75 lbm-’t‘ﬂ(% ﬂlJ(% ﬂ.-’s) — 0.5 Ibmvs

Then, an energy balance on the cooled section of the plastic sheet yields

_ Q
=mC (T, — T —= T,=T +—
Q L2 1) 2 1 e,

Moting that @ is a negative quantity (heat loss) for the plastic sheet and substi-
tuting, the temperature of the plastic sheet as it leaves the cooling section is
determined to be

T, = 200°F + —4638 Btwh ( L h

] = 193.6°F
(0.5 Ibm/5)(0.4 Brw/lbm - °F) 3600 s
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FLOW OVER CYLINDERS AND SPHERES

Flow over cylinders and spheres is frequently encountered in practice.

The tubes in a shell-and-tube heat exchanger involve both internal flow through
the tubes and external flow over the tubes.

Many sports such as soccer, tennis, and golf involve flow over spherical balls.

The characteristic length for a circular cylinder or sphere is taken to be the
external diameter D. Thus, the Reynolds number is defined as Re = VD/v
where V is the uniform velocity of the fluid as it approaches the cylinder or
sphere. The critical Reynolds number for flow across a circular cylinder or
sphere is about Re.. = 2 X 10°. That is, the boundary layer remains laminar
for Re < 2 X 10°, is “transitional” for 2 X 10° < Re = 2 X 10° and
becomes fully turbulent for Re = 2 X 10°.

At very low velocities, the fluid
completely wraps around the
cylinder. Flow in the wake region is
characterized by periodic vortex
formation and low pressures.

Laminar boundary layer
separation with a turbulent
wake; flow over a circular
cylinder at Re=2000. 25




For flow over cylinder or sphere, both the friction drag and the pressure drag can
be significant.

The high pressure in the vicinity of the stagnation point and the low pressure on
the opposite side in the wake produce a net force on the body in the direction of
flow.

The drag force is primarily due to friction drag at low Reynolds numbers (Re<10)
and to pressure drag at high Reynolds numbers (Re>5000).

Both effects are significant at intermediate Reynolds numbers.

]
4
- Smooth cylinder \ Aver.ag.e drag
] coefficient for
0.6 cross-flow
o LU over a smooth
0.2 phere : :
o circular cylinder
0.06 - ~and a smooth
10-! oY 10! 10- 10° 104 10° 10°

Re sphere. 26



(a)

FIGURE 7-18

Flow visualization of flow over (a) a
smooth sphere at Re = 15,000, and
(h) a sphere at Re = 30,000 with a trip
wire. The delay of boundary layer
separation is clearly seen by

(b) comparing the two photographs.

Flow separation occurs at about £/ = 80° (measured from the front stagnation
point of a cylinder) when the boundary layer is laminar and at about 6 = 140°
when it is furbulent
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Effect of Surface Roughness

Surface roughness, in general, increases the drag coefficient in turbulent flow.

This is especially the case for streamlined bodies.

For blunt bodies such as a circular cylinder or sphere, however, an increase in
the surface roughness may increase or decrease the drag coefficient depending

on Reynolds number.

0.6

0.1

0

The effect of surface roughness on the drag coefficient of a sphere.

= relative roughness

- — = - -——l—l—'—__—_-

5]

S

5= 0 (smooth)

4 % 10* 109 2% 107 4%10°

Re = BT

100

4% 106



X #
Cp

Smooth Rough Surface,
Re Surface &/D =0.0015
2x10° 0.5 0.1
106 0.1 0.4

_J
FIGURE 7-20

Surface roughness may increase or
decrease the drag coefficient of a
spherical object, depending on the
value of the Reynolds number.

29



: EXAMPLE 7—4 Drag Force Acting on a Pipe in a River

: A 2.2-cm-outer-diameter pipe is to cross a river at a 30-m-wide section while
m being completely immersed in water (Fig. 7/-21). The average flow velocity of
m water is 4 m/s and the water temperature is 15°C. Determine the drag force ex-
® cried on the pipe by the river.

FIGURE 7-21
Schematic for Example 7—4.
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SOLUTION A pipe is crossing a river. The drag force that acts on the pipe is to

be determined.
Assumptions 1 The outer surface of the pipe is smooth so that Figure 7-17 can

be used to determine the drag coefficient. 2 Water flow in the river is steady.
3 The direction of water flow is normal to the pipe. 4 Turbulence in river flow is

not considered.

Properties The density and dynamic wviscosity of water at 15°C are p
099.1 kg/m* and p = 1.138 = 103 kg/m - s (Table A-9).
Analysis Moting that D = 0.022 m, the Reynolds number for flow over the

pipe is

v p¥VD (9991 kg/m*)(4 m/s)(0.022 m)
Re T T 1138 % 10 T ke/m - 5 = T7.73 = 10

The drag coefficient corresponding to this value is, from Figure 7-17, C, = 1.0.
Also, the frontal area for flow past a cylinder is A = L. Then the drag force act-

ing on the pipe becomes
- _ pV= 1.0(30 X 0.022 m?) (9949, 1 kga‘mﬁ[-i rn.-“s}l( | N )
— — d s B m-
v ‘ 2 | kg - mfs?

.
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Heat Transfer Coefficient

Flows across cylinders and
spheres, in general, involve flow
separation, which is difficult to
handle analytically.

Flow across cylinders and
spheres has been studied
experimentally by numerous
Investigators, and several
empirical correlations have been
developed for the heat transfer
coefficient.

Variation of the local heat
transfer coefficient along the
circumference of a circular
cylinder in cross flow of air.

800

0V
" )
600 | \
Re = 27 ¢! = g \ é
-Jr_
00 P—GI0NY \|
= 170,000\ \
Z 140, ) \
400 0"'“““00 \
101,30 \ }/
300} —
70,8
o——-ci”.fiﬁ\n\kw
200 “\\] DPD ;/L —
100 1”’” C/Oﬂ/
0
0° 40° 80° 120° 160°

6 from stagnation point
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For flow over a cylinder

. 5/8-4/5

} RePr = 0.2

/f/[) 0.62 Re!”2 Prl/3 {] + ( e

Nu,, =—5-=03 + (1 + (0.4/Pr)23]1/4 282,000,

The fluid properties are evaluated at the film temperature 7, = (T, + T))

For flow over a sphere
1/4

/f[) i : 177 J"J” L

Nu,, = — = 2 + [0.4 Re'? + 0.06 Re?’] Pr’4 | —
°l k L

3.5 = Re = 80,000 and 0.7 = Pr = 380
The fluid properties are evaluated at the free-stream temperature T _,
except for ug, which is evaluated at the surface temperature T..

)
Nug, = hf = CRe" Pr"| N = %

Constants C and m are
given in the table.

The relations for cylinders above are for single cylinders or
cylinders oriented such that the flow over them is not affected by

the presence of others. They are applicable to smooth surfaces. 33




Empirical correlations for the average Nusselt number for forced convection
over circular and noncircular cylinders in cross flow (from Zukauskas, 1972

and Jakob, 1949)

Cross-section

of the cylinder Fluid Range of Re Nusselt number
Circle 0.4-4 Nu = 0.989Re0-330 pPri3
N | q 4-40 Nu = 0.911Re%38> pPri/3
b I.as.z" 40-4000 Nu = 0.683Re0-466 prls
A4S 1 4000-40,000 | Nu = 0.193Re%618 pris3
SN 40,000-400,000 | Nu = 0.027Re®80> Prl3
Square Gas 5000-100,000 Nu = 0.102Re®¢75 Pri/3
T
!
Square Gas 5000-100,000 Nu = 0.246Re>88 prls3
(tilted b
45°)
Hexagon Gas 5000-100,000 Nu = 0.153Re0-638 prli3
|
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Empirical correlations for the average Nusselt number for forced convection
over circular and noncircular cylinders in cross flow (from Zukauskas, 1972

and Jakob, 1949)

Hexagon —T Gas 5000-19,500 Nu = 0.160Re?%528 prl’3
(tilted b 19,500-100,000 | Nu = 0.0385Re® 782 Pri/3
45°)

Vertical I | Gas 4000-15,000 Nu = 0.228Re% 73! Pri3
plate D

Ellipse Gas | 2500-15000 | Nu = 0.248Re%612 P~

)
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: EXAMPLE 7-5 Heat Loss from a Steam Pipe in Windy Air

:ﬁ. long 10-cm-diameter steam pipe whose external surface temperature is
o 110°C passes through some open area that is not protected against the winds
m (Fig. 7-23). Determine the rate of heat loss from the pipe per unit of its length

: when the air is at 1 atm pressure and 10°C and the wind is blowing across the
g Pipe at a velocity of 8 m/s.

T,= 10°C
I."

FIGURE 7-23

Schematic for Example 7-3.
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SOLUTION A steam pipe is exposed to windy air. The rate of heat loss from the
steam is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are neg-
ligible. 3 Air is an ideal gas.

Properties The properties of air at the average film temperature of T, =
(T, + T2 = (110 + 10¥%2 = 60°C and 1 atm pressure are (Table A-15)

k = 0.02808 W/m - °C Pr = 0.7202
v = 1.896 % 107 m%/s

Analysis The Reynolds number is

VD (8 m/s){0.1 m)
v 1.896 > 10~ ms

Re = = 4.219 x 10°

The MNusselt number can be determined from

_hD 0.62 Re'? Pr'” [H( Re )”Tj

MNu =03+

k [1 + (0.4/Pr)27 ™" " {282,000
3 4 2624219 X 1097 (0.7202)" 4219 x 1043 E¥s
- [1 + (0.4/0.7202)7 ™ [ 282,000 )
=124
and
_ k. _ 0.02808 Wim - °C _ 2. o
h =5 Nu 5T (124) = 34.8 W/m2 . °C

Then the rate of heat transfer from the pipe per unit of its length becomes

A, = pL = wDL = w(0.1 m){1 m) = 0.314 m?
0= hA(T, — T,) = (34.8 Wi/m? - CH0.314 m*110 — 10)°C = 1093 W

The rate of heat loss from the entire pipe can be obtained by multiplying the
value above by the length of the pipe in m.

37



EXAMPLE 7-6 Cooling of a Steel Ball by Forced Air

A 25-cm-diameter stainless steel ball (p = 8055 kg/m?, G, = 480 Jkg - °C) is
removed from the oven at a uniform temperature of 300°C (Fig. 7-24). The ball

Is then subjected to the flow of air at 1 atm pressure and 25°C with a velocity

of 3 m/s. The surface temperature of the ball eventually drops to 200°C. Deter-
mine the average convection heat transfer coefficient during this cooling

process and estimate how long the process will take.

Air

T, =25°C
¥ =3 mJs

I

FIGURE 7-24
Schematic for Example 7-6.
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SOLUTION A hot stainless steel ball is cooled by forced air. The average con-
vection heat transfer coefficient and the cooling time are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are neg-
ligible. 3 Air is an ideal gas. 4 The outer surface temperature of the ball is uni-
form at all times. 5 The surface temperature of the ball during cooling is
changing. Therefore, the convection heat transfer coefficient between the ball
and the air will also change. To avoid this complexity, we take the surface tem-
perature of the ball to be constant at the average temperature of (300 + 200)/2
= 250°C in the evaluation of the heat transfer coefficient and use the value ob-
tained for the entire cooling process.

Properties The dynamic viscosity of air at the average surface temperature is
s = Mazsoc = 2.76 % 107° kg/m - 5. The properties of air at the free-stream
temperature of 25°C and 1 atm are (Table A-15)

k = 0L,02551 W/m - °C v = 1.562 = 10— m¥s
p= 1849 x 10 kg/m - s Pr = 0.7296
Analysis The Reynolds number is determined from

_¥p (3 m/s)0.25 m)

Re _ ! _ 4802 % 10¢
VT 1562 % 10-° ms
The Musselt number is
174
Nu = % — 2 + [0.4 Re'® + 0.06 Re??] P+ [%)

= 2 + [0.4(4.802 x 10" + 0.06{4.802 > 10%**](0.7296)**
['l_sam X 1075y

2.76 % 1073
= 135
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Then the average convection heat transfer coefficient becomes

_ k. _ 0.02551 W/m - °
C=Tel 0.25 m

C (135) = 13.8 W/m? - °C

In order to estimate the time of cooling of the ball from 300°C to 200°C, we de-

termine the average rate of heat transfer from Newton's law of cooling by using
the average surface temperature. That is,

A, = wD? = w(0.25 m)* = 0.1963 m’
Quve = BAAT, 2pe — To) = (13.8 W/m? - °C)(0.1963 m*)(250 — 25)°C = 610 W

MNext we determine the total heat transferred from the ball, which is simply the
change in the energy of the ball as it cools from 300°C to 200°C:

m = pV = plwD? = (8055 kg/m’*) Lm(0.25 m)® = 65.9 kg
O = MC,(T; — T,) = (65.9 kg)(480 J/kg - °C)(300 — 200)°C = 3,163,000 J

In this calculation, we assumed that the entire ball is at 200°C, which is not
necessarily true. The inner region of the ball will probably be at a higher tem-
perature than its surface. With this assumption, the time of cooling is deter-
mined to be

¢  3,163,000]

A= = 610Uis

= 5185s5=1h 26 min
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FLOW ACROSS TUBE BANKS

direction

* Cross-flow over tube banks is commonly encountered in
practice in heat transfer equipment, e.g., heat
exchangers.

* In such equipment, one fluid moves through the tubes
while the other moves over the tubes in a perpendicular
direction.

* Flow through the tubes can be analyzed by considering
flow through a single tube, and multiplying the results by
the number of tubes.

* For flow over the tubes the tubes affect the flow pattern
and turbulence level downstream, and thus heat transfer
to or from them are altered.

« Typical arrangement: in-line or staggered
» The outer tube diameter D is the characteristic length.

« The arrangement of the tubes are characterized by the
transverse pitch S+, longitudinal pitch S, , and the
diagonal pitch Sy between tube centers.

FIGURE 7-25
Flow patterns for staggered and in-line 41

tube banks



,f diagonal V..D V..D
L— \/’f SE + (5 f2]2 . _ PV max __ _ max
D L T pitch Rep p ,
WA, = pV_ A S
F 1 PV maxT quv.; _ T v
cl? LS“T _ D
. : _ B St

Staggered and S, < (Sy + D)/2: Vi = 25, — D) vV

pVA, = pVou(2A,) or VS; = 2V (S, — D)

V. T,
—

IS | |

V. T, <™ |
— I‘ """ (L @‘ —
— ST : : | —_—
—~ 1&-—G5-&-|—
— A] 4}_ | | —
- DB —

' A =SiL i
I st row 2nd row 3rd row Ar=(Sp—D)L (b) Staggered

(@) In-line Ap=(Sp—D)L

Arrangement of the
tubes in in-line and
staggered tube
banks (A;, A;, and
Ay are flow areas at
indicated locations,
and L is the length of
the tubes).
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_ All properties except Pr are to
) . S , . ,
Nup, = —M = C Re}) Pr(Pr/Pr,)-23 I + T, S

k T = be evaluated at the arithmetic

m
.
: : = mean temperature.
Correlations in Table 7-2 P

The average Nusselt number relations in Table 7-2 are for tube banks
with more than 16 rows. Those relations can also be used for tube
banks with N, < 16 provided that they are modified as

Nup, Ny = FNup, N, <16

where F is a correction factor whose values are given in Table 7-3.
For Re, > 1000, the correction factor is independent of Reynolds number.

(I, —T)— (I, —T) _ AT. — AT, Log mean

ATy = In[(7, — T)/NT, — T))] - In{ﬁ?j.fﬁi} tgmperature
difference
Exit temperature
I =T —(T. - T)exp (_*_’”) A, = NaDL = pV(NS;L)
mc,

Heat transfer

O = hAAT,, = mc,(T, — T)
- ! rate
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) : PR )5
Nup = % = C Re}, Pr"(Pr/Pr,)"=>

TABLE 7-2

Nusselt number correlations for cross flow over tube banks for N; > 16 and
0.7 < Pr < 500 (from Zukauskas, 1987)*

Arrangement| Range of Rep Correlation
0-100 Nup = 0.9 Re 34Pro-3(Pr/pr,)02°
In-line 100-1000 Nup = 0.52 RegPro2&(Pr/Pr,)025
1000-2 x 10° Nup = 0.27 Rep®Pro3(Pr/Pr,)%°
2 x 10%-2 x 105 | Nup = 0.033 Reg®Pro4(Pr/Pr,)>°
0-500 Nup = 1.04 Rep*Pro3&(Pr/pPr)02%
5001000 Nup = 0.71 Re Pro2&(Pr/Pr,)025
Staggered | 1000-2 x 10° Nup = 0.35(5:/S,)°% Re§Pr%3(Pr/Pr,)>#
2 %X 105%-2 x 10 | Nup = 0.031(S+S,)*? ReJ2Pr - Pr/Pr_)*22

*All properties except Pr, are to be evaluated at the arithmetic mean of the inlet and outlet temperatures
of the fluid (Pr, is to be evaluated at T.).

TABLE 7-3

Correction factor F to be used in Nup_n,_ . = FNupfor N, > 16 and Rep > 1000
(from Zukauskas, 1987)

N, 1 2 3 4 5 7 10 13

In-line 0.70 0.80 |0.86 |0.90 |0.93 |0.96 |0.98 |(0.99

Staggered |0.64 0.76 |0.84 10.89 |0.93 |0.96 |0.98 |(0.99

N“f:r.,—'»’ﬁ,._._l,, = F'Nup
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40
X Sed sy Pressure drop
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NN AP = Ny fx —
\\ ™ N R \P\;_: 1.25 0.2 h -
. 2 ™ q 0102 061 2 610
~ 20 NG S - mAP
L i
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2 06 N pump )
e o e I f‘
= 04 SR T,
S P [T o] I T gy e -
2 o2 V= VIN:-S-L
= 3.0 — 25 ANrorh)
0.1 *
. ey — — YN
: m= pV = pV(NrStL)
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Rep mar  f is the friction factor and
x Is the correction factor.

(a) In-line arrangement

3() L 11T T T T 11777 I T T TTT177

i \‘ i jii ———/4 * The correction factor y

20N \\ _& y ;\ // g given is used to accqur)t

19 EESn T s, © TN 13 for the effects of deviation
N e 'l //////1‘” from square arrangement

: ‘_j;‘f_::‘ ISP s O TS =1 (in-line) and from

::;f, .F,;H ey 4 l“- e, i equilateral arrangement

o S (staggered).

02 3.5 — ‘.-...._ :: =

Friction factor, /

2 4 hb‘](]] 2 4 h8|03 2 4 hb‘l()} 2 4 ht}“)‘i 2 4 ﬁsl()i 2 4 6 3106 2 45
R""kaax
(b) Staggered arrangement



: EXAMPLE 7-7 Preheating Air by Geothermal Water in a Tube
L] Bank

|
m In an industrial facility, air is to be preheated before entering a furnace by geo-
m thermal water at 120°C flowing through the tubes of a tube bank located in a

B duct. Air enters the duct at 20°C and 1 atm with a mean velocity of 4.5 m/s,
¥ and flows over the tubes in normal direction. The outer diameter of the tubes is

: 1.5 ¢cm, and the tubes are arranged in-line with longitudinal and transverse
o Pitches of 5, = 5, = 5 cm. There are & rows in the flow direction with 10 tubes
= in each row, as shown in Figure 7-28. Determine the rate of heat transfer per
m unit length of the tubes, and the pressure drop across the tube bank.
||
AlR

V=45 mis T.=120rC

I, =20°C f .

— OO0 0000

— 000000

— O 00000

— OO0 000

— OO0 0 Q00

— O 00000

— 000000

— O O0000O0

——f%121j3 ONONONS

— I ORONS Gjﬂ/

§ =8 =5cm D=01L5cm

FIGURE 7-28

Schematic for Example 7-7.
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SOLUTION  Air is heated by geothermal water in a tube bank. The rate of heat
transfer to air and the pressure drop of air are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surface temperature of
the tubes is equal to the temperature of geothermal water.

Properties The exit temperature of air, and thus the mean temperature, is not

known. We evaluate the air properties at the assumed mean temperature of
60°C (will be checked later) and 1 atm are Table A-15):

k = 0.02808 W/m - K, p = 1.06 kg/m’
C, = 1.007 kl/kg - K, Pr = 0.7202
w=2008 % 105kg/m-s  Pr, = Pry,, = 0.7073

Also, the density of air at the inlet temperature of 20°C (for use in the mass flow
rate calculation at the inlet) is p, = 1.204 kg/m?

Analysis |t is given that = 0.015m, §, = 5, = 0.05m, and ¥ = 4.5 m/s.
Then the maximum velocity and the Reynolds number based on the maximum
velocity become

5
¥ =T g 005
S— D 0.05-0.015
_ pVo D (106 kgim?)(6.43 m/s)(0.015 m)
T 2.008 % 105 kg/m - s B

(4.5 m/s) = 6.43 m/s

Re, 5091

The average Musselt number is determined using the proper relation from Table
/-2 to be

Nu, = 0.27 Re}® Pr*%(Pr/Pr )5
= 0.27(509 153 0.7202)*¥(0.7202/0.7073)"% = 52.2
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This Nusselt number is applicable to tube banks with N, = 16. In our case, the

number of rows is N, = 6, and the corresponding correction factor from Table
/-3 is F = 0.945. Then the average Musselt number and heat transfer coeffi-
cient for all the tubes in the tube bank become

Nup y, = FNup = (0.945)(52.2) = 49.3

_ Nup y & 49.3(0.02808 W/m - °C)

=922 .9
h D 0015 m 922 Wim--°C

The total number of tubes is N = N, x N, = 6 x 10 = 60. For a unit tube

length (L = 1 m), the heat transfer surface area and the mass flow rate of air
(evaluated at the inlet) are

A, = NwDL = 60w(0.015 m){1 m) = 2.827 m*
=(1.204 kg/m*)(4.5 m/s)(10)(0.05 m)(1 m) = 2.709 kg /s

Then the fluid exit temperature, the log mean temperature difference, and the
rate of heat transfer become

Ah
T.: = ?:r - fTs - Tr-} exp (_ M )
P

(2.827 m*)(92.2 W/m? - °C) _ 29.11°C
(2.709 ke/s)(1007 Jkg - "C) -
(T, —-T)—(T,—T) _ (120 —29.11) — (120 — 20) _ - e

In[(T, — TAT, — T3]  In[{120 — 29.11)(120 — 20)] o
Q = hAAT, = (92.2 W/m? - °C)(2.827 m*)(95.4°C) = 2.49 = 10° W

= 120 — (120 — EDJE.'-L]](—

AT

I
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The rate of heat transfer can also be determined in a simpler way from

0 = hRA AT, = mC/(T,—T)
= (2.709 ke/s)( 1007 J/kg - "C}29. 11 — 20)°C = 2.49 x 10* W

For this square in-line tube bank, the friction coefficient corresponding to
Re, = 5088 and 5,/D = 5/1.5 = 3.33 is, from Fig. 7-27a, f = 0.16. Also,

y = 1 for the square arrangements. Then the pressure drop across the tube
bank becomes

.
max

AP = N;fx

f 06 kg/m*)(6.43 m/s)? {
2 Ikg mf5

— 6(0.16)1) }— 21 Pa
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Summary

Drag and Heat Transfer in External Flow
v" Friction and pressure drag
v Heat transfer
Parallel Flow Over Flat Plates
v" Friction coefficient
v Heat transfer coefficient
v Flat plate with unheated starting length
v Uniform Heat Flux
Flow Across Cylinders and Spheres
v’ Effect of surface roughness
v Heat transfer coefficient
Flow across Tube Banks
v' Pressure drop
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