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Thus, for the tube flow depicted in Figure 5.9 the total energy added can be expressed

in terms of a bulk-temperature difference by

q = mcy, (Tpz — Tp1) = hA(Tyw — Tp)aw 5.67
T, = Tbl‘:TbZ
1
4
m, ¢, / -\\ \"-,l
—— | | :
Flow | /
Yo /

Tiy (b '\l-,' Tos

J—- T

Figure 5.9 Total heat transfer in terms of bulk-temperature difference.

e Empirical Relation In Laminar Flow In Tube
Constant Heat Flux
Fully developed laminar flow in circular tube
Nup =2 = 4.36 5.68
Constant Surface Temperature
Fully developed laminar flow in circular tube
Nup =2 = 3.66 5.69

Laminar flow in the Entrance Region

0.065(7)Re Pr

5.70

N_uD=h7D=3.66+

[N

1+0.04[(2)re Pr

When the difference between the surface and the fluid temperatures is large, it may be
necessary to account for the variation of viscosity with temperature. The average
Nusselt number for developing laminar flow in a circular tube in that case can be

determined from [Sieder and Tate (1936),

N — Rep PrD\3 up\ 014 RepPrD
w, = 1.86 (“272)° (£2) 2222 > 10 5.71
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All properties are evaluated at the bulk mean fluid temperature, except for (,,,, which is evaluated
at theT,,.

Entry Length

Lt 1aminar = 0.05Rep PrD

EXAMPLE 8-3 Flow of 0il in a Pipeline through a Lake page 439 in the book.

e Imperical Relations for Turbulent Flow in Tube

For fully developed, smooth surface and moderate temperature differences:

Nuj = 0.023Re}8Pr™ 0.6 < Pr < 100 5.72

The properties in this equation are evaluated at the average fluid bulk temperature, and the
exponent n has the following values:

_ {0.4 for heating of the fluid
~10.3 for cooling of the fluid
More recent information by Gnielinski suggests that better results for turbulent flow

in smooth tubes may be obtained from the following:
0.5<Pr<1.5

_ 0.8 _ 0.4
Nup = 0.0214(Rep 100)Pr {104 < Rep < 5+ 106 5.73
Or
1.5 < Pr < 500
_ 0.87 _ 0.4
Nup = 0.012(Rep 280)Pr {103 < Rep < 106 5.74

To take into account the property variations, Sieder and Tate recommend the

following relation:
1 0.14
Nuy, = 0.027Reg®Prs (£2) 5.75
Hw
For entrance region

The above equations are apply to fully developed turbulent flow in tubes. In the
entrance region the flow is not developed, and Nusselt recommended the following

equation:

1

1 /py0.055 L
Nup = 0.036Re®Prs (2) For 10 < = < 400 5.76

Entry Length

Lt,turbulent ~ 10D
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The above equations offer simplicity in computation, but uncertainties on the order of
+25 percent are not uncommon. Petukhov has developed a more accurate, although
more complicated, expression for fully developed turbulent flow in smooth tubes:

(z)ReDPr 1y \™
Np = 8 . 5.77
P 1.07+12.7(f)0'5<pr§_1> (Hw)

8
Where:
n=0.11forT, > T,
n = 0.25forT,, < Tp,and

n =0 for constant heat flux or for gases.

All properties are evaluated at

__ (Tw +Tb)
Ty =2

except for y;, and p,,.

The friction factor may be obtained either from the following for smooth tubes:

f = (182 10g10 ReD — 1.64 )_2 5.78

Equation (5.77) is applicable for the following ranges:
0.5 < Pr < 200 for 6 percent accuracy

0.5 < Pr < 2000 for 10 percent accuracy

10* > Rep > 5% 10°

0.8 < up/py, <40

All above equations are for smooth pipes. For rough pipe we use the equation below:

2

3_ 1T
3 — L
StbPT}- = 3
2
NuD § — Z
Reppr ' f 8

The friction coefficient fis defined by
_ L uh
Ap=f—p-

An empirical relation for the friction factor for rough tubes is given as

1.325

2
£ 5.74
[ln(3.7D)+Re%9]

f:

HEAT TRANSFER 139



Dr. Tadahmun Ahmed Yassen Oy deal et o

For 1076 < g <1073, and 5000 < Rep, < 108

e Isothermal Parallel Plates
The average Nusselt number for the thermal entrance region of flow between
isothermal parallel plates of length L is expressed as (Edwards et al., 1979)

Dp

h 0'03(T Rep, Pr

Nup, = =2 = 7.45 +

entry region, laminar flow Re < 2800

[N

1+0.016[(%)ReDh Pr]

Dh=25

Where

S : is the space between the two plates.
Example 5.9: Turbulent Heat Transfer in a Tube
Air at 2 atm and 200-C is heated as it flows through a tube with a diameter of 1 in

(2.54 cm) at a velocity of 10 m/s. Calculate the heat transfer per unit length of tube if
a constant-heat-flux condition is maintained at the wall and the wall temperature is
20-C above the air temperature, all along the length of the tube. How much would the
bulk temperature increase over a 3-m length of the tube?

Solution

We first calculate the Reynolds number to determine if the flow is laminar or
turbulent, and then select the appropriate empirical correlation to calculate the heat

transfer. The properties of air at a bulk temperature of 200-C are

_p _ (2)(1.0132%10%) 3
p= 0= e 1.493 kg/m

Pr =0.681,u = 2.57 * 1075 kg/m.s, k = 0.0386 W/m."C, ¢, = 1.025 kj/kg. °C.

ReD — pumD — (1.493)(10)((1.;)254) — 14756
u 2.57%10

So that the flow is turbulent.

Check the entry length

Lt turbutent = 10D = 10(0.0254) = 0.254 m

It’s too shorter than the length of the tube. Therefore the flow assumed fully

developed. We therefore use Equation (5.72) to calculate the heat-transfer coefficient.

Nup = 0.023Re38Pr™
For heating the fluid n=0.4
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Nup = 0.023(14756)%8(0.681)%* = 42.67

_ Nupk _ (42.67)(0.0386) _
-~ p 0.0254 -

4 = hrD(T,, — Tyy = (64.85)()(0.0254)(20) = 103.5 W/m.

q = 1hc,AT, = L (%)

h 64.85 W/m>.°C.

= Py 2 = (1.493)(10) () L2 = 7,565 = 1073 kgls.

q

D) @amss .
ATy = ey (7.565%1073)(1025) 40.04 °C.

EXAMPLE 5.10: Heating of Water in Laminar Tube Flow

Water at 60°C enters a tube of 1-in (2.54-cm) diameter at a mean flow velocity of 2
cm/s. Calculate the exit water temperature if the tube is 3.0 m long and the wall
temperature is constant at 80°C.

Solution

We first evaluate the Reynolds number at the inlet bulk temperature to determine the
flow regime.

The properties of water at 60°C are

p = 985 kg/m’

Pr =3.02,u =4.71%10"*kg/m.s, k = 0.651 W/m."C, ¢, = 4.18 kj/kg. °C.

Re, = pumD _ (985)(0.02)((1.;)254—) — 1062
M 4.71%10

So the flow is laminar.

Check for entry length

Lt 1aminar = 0.05Rep PrD = (0.05)(1062)(3.02)(0.0254) = 4 m
Therefore the flow not fully developed (i.e the flow in the interence region)

Calculating the additional parameter, we have

RepPrD _ (1062)(3.02)(0.0254)
L 3 -

27.15 > 10

So Equation (5.71) or Equation (5.70) is applicable. We do not yet know the mean
bulk temperature to evaluate properties so we first make the calculation on the basis
of 60°C,

At the wall temperature of 80°C we have

Uy = 3.55 107 kg/m.s.
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Nup = 1.86 (M)E (@)0-14

L Hw
1 0.14
N_uD — 1.86 ((1062)(3.032)(0.0254—))3 (:._:;) — 5816
h= Nupk _ (5.816)(0.651) _ — 1491 W/m2.°C.
D 0.0254
= Py 2 = (985)(0.02)(m) L2 = 9.982 + 107 kgls.

Tp1+T .
q = hnDL (TW — T202) = tiacy (T — Tha)

(149.1)()(0.0254)(3) (80 — *£72) = (9.982 * 10~2)(4180) (T, — 60)

Ty, = 71.98 °C
Tp1+T 60+71.98 o
Tbavg b12 22 = > =66 C
p = 982 kg/m’
Pr =278, =436+10"*kg/ms, k = 0.656 W/m."C, ¢, = 4.185 kj/kg. °C.
Rep = pumD _ (982)(0. 02)(22254) — 1147
u 4,63%10
ReDLPrD _ (1147)(2.738)(0.0254) —27.00> 10
1
- RepPrD\3 [y 014
Nup = 1.86 (—L ) (E)

0.1
Nup = 1.86(27)3 (436) = 5.743

Nupk _ (5.743)(0.656)
D 0.0254

(148.3) (1) (0.0254)(3) (80 w) = (9.982 * 1073)(4185)(T,, — 60)

h = = 148.3 W/m>."C.

Ty, = 71.88 °C

5.9 Flow Across Cylinders And Spheres

As the flow progresses along the front side of the cylinder, the pressure would
decrease and then increase along the back side of the cylinder, resulting in an increase
in free-stream velocity on the front side of the cylinder and a decrease on the back
side. The transverse velocity (that velocity parallel to the surface) would decrease
from a value of u,, at the outer edge of the boundary layer to zero at the surface. As
the flow proceeds to the back side of the cylinder, the pressure increase causes a

reduction in velocity in the free stream and throughout the boundary layer.
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Figure 5.10 Cylinder in cross flow. Figure 5.11 Velocity distributions indicating flow separation
on a cylinder in cross flow.

The pressure increase and reduction in velocity are related through the Bernoulli

equation written along a streamline:
@ _ _g (“_2)
P 29c

When the velocity gradient at the surface becomes zero, the flow is said to have reached a separation
point:

. . a
seperation point at —u] =0
ay y:()

The drag coefficient for bluff bodies is defined by

2
Drage force = Fj = CHAZ== 5.79

Ic
where Cp is the drag coefficient and
A is the frontal area of the body exposed to the flow, which, for a cylinder, is the

product of diameter and length.
A= LD
The values of the drag coefficient for cylinders and spheres are given as a function of

the Reynolds number in Figures 5.12 and 5.13.
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Figure 5.12: Drag coefficient for circular cylinders as a function of the Reynolds number.
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Figure 5.13: Drag coefficient for spheres as a function of the Reynolds number.

5.9.1 Cylinder
The resulting correlation for average heat-transfer coefficients in cross flow over

circular cylinders is

n 1
_10 _ (kD) 3
Nupy = 7 C( o7 ) Prf ( flow of gas) 5.80

where the constants C and n are tabulated in Table 5.1. Properties for use with

Equation (5.80) are evaluated at the film temperature as indicated by the subscript f .

Table 5.1 Constants for use with Equation (5.80),
Repy C n

0.44 0.989 0.330
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4-40 0911 0.385
404000 0.683 0.466
4000-40,000 0.193 0.618
40,000-400,000 0.0266  0.805
For non-circular cylinder table 5.2 used to evaluate the constants in equation 5.80.

Table 5.2 Constants for heat transfer from noncircular cylinders for use with Equation (5.80).

Geometry Regf C n
u_, L . ;
— d 5x 107 —10° 0.246 0.588
T A
N
i :d 5% 10° —10° 0.102 0675
.., - > 3 4
i d 5x102—1.95x 10 0.160 0.638
A 1.95 x 10% — 10° 0.0385 0.782
u_ - & s
e <:> d 5x103 —10° 0.153 0.638
.
-1 4x10° —1.5x 10% 0.228 0.731

—

=9

M ‘

.

Fand has shown that the heat-transfer coefficients from liquids to cylinders in cross
flow may be better represented by the relation

Nups = (0.35 + 0.56Re)?*)Prf? 107" > Repr < 10°  flow of liquid 5.81
For equation 5.81 the properties at Tr
Still a more comprehensive relation is given by Churchill and Bernstein that is

applicable over the complete range of available data:

For the flow of air, water, and liquid sodium

E 5 %
_ 0.62ReZ Pr3 Rep \&
Nup = 0.3 + — [1 +(5o2) l 5.82
(3]
For 10? < Rep < 107, Pep, > 0.2
Where:
Pep = RepPr
in1-1
Nup =10.8237 —In (Pelz))l Pep < 0.2 5.83
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5.9.2 Spheres
McAdams recommends the following relation for heat transfer from spheres to a
flowing gas:

e Flow of gas

hD

0.6
B = Nuy = 037 (=2 17 < Rep < 7 = 10* 5.84
k

v

All properties of fluid at film temperature T.

Achenbach has obtained relations applicable over a still wider range of Reynolds

numbers for air with Pr =0.71:

1 5
Nup = 2 + (0.25Rep + 3 * 10~*Re}®): {100 < Rep < 3+ 10 5.84
Pr=0.71
5 6
Nup = 430 + a Rep, + b Re2 + ¢ Re} {3*10 <Rep <5x10° 545
Pr =071

a=0.5x%1073 b=0.25x 1072 e L0 |

All properties of fluid at film temperature Tf.

e Flow of liquid
For flow of liquids past spheres, the data of Kramers may be used to obtain the

Correlation

0.5
NupPr=03 = 0.97 + 0.68 (@) 1 < Rep < 2000 5.86

All properties at film temperature T.

heat transfer from spheres to oil and water over a more extended range of Reynolds

numbers from 1 to 200,000:

0.25
Nup Pr=03 (Z—W) = 1.2+ 0.53Re%>* 1< Rep < 2 %105 5.87

where all properties are evaluated at free-stream conditions T, except u,,, which is

evaluated at the surface temperature of the sphere T,,.
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e Liquid and Gases
All the above data have been brought together by Whitaker to develop a single

equation for gases and liquids flowing past spheres:

1 2

1 2 2 4
Nup =2 + ( 0.4Re}, + 0.06Re}, | Pro# (L=)? {3'5 <Rep <810 5.88
Hw 0.7 < Pr <380

Properties in Equation (5.88) are evaluated at the free-stream temperature T, .

Example 5.11: Airflow Across Isothermal Cylinder

Air at 1 atm and 35°C flows across a 5.0-cm-diameter cylinder at a velocity of 50 m/s.
The cylinder surface is maintained at a temperature of 150°C. Calculate the heat loss
per unit length of the cylinder.

Solution:

We first determine the Reynolds number and then find the applicable constants from
Table 5.1 for use with Equation (5.80). The properties of air are evaluated at the film

temperature:

_ Tw;Too — 15°2+35 =925+ 273 = 365.5 K

Ty

_ p _ (1.0132x10%) _ 3
P=%r ™ (287)(365.5) 0.966 kg/m

Pr =0.695,u = 2.14* 1075 kg/m.s, k = 0.0312 W/m."C.

Re, = pUcoD _ (0.966)(50)5(;.05) — 1129 % 10°
u 2.14%10

From table 5.1 C = 0.0266 ,n = 0.805

n 1
_hD _ (%D 3

1
’;—D = (0.0266)(1.129 * 105)%895(0.695)3 = 275.1
f

h = (275.1)(0.0312) =171.7 W/m2.°C.
0.05
1= huD (T, — Teo)
= (171.7)(m)(0.05)(150 — 35) = 3100 W/m

H.W
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A fine wire having a diameter of 3.94*¥10™ m is placed in a 1-atm airstream at 25°C
having a flow velocity of 50 m/s perpendicular to the wire. An electric current is
passed through the wire, raising its surface temperature to 50°C. Calculate the heat
loss per unit length.

1. Use equation 5.80
2. Use equation 5.82

Example 5.12: Heat Transfer from Sphere
Air at 1 atm and 27°C blows across a 12-mm-diameter sphere at a free-stream
velocity of 4 m/s. A small heater inside the sphere maintains the surface temperature

at 77-C. Calculate the heat lost by the sphere.

Solution
Consulting Equation (5.88) we find that the Reynolds number is evaluated at the free-

stream temperature. We therefore need the following
properties: at To, =27°C=300 K,

Pr =0.708 , i, = 2.14 % 107> kg/m.s, k = 0.02624 W/m.°C,
v =15.96 * 107° m%/s

AtT, =77°C=350K, u, = 2.075*107° kg/m.s

UewD _ (4)(0.012)
v  15.96%10~6

= 3059

ReD =

1 2 1
_ 2 3 4 (Heo\?
Nup =2+ <0.4Re; + 0.06Reg> pro¢ (k=)

1
1.8462

Nup =2+ ((0.4)(3059)5 + (0.06)(3059)3) (0.708)0* (222)* = 314

_ (Nup)(k) _ (31.4)(0.02624)
o D o 0.012

h = 68.66 W/m>.°C.

q = h4nD?*(T,, — T,,)
q = (68.66)(4m)(0.006)?(77 — 27) = 1.553 W

5.10 Flow Across Tube Banks

Cross-flow over tube banks is commonly encountered in practice in heat transfer
equipment such as the condensers and evaporators of power plants, refrigerators, and
air conditioners. In such equipment, one fluid moves through the tubes while the other

moves over the tubes in a perpendicular direction.
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