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c – mean heat capacity, kJ/(m3⋅K)

d – diameter, m

F – heating surface area, m2

k – over-all heat-transfer coefficient, W/(m2⋅K)

L – height of fin, m

λ & �������
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��(���"
123�⋅K)

m – parameter of fin, m

N – Number of Heat Transfer Units

p – pitch of fines, m

r – radius, m

s –  thickness of fin, m

t – temperature, K

Wf – water equivalent of fluid, W/K

Wa – water equivalent of air, W/K

w – velocity, m/s

V – volumetric rate of fluid flow, m3/s

η & ����
����
��(��
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For calculation of heat exchangers designs and exploiting parameters, Mean Tempera-
ture Difference method [1, 3, 6, 7] and Number of Heat Transfer Units one [3, 6, 7] are used.
Difference between methods has formal character, because both methods are based on
equation of energy balance. Applying both methods it is possible to determine the heat sur-
face area for projected heat exchangers or over-all heat-transfer coefficient for used one.
The quality of NTU method is a simple algorithm of the calculation of heat transfer area
which can be determined directly from NTU number. The over-all heat transfer coefficient
determined resistance of heat transfer to partition wall and thermal conduction of this wall.
For intensification of heat transfer surface area this wall can be finned. The aim of this paper
is the presentation of the research on the reduction over-all heat transfer coefficient in heat
exchanger pipe elements and application of the results in water equivalents method.
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The cross-finned pipe with circular fins of constant thickness illustrates Figure 1.
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The heat effectives for circular fin of constant thickness [8] is described by equation:

( )2 2

1

1

1
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3
c

c
r

mL
r

η =
+

(1)
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where:
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Parameter of fin m is:

2
m

s

α=
λ

(2)

where:
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s – thickness of fin.

The surface area of fin is:

( )2 2
2 12�

F r r= Π − (3)

The surface area of smooth pipe on one pitch is:

12rF r p= Π (4)

The inner surface area of pipe is:

2w wF r p= Π (5)

The surface area between fins on one pitch is:

1m rF F d s= − Π (6)

The reduction convection heat-transfer coefficient delivered to outer surface area of
smooth pipe is described by equation:

m �

r
r r

F F

F F

⎛ ⎞
α = α + η⎜ ⎟

⎝ ⎠
(7)
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The convection heat-transfer coefficient delivered to outer surface area of pipe is:

( )
0.8

0.2
1

3.57 0.0017 a
a a

w
t

d
α = + (8)

The convection heat-transfer coefficient to inner surface area
for water is:

( ) 0.83373 1 0.014f f ft wα = + (9)

for light oil is:

( ) 0.8349 1 0.014f f ft wα = + (10)

for heavy oil is:

( ) 0.8169 1 0.014f f ft wα = + (11)

The reduction over-all heat-transfer coefficient delivered to outer surface area of
smooth pipe is described by equation:

1 1 11 1
ln

r w f w r

r r r

k r r
= + +

α λ α
(12)

"� ��������	#

��
	���
����
	�

��
���	����

�


�����
���
���	
��
�������

The Water Equivalents Method is the most universal method of calculation. It can be
applied to determine design and using parameters of heat exchangers [3, 7]. This method is
based on the concept of water equivalent and heat effectives. Fluid-gas water equivalent of
fluid for heat exchangers is described by equation:

Wf = Vf cf (13)

where:
Vf – volumetric rate of fluid flow,
cf – mean heat capacity of fluid.

The water equivalent of air is:

Wa = Va ca (14)
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where:
Va – volumetric rate of air flow,
ca – mean heat capacity of air.

Similarity functions used for heat exchangers are described by equals:

,
f

a

W
f N

W

⎛ ⎞
ε = ⎜ ⎟⎜ ⎟⎝ ⎠

(15)

a a

f a

t t

t t

′′ ′−
ε =

′ ′− (16)

where:

at ′′ – outlet air temperature,

at ′ – inlet air temperature,

ft′ – inlet fluid temperature,

N – Number of Heat Transfer Units.

The Number of Heat Transfer Units is described by equation:

a

kF
N

W
= (17)

With equation (17) it is possible to calculate heat surface area:

,a
a f

r

NW
F W W

k
= < (18)

Similarity function used in cross-flow heat exchangers illustrate Figure 2 and Figure 3.
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The tested element of heat exchangers has the following geometric, flow and tempera-
ture parameters:

& �����
��������
��
������� ��
:
7�79;
�"

& �����
��������
��
������� �8
:
7�7�7
�"

&
�����
��������
��
������
������� �9
:
7�7;9
�"

&
������
��
��� �
:
7�788
�"

& ���
+����
��
��� 	
:
7�7776;
�"

&  ��
�
��
��� �
:
7�779;9
�"

& �����
���
��� ������� at′ 
:
84��

��"

& ������
���
��� ������� at′′ 
:
9��;

��"

& �����
���
��� ������� ft′ 
:
�7�8
��"

& ������
���
��� ������� ft′′ 
:
<<�<
��"
& (��������

����
��
���
���, #�
:
7��;
+�2�"

& (��������

����
��
���
���, #�
:
7��<;
�
�2�"

& �����
�
����
��
���
���, $�
:
7�77�8�
�
9�

The velocity of air is:

0.365
11.5 m/s.

0.00317
a

a
a

V
w

F
= = =
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The heat effectives of fin is:

( )2 2

1

1
,

1
1

3
c

c
r

mL
r

η =
+

where:

  

1
1

2
2

2
2

0.030
0.015 m,

2 2

0.052
0.026 m,

2 2

0.052 0.00045
0.0264 m.

2 2c

d
r

d
r

d s
r

= = =

= = =

+ += = =

The parameter of fin is:

2 2 45.4
34.96 m,

165 0.00045
m

s

α ⋅= = =
λ ⋅

where:

  

( )

( )

0.8

0.2
2

o

2

0.8
2

0.2

3.5 0.00185 ,

18.3 23.5
20.9 C,

2

d 0.052 m,

11.5
3.5 0,00185 20.9 45.4 W/(m K).

0.052

a
a a

a

a

w
t

d

t

α = +

+= =

=

α = + ⋅ = ⋅

)��
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��(���
��
���������
λ
:
8<;
123�⋅K).
The over height of fin is:

0.011 0.00045 0,0112 m,
2c
s

L L= + = + =

m · Lc = 34.96 · 0.0112 = 0.392 m2.

The effectives of fin is:

( ) ( )22 2

1

1 1
0.93.

1 0.02641
1 0.3921

3 0.0153
c

c
r

mL
r

η = = =
++
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The surface area of fin is:

( ) ( )2 2 2 2 2
2 12 2 0.026 0.015 0.00283 m .�

F r r= Π − = Π − =

The surface area of smooth pipe on one pitch is:

2
12 2 0.015 0.00254 0.000239 m .rF r p= Π = Π ⋅ ⋅ =

The inner surface area of pipe is:

22 2 0.012 0.00254 0.00191 m .w wF r p= Π = Π ⋅ ⋅ =

The surface area between fins on one pitch is:

2
1 0.000239 0.030 0.00045 0.000197 m .m rF F d s= − Π = − Π ⋅ ⋅ =

The reduction convection heat-transfer coefficient is:

20.000197 0.00283
45.4 0.93 536.6 W/(m K).

0.000239 0.000239
m �

r
r r

F F

F F

⎛ ⎞ ⎛ ⎞α = α + η = + ⋅ = ⋅⎜ ⎟ ⎜ ⎟⎝ ⎠⎝ ⎠

$��� 	%&
'�(')(�����
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%&����+��,*&+
'�&**�'�&��
��
(�-���+
*(�.

/0
.��&+
&1)�2�(&��,
-&�%�3

For heat exchanger working in laminar flow on account of lack the good calculation
formulas, the real problem is to determine convection heat transfer coefficient from fluid to
wall of elements. In working heat exchanger with known heat surface area, over-all heat-
transfer coefficient by NTU method can be calculated by equation:

a
r

NW
k

F
= (19)

The reduction convection heat transfer coefficient is described by equation:

1 1

1

1

1 1
ln

f
w

r r w

r r r

r k r

α =
⎛ ⎞

− −⎜ ⎟α λ⎝ ⎠

(20)

The heat effectives is:

23.5 18.3
0.10.

70.1 18.3
a a

f a

t t

t t

′′ ′− −ε = = =
′ ′− −
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The water equivalent of oil is:

Wf = Vf ρf cf = 0.35 · 1920 = 672 W/K,

where:
mean heat capacity of oil cf  = 1920 J/(kg·K),
density of oil ρf  = 864 kg/m3.

The water equivalent of air is:

Wa = Vaca = 0.365 · 1280 = 467.2 W/K,

where:
mean heat capacity of air ca = 1280 J/(m3·K).

The simplex of water equivalents is:

672.0
1.44.

467.2
f

a

w

w
= =

The Number of Heat Transfer Units N = 0.10.
For heat surface area of exchanger F = 1.15 m2 the value of reduction over-all heat

transfer coefficient is:

20.1 467.2
40.6 W/(m K).

1.15
a

r
NW

k
F

⋅= = = ⋅

The reduction convective heat-transfer coefficient is:

1 1

1

2

1 1

0.012 1 1 0.015 0.0151 1 lnln
0.015 40.6 536.6 165 0.012

54.9 W/(m K).

f
w

r r w

r r r

r k r

α = = =
⎛ ⎞ ⎛ ⎞− −− − ⎜ ⎟⎜ ⎟ ⎝ ⎠α λ⎝ ⎠

= ⋅

Hence the reduction over-all heat-transfer coefficient is:

1 1 11 1 0.015 0.015 0.015 1
ln ln 0.0245

0.012 54.9 165 0.012 572.9r w f w r

r r r

k r r
= + + = + + =

α λ α ⋅

k = 40.8 W/(m2⋅K).
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