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ABSTRACT

Experimental investigations have been performed to determine the detailed module-by-module pressure drop and heat
transfer coefficient of turbulent flow inside a circular finned tube. The tubes are provided with longitudinal fins con-
tinuous or interrupted in the stream wise direction by arranging them both in a staggered and in-line manner. Experi-
ments are carried out for two different fin geometries, with two numbers of fins (N = 6 and 12). All tested finned tubes
have 16 modules each with length equal to the tube diameter (L = D = 30 mm). The thermal boundary condition con-
sidered here, is a uniform heat flux. The module-by-module heat transfer coefficient is found to vary only in the first
modules, and then attained a constant thermally periodic fully developed value after eight to twelve modules. The re-
sults also showed that in the periodic hydrodynamic fully developed region, the value of the pressure drop along the
tube with continuous fins is greater than that of the in-line arrangement, and lower than that of the staggered arrange-
ment. Furthermore, the results showed that in the periodic fully developed region, the tube with continuous fins pro-
duces a greater value of the heat transfer coefficients than that the tube with interrupted fins, especially through a high
range of Reynolds number (5 x 10* > Re > 2 x 10%). The tube with Staggered arrangement of fins produces a greater
value of the heat transfer coefficient than the tube with continuous fins and the in-line arrangement finned tube at low
Reynolds number (Re < 1.2 x 10%).). It was found that the fins efficiency is greater than 90 percent; in the worst case
(maximum Reynolds number with continuous fins tube).
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1. Introduction cular tube with fin surface interrupted in the stream wise
direction.

Numerical predictions of the laminar fluid flow and
the forced convection heat transfer in the entrance region
of internal longitudinal finned tubes have been investi-
gated by various researchers. Rustum and Soliman [1] as
well as Campo and Morales [2] conducted numerical
studies based on standard finite differences for the ther-
mal development of a fluid flow through tubes with fully
developed hydrodynamics. Prakash and Liu [3] and
Choudhary and Patankar [4] have been independently
examined, the problem of simultaneously developing
flow and heat transfer in a tube. They used a modified
control volume technique for solving the governing con-
servation equations numerically. Hu and Chang [5] stud-
ied theoretically the case of fully developed velocity and
temperature simultaneously of an internally continuous
finned tube at constant heat flux. Masliyah and Nanda-

The demand for high-performance heat exchange devices
having small spatial dimensions is increasing due to their
need in applications such as aerospace and automobile
vehicles, cooling of electronic equipment, and so on.
This has led to various designs of a compact heat ex-
changer. Internal fins are the most commonly used tech-
nique for enhancing the rate of heat transfer between the
surface and a flowing fluid. It has been recognized for
some time that higher heat transfer rates can be obtained
when the internal fin surfaces of circular tubes are peri-
odically interrupted in the stream wise direction, resem-
ble the offset-fin heat exchanger. Heat transfer enhance-
ment is accompanied by an increase in a pressure drop
due to the increase of the friction factor. Since the fric-
tion power, expenditure is equally very important for the
exchanger surfaces, it is therefore, of interest, to study

the heat-transfer performance of an internally finned cir-
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kumar [6] considered the fins of a triangular shape with
finite thickness. Soliman ef al. [7] have been investigated

JECTC



the laminar heat transfer in an internally finned tube with
uniform outside wall temperature. Patankar et al. [8] used
a mixing length model to predict numerically the fully
developed turbulent flow and heat transfer characteristics
of circular tubes and annuli equipped with longitudinal
internal fins. Kim and Webb [9] developed an analytical
treatment for the friction factor and heat transfer coeffi-
cient in rectangular and circular channels with internal
continuous longitudinal fins. Sparrow et al. [10] have
been presented a numerical investigation of fluid flow
and heat transfer in a two-dimensional staggered offset-
fin array. Sparrow and Liu [11] have been made a per-
formance comparison for two dimensional in-line and
staggered fin arrays.

London and Shah [12] as well as Joshi and Webb [13]
have been investigated experimentally offset-fin arrays.
Patakar and Prakash [14] have been studied numerically
the effect of plate thickness on heat transfer of two-di-
mensional staggered fin arrays. Kelkar and Patankar [15]
have been analyzed a three-dimensional flow and a heat
transfer in offset-fin arrays. Analytical models to predict
laminar and turbulent flow and heat transfer offset-been
arrays have been investigated by Joshi and Webb [16].
Kelkar and Patankar [17] investigated the performance of
an internal longitudinal finned circular tube with fin sur-
face interrupted in the stream wise direction by arranging
them both in the staggered and in-line manner for lami-
nar flow.

Xiaoyue and Michael [18] presented a parametric
study on a turbulent and heat transfer in internally finned
tubes. Three fin profiles-rectangle, triangle, and round
crest-with the same fin heights, widths, and helix angles
were compared. Saha and Langille [19] studied heat
transfer and pressure drop characteristics in a circular
tube fitted with full-length strip, short-length strip, and
regularly spaced strip elements. Zeiton and Hegazy [20]
presented an analysis study for a fully developed laminar
convective heat transfer in a pipe provided with internal
longitudinal fins, and with uniform outside wall tem-
perature. The fins are arranged in two groups of different
heights. The numerical results showed that the height of
the fin effects greatly flow and heat transfer characteris-
tics.

The present work is carried out experimentally to
study a heat transfer for turbulent flow inside circular
tubes equipped with internal longitudinal interrupted
(staggered and in-line) fins. The plain tube and the tube
with continuous fins are also investigated mainly for
comparison with the interrupted finned tubes. Two main
geometries: 1) (N =6, with H/r, =0.5), and 2) (N = 12,
with H/r, = 0.3) have been used in this study. The si-
multaneous development of velocity and temperature
fields are considered, when the fluid enters the tested
finned tubes with uniform inlet velocity and uniform
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temperature. The thermal boundary condition is being a
uniform heat input per unit area (constant surface heat
flux). The radial and axial heat conduction through the
tube wall is neglected. Air is the working fluid in all ex-
periments with assuming constant properties. The Rey-
nolds number range extends from 5 x 10° to 5 x 10*
based on the hydraulic diameter of the tested finned
tubes.

2. Experimental Apparatus and Procedure

The main objective of the present experimental work was
defined, that is to determine the detailed module-by-
module pressure drop and heat transfer coefficient of the
turbulent flow inside circular tubes with internal longitu-
dinal fins that are continuous and interrupted. The inter-
rupted fins are arranged in a staggered and an in-line
manner. The apparatus consists mainly of air passage,
heating unit, and measuring instruments, as shown in
Figure 1. Air is sucked from the laboratory atmosphere
and blows into the tested tube. A motor-driven fan, run-
ning at a constant speeds, draws air through a control
valve (gate valve), and delivers it into a U-shaped tube of
75 mm internal diameter to the tested tube through a
conical nozzle. The conical convergent nozzle gives
nearly a uniform velocity distribution at the inlet of the
tested tube. A British standard orifice plate of 40 mm
diameter was installed in the apparatus to measure the air
flow rate. It was calibrated by integrating the velocity
profile in a fully developed region of a plain circular tube
with 32.6 mm diameter.

The tested tubes were made of a brass plain tube (outer
diameter = 31.8 mm, and inner diameter = 30.25 mm) in
which axial slots were machined on its surfaces to insert
0.6 mm thick fins made also of brass strips. The plain
tubes slots were made continuously and interrupted by
using 0.6 mm thick cutter on a milling machine. The
strips were sheared by CNC shearing machine. Special
cores were used for fins insertion to ensure that 1) all fins
inside the tube have the same height, and 2) all the rec-
ognized extensions of the fins passing through the cen-
terline (see Figure 2). All tested tubes with interrupted
fins have 16 modules, each of length equal to a tube di-
ameter (=30 mm). The continuous fins tube has fins of a
length equal to 36 times a tube diameter. All tested tubes
with interrupted fins have a distance equal to two and
three tube diameter length free of fins at the tube en-
trance and exit respectively. On the other side, the tube
with continuous fins has a distance equal to one and four
tube diameter length free of fins at the tube entrance and
exit respectively.

Axial pressure distribution was measured with aid of 9
static taps (0.5 mm inner diameter) for the interrupted
finned tubes, and 37 static taps for the continuous fins
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1- Air blower
2- Gate valve
3- U - shaped valve
4- Orifice meter
5- Tested finned tube
6- Variac transformer
7- Wattmeter
8- Digital thermometer
9- Thermocouples
10- Mercury in glass thermometer
11- rubber conr{ection
\

1 - Tube
2 - Fins
3 -Core
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Figure 2. (a) Fins insertion in the tube and core; (b) Schematic of different geometries in this study.

tube distributed along the tube outer surface. Taps were 3. Heating Units and temperature Aspects

installed along the line lies in the middle between two The tested finned tube was heated by an Ohmic dissipa-
fins. The pressure signals from the taps are conveyed to tion in an electric resistance tape (2 mm width, and 0.2

the pressure selector switch via plastic tubes. The output mm thickness). The tape heater power of 1900 Watts at
signals of the pressure selector switch are sensed by a 265 Volt, and 7.3 Ampere, was wound uniformly on the
micro manometer with accuracy + 0.01 mm of H,O. outer surface of the tube. The power of the heater was

Copyright © 2012 SciRes. JECTC



controlled by a variac transformer, which provides a
controllable constant heat flux along the surface of the
tested tubes. The electric power input to the heater was
measured by an in-line digital wattmeter (accuracy =+
0.5%). Over the range of test conditions; the output-input
air temperature difference was kept constant at approxi-
mately 32°C. A 1.5 mm thick layer of asbestos insulated
the outer surfaces of the tested finned tubes electrically.
The outer surface of the heater was insulated thermally
by a 35 mm thick glass wool (k = 0.041 W/m-k). The
insulation layer and the heater tape covered all the outer
surface of the tested tube except a two diameter length
from the tube entrance. Copper-constantan calibrated ther-
mocouples of 0.4 mm diameters were embedded at 0.5
mm depth from the outer surface of the tested finned tube

S. A.EL-SAYED ET AL.

to measure the local surface temperatures. Three ther-
mocouples, distributed circumferentially, were used for
each module at one traverse cross-sectional area. They
were at the exit of the finned module as well as a dis-
tance equal to 60 percent of the un-finned module length
as shown in Figure 3. Eighteen thermocouples at a six
traverse cross-sectional areas (distributed uniformly and
axially) for a one finned module in the periodic fully
developed region were used to determine the local heat
transfer coefficient of the module. Eighteen thermocou-
ples were also distributed along the un-finned successive
module of the in-line arrangements. Six of them are used
to give the local fin base temperatures. The details of all
thermocouples positions for both arrangements are shown
in Figure 4. Six thermocouples were uniformly distrib-
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2, Insulation 6
heater tape 2
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A- Section A-A in the tested finned tube (in-line arrangement)
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r
2, j Insulatwn 6
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Figure 3. Schematic locations of the thermocouples junctions on the surface of the tested finned tubes.
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Figure 4. Schematic locations of the thermocouples junctions along the module for in-line and staggered arrangements.
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uted along the inner and the outer surfaces of the insula-
tion (glass wool) to determine the radial conduction
losses. The reading of the thermocouples was taken out
by a digital thermometer of accuracy + 0.4°C. A standard
mercury thermometer was used to read the inlet tem-
perature of the flowing air stream. Another five thermo-
couples were distributed at the tested finned tube exit to
read the outlet temperature of the flowing air stream.

The total rate of heat generated from the heater (qy)
was distributed into the heat transferred by convection to
the flowing air (q.), and heat losses to the outside of the
tested tubes. The heat transferred by convection to the air
stream is given by:

qc = ql - (ch,i + ch,e + qf,c + ch,a) (1)

where:

q¢ = The total input power to the heater, W

dea;i = The heat lost by conduction through the insula-
tion in the axial and radial directions, and it is given by:

ch,i = 2nkinsLATins/|:ln(Do /D1 ):| (2)

where:

kins = The thermal conductivity of the insulation, W/m-K.

L = The length of the insulated section of tube, m.

D; = Inner diameter of the insulation, m.

D, = Outer diameter of the insulation, m.

AT;,s = The average temperature difference between
the inner and the outer surfaces of the insulation and it is
given by:

=(T,-T,)+(T, - T,) +(T; —TG)/3,K.

It was found that it represents about 7.6% of the total
heat input for the maximum case at minimum Reynolds
number.

Jede = The heat lost by conduction through the tube
wall in the insulated entrance region retarded the flow. It
is given by:

Qe = KA, (ATW /Ax) 3)

where:

Ay = The cross-sectional area of the tube wall, m”.

AT,, = The wall temperature difference per one mod-
ule length in the entrance region without heating, K.

Ax = The module length in the entrance region without
heating, m.

k = The thermal conductivity of the tube material,
W/m-K.

It was found that it represents about 0.03% of the total
heat input for the maximum case at minimum Reynolds
number.

gt = The heat lost by free convection from the rear
face of the tested finned tube (W). It is given by:

qf,c = thw (Tr,f - Ta) (4)

Copyright © 2012 SciRes.

where:

hy = The heat transfer coefficient by free convection,
W/m*K.

T.r= The rear face surface temperature, K.

T, = The surrounding air temperature, K.

It was found that it does not exceed 0.018 percent of
the total heat input.

Jeda 1s the heat lost by axial conduction through the
tested finned tube wall. In our study, the Peclet number
(Pe = Re-Pr) was typically greater than 1000. Therefore,
the axial heat conduction loss through convection air is
neglected as noted in [21].

Except qcq, the other heat losses can be neglected due
to their small values as compared with the total heat in-
put value.

The investigated parametric variations are: fins num-
ber (N), relative fin height (H/r, ), and the arrangement
manner. The arrangement may be classified into two
geometries as shown in Table 1.

For a certain required rate of air discharge of air in the
tested tube, the pressure difference across the orifice me-
ter was determined. The gate valve opining was adjusted
to giving that pressure difference. Throughout the ex-
periment, this pressure difference was kept constant. The
flow was characterized by Reynolds number based on
hydraulic diameter (Rey), and on a velocity via the mini-
mum cross-sectional area of the tested finned tube. The
range of the hydraulic Reynolds number based on the
plain tube diameter (Re) was 10* to 10° approximately.
For each tested tube, groups of experiments were per-
formed to determine the heat transfer coefficient per
module. Both the velocity and the temperature distribu-
tions at two diameter lengths from the tube entrance were
determined to check the uniformity of both the velocity
and the temperature profiles.

4. Method of Calculation

The essential quantities, which were determined in this
study, include the mass flow rate of air (m, ), wall tem-
peratures, and electric power input to the heater. The air
mass flow rate was calculated from the measured values
of pressure difference across the standard orifice plate
(Cq = 0.64 £ 0.005), and the density of the flowing air

Table 1. Arrangements of fins inside the tested tubes.

Geometr in Relative  Arrangement Hydraulic
comelry  umber N height H/r, manner diameter Dy, m

6 0.5 Continuous

1 6 0.5 Staggered 14.86
6 0.5 In-Line
12 0.3 Staggered

2 12 0.3 In-Line 13.46
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according to its inlet temperature.
The bulk velocity can also be calculated from the con-
tinuity equation as:

= a 5
oA, ©

and
A, =(n/4)D* - NHt (6)

For internal flow, the equivalent hydraulic diameter D,
is often used as the characteristic length. It is defined as

D, =4 [(n/4)D” —NHt | /[xD+2NH] )

The hydraulic Reynolds number Re;, based on the Dy, is
defined as:

Reh = paVth /:ua (8)

Using the plain tube diameter, D, as the characteristic
length, the Reynolds number based on it is defined as:

Re = p,v,D/pu, ©

The module-averaged friction factor based on the hy-
draulic diameter (f,) can be defined as
Ap/2L)D
=200 1)
P, aVb / 2
while the module-averaged friction factor based on the
plain tube diameter is defined as

Ap/2L)D
f= M (11)
paVb /2
where Ap = The total pressure drop across a module

length (2L).
The performance of the tested finned tubes is com-
pared with the Blasius formula of the plain tube [22]

f =0.3164Re "% (12)

also, the pressure distribution along the tested finned
tubes is considered in the dimensionless form as

(Pi _Px)

P=—
PV /2

(13)

where:

P = The dimensionless pressure drop.

P; = The pressure at the tube entrance, N/m?.

P, = The pressure at an axial station x, N/m?.

The pressure is measured at a distance equal to the
module length, starting from the entrance of the first
module.

The Nusselt number was calculated from the measured
values of the wall temperatures. The wall temperatures
were also measured at the modules exit as well as at a
distance equal to 0.6 L of the un-finned modules, as

Copyright © 2012 SciRes.

shown in Figure 4. At these positions, it was found that
the value of the local Nusselt numbers is nearly equal to
the value of the module averaged Nusselt numbers, along
the modules. The module averaged Nusselt number can
be obtained from the integration of the local Nusselt
number along the module. Then, the module-averaged
Nusselt number based on the hydraulic diameter can be
defined as:

Nu, =h, D, /ka (14)

where (h;,) is the convective heat transfer coefficient
based on the total heat transfer area (plain and finned
area), and it is calculated as

ht,a = qm/l:PL(Tw _Tb ):| (15)

where:

k, = The thermal conductivity of the air. It is taken at
the average temperature of the air stream (T, +7T,)/2.

dm = The rate of heat transfer per unit area for one
module, W.

P= (nD+2nNH), the wetted perimeter, m.

It is a common practice in applications involving fins
to de-rate the fin surface area by efficiency # [23] as we
can see in the wetted perimeter equation.

Based on the diameter of the plain tube (D as the char-
acteristics length), then the Nusselt number (Nu) can be
given by:

Nu=hD/k, (16)

where (h) can be calculated from the following equation
as

h=gq, /nDL(T, -T,) (17)

where:

T,, = The wall temperature of the module which is de-
termined from taking the average of the three thermo-
couple readings those distributed uniformly on the tube
circumference, K.

Ty, = The bulk temperature of air which was obtained
from assuming a linear distribution of the air temperature
rise along the tube [23] as:

T, =T, +q"Px/(m,C; ) (18)

where:

T; = Inlet air temperature, K.

¢, = Specific heat of air at constant pressure, J/kg-K.

q" = Rate of heat transfer per unit area, W/m®.

The performance of the tested finned tubes was com-
pared with that of the plain tube. The module-averaged
Nusselt number has been compared with respect to the
modified Dittus-Bolter Equation [24]:

Nu = 0.023Re"® Pr’” (19)
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Fin Efficiency (n)

Two approaches were employed to evaluate 7. One
was to set # = 1, and the other was to use the conven-
tional one-dimensional fin model. The efficiency of the
fin is given by

n = tanh (mH, ) /mH, (20)
m® =2h/kt ©3))
and
H, =H+t/2~H (22)
where:

H, = Corrected fin height, m.

t = Fin thickness, m.

An iterative procedure was required to implement the
second approach. Since, the calculation of # from Equa-
tions (16) to (18) necessitates that (h) must be known.
Starting with # = 1.0, the heat transfer area (PL) was de-
termined from Equation (15), and (h) was evaluated from
Equation (13), using the values of (q.) and (Ty, — Ty)
from the experiments. Substituting (h) in the equation of
wetted perimeter, (;7) can be calculated, and thus ena-
bling successive re-evaluations of (PL) and (h). The new
value of (h) was used to initiate another cycle of the it-
eration, and this process was continued until convergence,
produced both (h) and (7).

5. Uncertainty Analysis

The minimum inlet temperature during the experiments
was 32°C, and the accuracy of the mercury thermometer

was +0.5°C. Therefore, the relative uncertainty (ur, /T, )
was 1.56%. The minimum measured temperature by the
thermocouple thermometer during experiments was 25°C.
The accuracy of the thermocouple thermometer was
+0.4°C. Therefore, the maximum relative uncertainty
(u;/T) in measuring temperature was 1.6%. The rela-
tive uncertainty in the bulk velocity (u,/V) was 1.84%.
The relative uncertainty in the mass flow rate of air
(u,,,/m, ) was 1.84%. The relative uncertainty in the
friction factor (u,/f) was 4.97%. The relative uncer-
tainty in the Reynolds number (uy/Re) was 1.84%.
The relative uncertainty in Nusselt number (uy;/Nu)
was 5%.

6. Results and Discussion

Presentation of the experimental results and their analy-
ses will be divided into the following groups:

A: The friction factor in hydrodynamic periodic fully
developed flow region.

B: The pressure drop distribution along the tested fin-
ned tubes.

C: The averaged Nusselt number in thermally periodic
fully developed region for all tested finned tubes.

D: The variation of the averaged Nusselt number with
the number of modules in the fully developed flow re-
gion for all tested finned tubes.

E: The local Nusselt number along the module for all
tested interrupted finned tubes.

F: The fin efficiency as a function of Reynolds num-
ber (i.e. fin performance).

Regarding to (A), Figure 5 shows the module-aver-

0.1 T T T T T T T T T
L :
9 QRQOO N=6 H/r =0.5 CONTINUOUS ot
8T RRQAR =6 =0.5 STAGGERED
7k QL8808 =6 =0.5 IN-LINE
QQQQ0 =12 =03 STAGGERED n
6 ARHAKF =12 =03 IN-LINE
sk .
4 -
1
3t
o= _
-
2 -
5 1 L ! IR | { L 1 L 1 FEN T
o 3 4 5 6 7 89 2 3 4 5 6 7 89
10* 10°

Figure 5. Module-averaged friction factor in the periodic fully developed region as a function of the hydraulic Reynolds num-

ber for all tested finned tubes.
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aged friction factor in the periodic fully developed region
for all tested tubes. The value of (f,) for the tubes with
staggered arrangement is highly higher than that for
tubes with in-line arrangement. This is because of in-
creasing the area available for friction as well as increas-
ing the number of leading and trailing edges of the fins,
for two successive modules. The value of (f,) for the
tubes with the staggered arrangement is higher than that
for the tubes with continuous fins. Because staggering of
the fins causes extra friction on the fin surface at the
starting of each module. As the number of fins increases,
the available area for friction increases and so the values
of (f,) increase. Figure 6 shows the module-averaged
friction factor based on the plain tube diameter for all
tested finned and plain tubes. It is found that the values
of (f) are 1.6, 2.0, and 2.8 of that for the plain tube for in-
line, continuous and staggered arrangement, respectively.

Regarding to (B), Figures 7 to 9 show the dimen-
sionless pressure drop against the dimensionless axial
distance (x/D) for all tested finned tubes. The flow
characteristics exhibit a periodically repeating behavior
after some initial developing region. For periodic geome-
tries of the type considered here, the fully developed
pressure distribution along the tube versus axial distance
is not a straight line as for conventional duct flows. The
pressure distribution lies on a straight line in the fully
developed region at axial stations x, (x + 2L), (x + 4L),
etc. Since the average friction, factor decreases with in-
creasing Re, so the pressure increases. Except for the first
module, the pressure at the successive module ends de-
crease linearly along the tested interrupted finned tubes.
For all tested finned tubes, it can be seen that the pres-

S. A.EL-SAYED ET AL.

sure drop for the staggered arrangement is larger than
that for the in-line arrangement, while the continuous fins
tube lies in between.

Regarding to (C), the augmentation of heat transfer
caused by the additional of continuous fins on the inside
of a circular tube surface, is significant. The mod-
ule-averaged Nusselt number for all tested interrupted
finned tubes is always lower than that for continuous fins
tube. This may be attributed to the effect that the addition
of fins with more interruptions causes the axial flow to
escape from the tube wall and fin surface to the core re-
gion and thus reduces the washing flow on these surfaces.
Figure 10 shows the module-averaged Nusselt number
(based on hydraulic diameter) as a function of hydraulic
Reynolds number in the thermally periodic fully devel-
oped region for all tested finned tubes. The solid lines
represent the fin efficiency of the analytical conventional
model (7 < 1), while the dashed lines represent the fin
efficiency model ( = 1).

From the experimental results, it is found that the
Nusselt number versus Reynolds number for each tested
finned tube can be represented by straight line, in a log-
log scale so that the power-low can be used as follows;

Nu =cRe" (23)

where (c¢) and (n) may be determined from the least
square fit. Further more, for each arrangement (staggered
or in-line) the straight lines for two test geometries are
nearly parallel. The constant n and c in the power-low
representation differ slightly for # =1 and # < 1 models as
shown in Table 2.

For comparison with the plain tube, the module-aver-
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Figure 6. Module-averaged friction factor in the periodic fully developed region as a function of Reynolds number for all

tested finned tubes.
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Figure 7. Axial variation of the module-averaged dimen-
sionless pressure drop (In-line arrangement: N = 6, and
H/r, =0.5).
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Figure 8. Axial variation of the module-averaged dimen-
sionless pressure drop (Staggered arrangement: N = 6, and
H/r, = 0.5).

Table 2. Values of constants (c) and (n) of Equation (23).

n=1 n <l
Type of arrangement
N c N C

N =6, and Continuous ~ 0.800 0.0166 0.785 0.0186
Hjr =05 Staggered 0449 0452 0446 0458

o In-Line 0.672  0.045 0.663 0.048
N =12, and Staggered  0.528  0.156 0.527  0.158
Hjr, =03 In-Line 0.672  0.037 0.668 0.039

aged Nusselt number is calculated based on the plain
tube diameter. Figure 11 shows the module-averaged
Nusselt number (based on the plain tube diameter) in the
periodic thermally fully developed region for all tested
finned tubes. The values of module-averaged Nusselt
number for the in-line arrangement tubes are higher than
those for the staggered arrangement tubes, at high Rey-
nolds number, (Re, > 3.2 x 10%) for (N = 6, and H/r, =

Copyright © 2012 SciRes.
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Figure 9. Axial variation of dimensionless pressure drop (con-
tinuous fins: N =6, and H/r, = 0.5).

0.5) and (Re, > 2 x 10%) for (N = 12, and H/r, =0.3).
On the other hand, the values of the module-averaged
Nusselt number for staggered arrangement tubes are
higher than those for a tube with continuous fins at low
Reynolds number (Re, > 1.2 x 10%) for (N =6, and H/r,
= 0.5). Also, geometry 1) for both arrangements (stag-
gered and in-line) have higher values of module averaged
Nusselt number than that for geometry 2). The effective
values of module-averaged Nusselt number for the in-
line arrangement, which can be compared with the cor-
responding values for the others arrangements are ob-
tained by averaging the values of two successive mod-
ules with and without fins.

Regarding to (D), the module-by-module heat transfer
results are presented in Figures 12 to 16 for all tested
finned tubes. In these figures several general characteris-
tics of the results are evident. It is noticed that for all
tested interrupted finned tubes, the module-averaged
Nusselt number decreases from module to module in the
stream wise direction until it reaches an asymptotic value,
then it remains constant regardless of the module number.
It is also shown that the value of Nusselt number in-
creases with increasing the value of Reynolds number.

Two conflicting factors may be identified, which in-
fluence the variation of Nusselt number in the thermal
entrance region. One of these factors is resulting from the
module-by-module development of pattern of flow ac-
celeration, wake shedding and impingement, which aug-
ment the heat transfer. The other factor is resulting from
the migration of flow from the relative constrained in-
ter-fin region to the core region. This migration occurs in
the initial part of the fins array and then ceases as the
flow becomes periodic thermally fully developed. Thus,
the conflicting effects of the two factors discussed here
are clear; one tends to increase the heat transfer, and the
other tends to decrease it.

The number of modules, in the thermal entrance region,
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Figure 10. Module-averaged Nusselt number in the periodic fully developed region as a function of Reynolds number for all

tested finned tubes.
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Figure 11. Module-averaged Nusselt number in the periodic fully developed region as a function of Reynolds number for all

tested finned tubes.

required to make the flow periodic thermally fully de-
veloped depends on the fin height, the number of fins,
the arrangement manner, and the Reynolds number. It is
desired to have an overall indication of the thermal en-
trance region that will serve for all tested finned tubes
investigated. The number of modules required for the
flow to be periodical, thermally fully developed extends
from about 8 to 12 modules. For the in-line arrangement,
the value of the module-averaged Nusselt number is av-
eraged over two successive modules, so that the value of
(Nu) at even values of (M) only is meaningful.
Regarding to (E), the local Nusselt number along the

Copyright © 2012 SciRes.

module in the stream wise direction is shown for five
values of the Reynolds numbers in Figures 17 and 18 as
an example for the staggered and in-line arrangements
for geometry 1) (N = 6, and H/r, = 0.5). In the in-line
arrangement as shown in Figure 17, the local Nusselt
number along the module is calculated for two succes-
sive modules (finned and un-finned). The results show
that, the value of the local Nusselt number in the finned
module is slightly higher than that in the un-finned mod-
ule. Moreover, if the Nusselt number is calculated based
on the hydraulic diameter, the increase in Nusselt number
in the finned module becomes larger than that in the un-
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Figure 13. Variations of the module-averaged of Nusselt number with number of modules.

finned module. The value of the Nusselt number at the
finned module entrance is slightly higher than that at the
finned module exit. This is because the thermal boundary
layer thickness is very thin at the leading edge of the fins.
The value of the Nusselt number after the finned module
exit is decreased suddenly, due to the absence of the fins
in the un-finned module. Finally, the Nusselt number can
be considered almost uniform along the finned module,
and then dropped to another value in the un-finned mod-
ule. This uniformity comes from the fact that in a short
module, the growth of the thermal boundary layer thick-
ness may not reach to large values along its length.

In the staggered arrangement as shown in Figure 18,
the values of local Nusselt numbers at both of the module
entrance and exit are higher than that at the middle of the

Copyright © 2012 SciRes.

module. Because the module has more heat transfer area
at both the module entrance and exit. Also, both the
module entrance and exit have high level of the turbu-
lence due to increasing the number of fins cuts.
Regarding to (F), fin efficiency measurements are
difficult to be obtained. Because the temperature meas-
urements within the fin or on its surface are inherently
difficult, using the available techniques, to be made
without disruption of the heat transfer behavior. Ther-
mocouples on the surface can significantly alter the flow
and heat transfer over the surface, and thermocouples
within the fin alter its heat conduction behavior. Ana-
Iytical models of heat exchanger can be used to predict
the efficiency with suitable accuracy. These models in-
corporate several simplifying assumption. The mainly
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Figure 14. variations of the module-averaged of Nusselt number with number of modules.
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Figure 15. Variations of the module-averaged of Nusselt number with number of modules.

one considered that the temperature distribution within
the fin is one-dimensional in the direction of heat flow.
In addition, the expressions for evaluating the fin effi-
ciency ignore the existence of wall and the other resis-
tance affecting the heat flow. Figure 19 presents the fin
efficiency, calculated from the iterative method, as a
function of Reynolds number based on the plain tube
diameter, for all tested finned tubes. Figure 20 conveys
the fin temperature distributions which are plotted in the

T, )/(Tﬁn,w - Tb) versus the

dimensionless from (T, —
dimensionless distance (r,—r)/H. As expected, the

values of efficiency are substantially lower for the longer
fins. In particular, the value of efficiency for fins with
H/r, = 0.3 generally exceeded 98 percent, while values

Copyright © 2012 SciRes.

as high as 94 percent obtained for fins with H/r, = 0.5,
for both arrangements at the maximum Reynolds number.
The continuous fins tube has lower values of # than that
of the interrupted finned tubes, because its fins efficiency
is calculated in the fully developed region. But for inter-
rupted finned tubes, each fin can be dealt as if it is in the
entrance regions. It is seen that the fin efficiency de-
creases with increasing Reynolds number. This is due to
the increase in the air mass flow rate that increases the
heat transfer coefficient.

7. Conclusions

The heat transfer for turbulent flow in a circular tube
with staggered and in-line arrangements of longitudinal
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Figure 16. Variations of Nusselt number with the dimensionless axial length.
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Figure 17. Variations of the local Nusselt number with the
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continuous and interrupted fins on the inside surface of
the tube is investigated experimentally. The experiments
are performed to determine the detailed module-by-
module heat transfer characteristics. Detailed tempera-
ture measurements are made, from which the module-
averaged Nusselt number are determined. As results of
the present study, the following conclusions are derived:

1) The results showed that in the periodic hydrody-
namic fully developed region, the value of the pressure
drop along a tube with continuous fins is higher than that
of the in-line arrangement, and lower than that of the
staggered arrangement.

2) After a certain initial length, the flow characteristics

Copyright © 2012 SciRes.
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Figure 18. Variations of the local Nusselt number with the
dimensionless Axial module length.

show periodically repeating behavior due to the periodic-
ity in the geometry. Results showed that the module-
averaged Nusselt number starts with a high value and
then decreases gradually towards an a symptomatic value,
which relates to the thermal periodic fully developed
flow. The number of modules required for the flow to
become thermally periodic fully developed extends from
about 8 to 12 modules.

3) The values of the module-averaged Nusselt number
for the tube with in-line arrangement fins are higher than
that of the staggered arrangement, at high Reynolds
numbers, (5 x 10* > Re, > 3.2 x 10*) for geometry (1) (n
=6, H/r,=0.5) and (5 x 10* > Re;, > 2 x 10%) for ge-
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Figure 20. Fin temperature distributions in the radial direction for all tested finned tubes for Re = 1.1 x 10°.

ometry (2) (N=12,and H/r, =0.5).

4) The values of module-averaged Nusselt number for
staggered arrangement tubes are higher than that for a
tube with continuous fins at low Reynolds numbers (Re;
> 1.2 x 10*) for geometry (1) (N =6, and H/r, = 0.5).

5) For both arrangements (staggered and in-line), ge-
ometry (1) (N = 6, and H/r, = 0.5) has higher values of
the Nusselt number than that for geometry (2) (N = 12,
and H/r, =0.3).

6) The augmentation of heat transfer caused by the ad-
dition of continuous fins inside a circular plain tube is
significant. The value of the module-averaged Nusselt
number, for a tube with continuous fins is about one and
half that for the plain tube. The tested interrupted finned
tubes have module-averaged Nusselt number equal to
about one and third that for the plain tube.
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Nomenclature

A = Area, m.
A, = Minimum cross-sectional area of the tested fin-

ned tubes, m?.

Cq4 = Discharge coefficient of orifice meter.

¢, = Specific heat of the air at constant pressure, J/Kg-k.
D = Inner diameter of the tested finned tubes, m.

Dy, = Hydraulic diameter of the tested finned tube, m.

h = Local heat transfer coefficient, W/m? K.

H = Height of the fin, m.

M = Number of modules.

N = Number of fins.

Nu = Nusselt number based on the plain tube diameter.
Nu,, = Nusselt number based on the hydraulic diame-

ter.

P = Wetted perimeter (m).

Pe = Peclet number (Pe = Re-Pr).

Pr = Prandtl number.

d. = Convection heat transfer, W.

r = Radial coordinate.

1, = Inner radius of the tested finned tubes, m.

Re = Reynolds number based on the plain tube diameter.

Copyright © 2012 SciRes.

Re, = Reynolds number based on the hydraulic di-

ameter.

T = Temperature, K.
v = Velocity, m/s.
x = Axial coordinate.

Greek Letters

n = efficiency of the fin.
1 = Viscosity, kg/m-s.
p = Density, kg/m’.

Subscripts and Superscripts

a= Air.

b = Bulk.

e = Entrance/exit conditions.
Fin, loc. = Fin local.

Fin, w = at the fin base.

i = Inlet condition.

L = Module.
o = Outlet condition.
w = Wall.
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