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The performance of the parabolic trough collector is studied experimentally using a rotary receiver tube. The
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parameters such as temperature increase, friction factor and thermal efficiency at receiver tube speed of 0, 2 and

4 rpm are investigated. Tests were performed for varied inlet temperatures and flow rates. From the achieved
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results, it is found that the friction factor increases dramatically due to the usage of rotary receiver tube.
Furthermore, for receiver tube speeds of 4, 2 and 0 rpm the maximum values of temperature differences are
found to be 18.5 °C, 12.5 °C and 4.0 °C respectively. It is found that the enhancement of the thermal efficiency is
due to decreasing the inlet temperature and by increasing the flow rate. Moreover, the highest thermal efficiency
improvement of the collector is due to the usage of rotary receiver tube. Maximum efficiency improvement for a

tube speed of 4 and 2 rpm is found to be 190.3% and 158.6% respectively in comparison with the stationary

receive tube.

Introduction

Solar energy is a good alternative for fossil fuel depletion and envi-
ronmental impacts [1-3]. Parabolic trough collectors (PTC) can produce
high-temperature levels; hence, PTC can be used in many applications
such as industrial cooling, refrigeration system, desalination and power
generation [4,5].

PTC is one of the common focused technologies [6,7], a solar field
with PTC occupying 2000 m? to generate a power of 1 MW. In recent
years, a lot of research has been focused on thermal efficiency
improvement to generate a useful amount of heat. Techniques are
needed to enhance the thermal efficiencies, the main aim of these
techniques is to minimize the thermal stresses and possibility of failure
[8].

In one of the techniques, the usage of inserts and nanofluids leads to
improvements in the performance of the PTC. In general, nanofluids
consists of two fluids, one fluid (fluid of nanometers) is diffused with
another (water or oil) in order to augment the fluid thermal conductivity
[9]. The usage of nanofluids leads to progress the performance of the
PTC. However, some of the difficulties in dealing with nanofluids are its
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high cost and the problems due to stability. The difficulties faced in
dealing with nanofluids are as they are high cost and due to their sta-
bility problem [10]. The better way of selecting the nanofluid is the use
of right surfactants and the other technique is the usage of inserts;
wherein the geometry of the inner tube of receiver is modified. The main
idea is to create vortices, which leads to better mixing and turbulence
[11].

The outcome is to increase the performance of the PTC. In particular,
the heat transfer coefficient increases when the receiver tube tempera-
ture reduces, obviously thermal efficiency increases. The disadvantage
of using inserts leads to rise in frictional resistance. It is clear from the
literature that there are more investigations have been carried out on the
modification of geometry of the receiver tube of PTC.

Bellos et al. [12] investigated the enhancement of thermal efficiency
by means of converging—diverging turbulators in the receiver tube and
found that increase in thermal efficiency by 5% as compared to plain
tube. Fuqiang et al. [13] studied a corrugated receiver tube and noticed
that the Nusselt number is raised by 53 % as compared to bare tube at
the cost of pumping power by 15%. Huang et al. [14] shown that the pit
type receiver tube enhances the fluid film coefficient by around 38%.In
another work, Bitam et al. [15] analyzed thermal efficiency,
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Nomenclature

A Area (m?)

G Specific heat (J/kg °C)

G Normal solar irradiation on aperture (W/m?)
T temperature (°C)

m Mass flow rate (kg/s)

P Pressure (Pa)

d Diameter of receiver glass (mm)
f Friction factor

Iph Litres per hour

rpm Revolutions per hour

Subscripts

i Inlet

4] outlet

ap Aperture

ss steady-state

col Collector

Greek symbols

p density of fluid (kg/m>)

n Collector efficiency (%)

temperature and friction factor and found that there is 60% raise in heat
transfer coefficient and 3% collector efficiency at a cost of 50% raise in
pressure drop. Many of the researchers have been investigated mainly on
the geometry of the receiver tube since as the surface area increases solar
heat flux also increases. Cheng et al. [16] proved that swirl generators in
the receiver tube causes better fluid film coefficient nearer to 65% and
raises the pumping power by 2.5 times more as that of smooth tube.
Furthermore, Xiangtao et al. [17] verified the arrangement of fins on the
circumference of the receiver tube and achieved the Nusselt number by
3%. Benabderrahmane et al. [18] studied the thermal characteristics,
enhancement of heat transfer and friction factor on the longitudinal fins
and found that there is a raise in pressure drop by 60% and film coef-
ficient by 70%.

Moreover, Reddy et al. [19] investigated longitudinal fins by using
the porous media in the receiver tube and found that the increase of film
effectiveness by 40% and the pumping power increases by 1.2 times in
comparing with smooth tubes. Munoz et al. [8,20] studied the thermal
efficiency by using helical fins and found that increase in thermal effi-
ciency by 2%. Bellos et al. [21-24] studied the internal fins on the outer
circumference of the receiver tube. The study on the use of extended
surfaces are the another area of research in the literature. Aramilloet
et al. [25] investigated the use of flow inserts in the receiver tube of PTC
and achieved that the efficiency of the collector was augmented by 10%.
Mwesigye et al. [26] investigated the overall heat transfer coefficient
and enhanced 7 times as compared to receiver tube without inserts.
Ghadirijafarbeigloo et al. [27] examined leafy shaped twisted insert at
different angles and found that the film coefficient was doubled.
Furthermore, Rawani et al. [28] examined that the usage of inserts with
different pitch ratios increases the fluid film coefficient by 3.5 times, as
that of receiver tube without inserts.

Another researcher Chang et al. [29] studied that there is a rise in
heat transfer rate by 200% as compared with a conventional tape inserts.
The same ideas have been applied by some other researchers by using
wave type insert [30], helical tape inserts with different pitch ratios [31]
and double bended tape inserts [32]. Furthermore, Divan et al. [33] and
Sahin et al. [34] studied the enhancement of heat transfer on wire coils.
Both of these studies explain that there is a raise in heat transfer coef-
ficient by 300%, which is about twenty times more as compared with
plain tube. Jamal-Abad et al. [35] investigated the use of metal inserts
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and found that the enhancement of collector efficiency was about 3.5%,
and the pumping power was 20 times larger than that of receiver tube
without inserts. Wang et al. [36] studied the pressure drop and film
coefficient and the results showed that there is a raise in heat transfer
coefficient by 7 times greater than that of reference case. Mwesigye et al.
[37,38] studied the performance of PTC and found that the efficiency
enhancement by 8% and the raise in pressure drop by 25 times. Chang
et al. [39] investigated the use of spherical shape coils and achieved the
heat transfer coefficient of 600% and at a cost of pressure drop 10 times
more. Furthermore, Bellos et al. [40] studied the star shaped inserts and
found that the enhancement of the thermal efficiency is up to 1% and
frictional resistance increased from 200% to 800%.

Some of the researchers studied the use of porous disc. Ghasemi and
Ranjbar [5] examined the thermal efficiency and friction factor by using
porous disc and they found film coefficient enhances 50% and pumping
power increased by 10 times. Kumar and Reddy [41] achieved the film
coefficient of 65% and pressure drop of 15 times. In addition, Reddy
et al. [42] studied the same methodology and found raise in collector
efficiency by 7%. Zheng et al. [43] investigated the thermal efficiency by
using the steam and porous discs and found that there is an improvement
in efficiency by 3%.Moreover, some of the researchers carried out the
comparative studies. Too and Benito [44] studied the comparison of
dimpled, tape inserts and coils and they found that the use of dimple
technique is the best.

Mario Biencinto et al. [45] developed a new concept that uses a large
aperture area with molten salt as a storage medium. The proposed model
achieved a thermal efficiency of 0.5% more in comparison with refer-
ence solar power plant. Anil Kumar et al. [46] studied the performance
of parabolic trough collector with single slope solar still and obtained an
increase in daily water production as compared with conventional solar
still. Shaobing Wu et al. [47] developed a novel algorithm to evaluate
the intercept factors of parabolic trough collector using a python pro-
gram and incorporated a secondary mirror design.

Due to the lack of study on rotary receiver tube of PTC, the present
study aims to propose a novel parabolic trough collector by providing
rotary motion to the receiver tube. The idea of the present work is to
examine experimentally, the influence of rotary motion on the perfor-
mance of the PTC. A parabolic trough collector was designed and
developed in order to study the influence of rotary motion on outlet
temperature, thermal efficiency and pressure drop. In the present work,
the thermal efficiency, friction factor and temperature difference for
parabolic trough collector are evaluated at different speeds (0 rpm, 2
rpm and 4 rpm) of the receiver tube.

Material and methods
Test facility

The test facility consists of supporting structure, receiver tube,
cooling system, reflector and water tank. A reflector of thickness 1 mm
was made with steel mirror. The specification of the collector is; aper-
ture width of 0.7 m, length of 1.5 m, rim angle of 90°and focal length of
0.174 m (Table 1. The calculations of dimensions are referred by

Table 1

Specifications of mirror reflector.
Parabola Length (m) 1.5
Width of the aperture (m) 0.7
Area of the aperture (m?) 0.98
Focal distance (m) 0.174
Angle of the rim 90°
Thickness of the reflector (mm) 1
Internal diameter of the receiver tube (mm) 22
External diameter of the receiver tube (mm) 26
Inner diameter of the glass cover (mm) 50
Outer diameter of the glass cover (mm) 60

Length of tubes (m) 1.4
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Kasaeian [48].

Components of rotating receiver tube and their design

Fig. 1 shows Three-dimensional view of parabolic trough solar en-
ergy collector with rotary receiver tube. Figs. 2 and 3 shows the front
view and Sectional side view of parabolic trough solar energy collector
with rotary receiver tube. The rotating receiver tube assembly consists of
housing, inlet pipe, outlet pipe, flywheel, flywheel-shaft, spacers, cir-
cular clips and bearings. The spacers were used to maintain the space
between the tube support structure and the respective component and
helps in making the receiver tube to rotate uniformly. Circular clips were
used to support and hold the bearings in its right place. The fabricated
rotating receiver tube is as shown in Fig. 4. The materials used in the
manufacturing of PTC are listed out in Table 2.

Test rig and instrument

In order to study the performance of the PTC with rotary receiver
tube, ASHRAE standard 93-2010 [49] is used. The experiments were
conducted on different speeds of receiver tube that is at 0 rpm, 2 rpm
and 4 rpm. The Test facility is shown in Fig. 5. The allowed maximum
variation of error of measuring instruments is tabulated in Table 3. All
the thermocouples were calibrated and the deviation of error was
approximately 0.1 °C. The pressure drop across inlet and outlet of the
PTC was measured with the help of differential pressure transmitter. The
differential pressure transmitter was calibrated and the error found to be
+2 Pa. In order to measure flow rate, a flow meter was used with a range
of 20-80 Iph. The flow meter was calibrated using a standard beaker
method with a deviation of 1% error. The temperature of working fluid
was controlled by a cooling system in the range of 20 °C to 40 °C and a
pump was used to pump the water in the receiver tube.

Data deduction and uncertainty analysis

Collector efficiency is evaluated by experimental data as per the Eq.
(1) as follows:

me,(T, — T;)

1
40,Goy €Y

Neot =

where m is the mass flow rate of the fluid, ¢, is the specific heat of the

Fig. 1. Three-dimensional view of parabolic trough solar energy collector with
rotary receiver tube.
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Fig. 2. Front view of parabolic trough solar energy collector with rotary
receiver tube.
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Fig. 3. Sectional side view of parabolic trough solar energy collector with ro-
tary receiver tube.

Fig. 4. Fabricated parabolic trough collector with rotary receiver tube.

working fluid, T, is the temperature of water at outlet, T; is the tem-
perature of water at inlet, Ay, is the area of the aperture and G, denotes
the solar irradiance.

Friction factor is evaluated according to the Eq. (2) as follows:
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Table 2
Materials used in the manufacturing of PTC.

Name of the component Material used

Reflector Steel mirror

Fixtures Polyglass

bushing Polyethylene

Receiver tube Copper

Belt Leather

Bearing silicon Nitride

Nut Steel

Fly wheel Mild Steel

Flywheel housing Stainless Steel
f= L ()

(5)es)

where AP is the pressure difference across the collector, L is the length of
the absorber tube, d is the diameter of the absorber tube and U is the
mean velocity of the water.

Table 4 shows the values of uncertainty in temperature, flow rate,
length of the receiver tube, and diameter and pressure drop of the tube.
These values are used to evaluate the uncertainties of friction factor and
thermal efficiency. In order to evaluate the pressure drop and thermal
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reflector mirror, which supports the belt drive coupled with a flywheel.
Housing plays a vital role in transferring the working fluid from one end
to the other through the main receiver tube. Flywheel coupled with a
driven shaft is connected with a belt drive, which helps in rotating the
receiver tube. In this connection, a PTC with rotary receiver tube was
constructed and its temperature variation, thermal performance and
pressure drop was evaluated. The experiments were carried out by
varying inlet temperature, mass flow rates and speed of the receiver tube

The performance tests were conducted on February 2021 in Banga-
lore, (12.9716 °N latitude, 77.5946 °E longitude) Karnataka, India. Tests
were conducted to study the influence of volume flow rates in the
receiver tubes and at different speeds.

All the experiments were carried out at the time between 11am to 2
pm, in order to achieve transient condition. Time constant of the col-
lector is obtained by following the ASHRAE 93-2010. Time constant is
the one of the key parameter to evaluate steady state time. The time
constant is evaluated from Eq. (5) as follows

T, —T; = 0.632 (Tss.o - T") (5)

where Ti & To are the temperature at inlet and outlet respectively,
during each time step, Tss,o is steady state temperature at outlet. Fig. 6

efficiency, the uncertainty for the above parameters is given by the Egs. Table 3
(3) and (4) as follows [28]: Maximum allowed Variation of key variables.
Measuring instrument Accuracy
o 2 an 2 on 2 an 2 )os
Uy= | GZUx)" ++( Usy)™ + ( Ur)” + ( )|’ thermocouples +0.1°C
( O d(Ac) ¢ a(T(W') - T("W)) 9(G) differential pressure transmitter +2Pa
3) flow meter (Iph) 1%
Solar Power Meter (W/m?) + 31
‘)f 2 ‘)’7 2 af 2 df 2105
U= | (52U + (U U —Z_u,)* | 4
i <(0m ) +(0d ) +(0AP aP) +(6(L) L) 4
Table 4
Measurement uncertainties from a specific data point.
The values of uncertainties for friction factor and efficiency were 2.52 % P P
and 2.16 % respectively. Variable Unit Quantity Uncertainty
Temperature °C 2 0.1°C
. . Mass flow rate Kg per s 1 +4%
Results and discussion Pressure drop Pa 2 4250
Length m 1 +0.001 m
A receiver tube is supported by a double-sided housing component Diameter m 1 +0.00001 m
with sealed bearing, circular clip, inlet/outlet pipe and it holds a
parabolic Trough Collector
Thermocouple
Thermocouple
N\ Differential
\_/ Pressure
Flow
Control
Flowmeter Valve
Bypass Valve
Water Tank N

O

Pump

Fig. 5. Schematic of closed loop parabolic trough collector.
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shows the temperature rise of water with reference to time. As per the
experimental data and Eq. (5), time constant found to be 5.93 min.

Pressure drop

Eq. (2) is used to measure friction factor for different speeds of the
receiver tube. Fig. 8 displays friction factor versus Reynolds Number.
The results of experiments are validated with theoretical values ac-
cording to Egs. (2) and (6) [5].

AP (125 + 64 (W — 13.74(x/(d.Re) )0-5)

2P0

= 13.74( )03 4 (6)

(d.Re) (1+0.00021 (7))

Fig. 7 shows the validation of the present values with the available
data in the literature [50], and shows good agreement of accuracy. It is
very clear from the Fig. 8 that at any particular Reynolds number there is
an increase in friction factor as the speed of the receiver tube increases.
The results also reveal that at a speed of 4 rpm and 2 rpm there is an
increase in the friction factor by 137.5 and 62.5times respectively in
compared with stationary tube. Moreover, comparison between exper-
imental data and theoretical values shows good agreement of accuracy
for experimental work.

Thermal efficiency

In this section, the influence of various speeds on temperature at inlet
and outlet, flow rate and thermal efficiency of a collector are studied.
Figs. 9-11 shows temperature of water at outlet and inlet of receiver
tube verses mass flow rates of working fluid. It is clear from the
Figs. 9-11 that the difference in outlet and inlet temperature is reduced
by raising the mass flow rate of the working fluid. In order to evaluate
the influence of various speeds (2 rpm and 4 rpm) of receiver tube on
thermal efficiency of the collector, the stationary receiver tube (0 rpm)
was also tested and its performance was observed. Fig. 9 represents the
results of stationary receiver tube at different mass flow rates of working
fluid. The results show that rise of minimum and maximum temperature
of 1.75 °C and 4 °C respectively. The augments are due to the maximum
and minimum mass flow rates of working fluid, respectively. The reason
for the augmentation of temperature difference is due to the consump-
tion of time to absorb solar energy is more at low mass flow rate. By
using rotary receiver tube, fluid gets better mixing and improves the
fluid film coefficient. Fig. 10 shows temperature difference, inlet and
outlet temperature of water at 2 rpm. The values of maximum and
minimum temperature differences are 12 °C and 8°C at 20 Iph and 100

5
G 4.5 -
<, * o *
] E .’
51 :

35 ¢ *

) : . *
) 3 ¢
g : o
Q 2.5’; 'Y
E 2§ ¢ Time
g 15 £ constant=
o ; 5.93 min
g
£ o5

O

0 5 10 15 20 25 30

Time ( min)

Fig. 6. Variation of temperature difference versus time constant of fabri-
cated collector.
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Fig. 8. Variation of friction factor for different speeds of receiver tube.

60
55 - Speed =0rpm
—~
Oso
°
2 \%\
B0 |
= \
§35 .
%30 | —4—Outlet Temp
ﬁ —#— Inlet Tem|
25 - P
20 ~#&—Temp Diff
15 +
101 ‘\‘\n—\_‘\_‘
5 -
0 + + + + +
0 20 40 60 80 100 120
Flow rate (LPH)

Fig. 9. Variation of outlet, inlet and temperature difference versus flow rate at
a speed of O rpm.

Iph respectively. Indeed, the fluid particles rotate several times in the
tube leads to enhanced heat transfer. Fig. 11 displays the variation of
working fluid temperature at a speed of 4 rpm for different mass flow
rates. The results show the minimum and maximum temperature dif-
ferences are 10 °C and 18 °C at 100 Iph and 20 Iph respectively Results
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Fig. 10. Variation of outlet, inlet and temperature difference versus flow rate at
a speed of 2 rpm.
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Fig. 11. Variation of outlet, inlet and temperature difference versus flow rate at
a speed of 4 rpm.

also show that at low mass flow rates leads to increasing outlet tem-
perature due to rise in available time for the exchange of heat between
working fluid and wall surface. It is very clear from the results that the
minimum and maximum temperature differences are not doubled when
the speed of the receiver tube is changed from 2 rpm to 4 rpm. In order to
study the efficiency of the collector, the collection of data was done at
varied speeds of the receiver tube and mass flow rates.

Figs. 12-14 shows the enhancement of thermal efficiency at different
mass flow rates and constant inlet temperature. It is clear from the fig-
ures that thermal efficiency is reduced at decreasing inlet temperature
due to convection and radiation losses. In addition, by using rotary
receiver tube lead to raise the thermal efficiency because of mixing of
fluid particles, enhanced heat transfer coefficient and increased tem-
perature difference. Experimental results shows that the improvement in
highest thermal efficiency at a speed of 4 rpm and 2 rpm is 170% and
120% respectively in compared with stationary receiver tubes. Ulti-
mately, the thermal efficiency for various speeds of receiver tubes at
different flow rates is evaluated. The receiver tube at a speed of 4 rpm
has the highest thermal efficiency of 59.23% and 50.2% and 31.4% at a
speed of 2 rpm and O rpm respectively. The rising trend of maximum
temperature difference and efficiency for different speeds of receiver are
shown in Fig. 15.
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Fig. 12. Variation of efficiency with flow rate at inlet temperature of 40 °C.
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Fig. 13. Variation of efficiency with flow rate at inlet temperature of 30 °C.
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Fig. 14. Variation of efficiency with flow rate at inlet temperature of 20 °C.
Conclusions

In the present work, the enhancement of heat transfer and efficiency
of a novel parabolic trough collector with rotary receiver tube was
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59.23%

M Temperature difference

H efficiency

Orpm

2 rpm 4rpm

Fig. 15. Effect of different speeds of receiver tube on temperature difference
and thermal efficiency.

examined experimentally. There is an increase in friction factor up to
137.5 and 62.5 times respectively for 4 rpm and 2 rpm based receiver
tubes as compared to stationary tube. Rise in water temperature at a
speed of 4 rpm is higher than that of 2 rpm and stationary tube. The
temperature difference at a speed of 4 rpm, 2 rpm and stationary tubes
are 18.5 °C, 12.5 °C and 4 °C respectively. The thermal efficiency rises
by increasing the flow rate and by reducing the temperature of working
fluid at inlet. Rise in thermal efficiency of the collector at a speed of 4
rpm and 2 rpm is 190.3% and 158.6% respectively as compared to that
of stationary tube. Highest thermal efficiencies at a speed of 4 rpm, 2
rpm and stationary tube are found to be 59.23%, 50.2% and 31.4%
respectively.
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The present work aims to investigate the effect of different configurations of the tube-in-tube helically coiled heat
exchanger. Commercial CFD codes were used to predict the fluid flow and heat transfer in a tube-in-tube helical
heat exchanger. The model of different configurations of the inner tube has been simulated by varying the Dean

number. The numerical results are verified and found to be in good agreement with reported data in the literature.

Nusselt Number and friction factor are evaluated for different angular positions. The use of geometry E increases
the Nusselt number and friction factor by 19.05% and 16% respectively at a Dean number of 4000 as compared with

a circular tube as compared with the circular tube.
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1. Introduction

Tube-in-tube (TIT) helically coiled heat exchangers are com-
pact in design and high thermal stress adaptability plays a
major role in a cold storage system, air cooling system, heat
transfer applications, thermal power plants, food-based in-
dustries, chemical factories, and desalination of water [1-3].
Helically shaped coiled pipe posses a high heat transfer co-
efficient, higher resistance of flow, and higher efficiency due
to rotary motion. Also activates the fluid to flow along the
external surface of the rotary tube. It assists in raising the
pressure on the outer surface than the inner surface of the
helically shaped coiled tube heat exchanger [4-12].

As compared with a straight-coiled pipe, the characteris-
tics of fluid flow in a helically shaped coiled tube is complex
in nature. Rogers et al. [13] studied the heat transfer and
friction factor of fluid passing through the helically shaped
coiled pipe, for a range of Reynolds Number (10,000 -100,000).

Liu et al. [14] studied two-phase flow analysis experimentally
using a helically shaped coiled tube. Murai et al. [15] investi-
gated heat transfer and fluid flow using CFD (Computational
Fluid Dynamics) and given more opportunities to study the
behaviour of the flow in TIT helically coiled heat exchangers.

Jayakumar et al. [16] proved that the flow in two-phase
can achieve the hydraulic properties of the helically shaped
tube. Pan et al. [17] explained the improvements in heat
transfer along with the passive technique in the helical tube.
Sharifi et al. [18] proved that the improvement in Nusselt
Number and thermal properties of helically coiled heat ex-
changer using wire coil inserts. Ju-Lee et al. [19] studied
the characteristics of a fluid flow of the spirally shaped pipe.
Kumar et al. [20] investigated the effects of the transfer of
heat and causes of hydrodynamics in TIT helically shaped
coiled pipe heat exchanger.

M. A. Omara et al. [21] studied the heat transfer and
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friction factor using a twisted elliptical tube with a helical
coil. S. K. Naghibzadeh et al. [22] investigated the heat
transfer experimentally by using a helical coil tube with a
flattened cross-section. S. W. Chang et al. [23] studied the
heat transfer and friction factor numerically using a helical
coil with a twisted section.

The present work aims to study the performance of TIT
helically shaped coiled pipe heat exchanger with different
geometries of the inner tube. This is the first investigation on
such types of heat exchangers, which have not been studied
previously.. The Nusselt Numer of the TIT helically shaped
coiled pipe heat exchanger with different geometries of the
inner tube is compared with the tube in tube circular helical
heat exchanger.

From the available literature survey it can be clearly un-
derstood that tube-in-tube helically coiled heat exchanger has
drawn very much concentration of research and the compu-
tational fluid dynamics (CFD) analysis is a useful analytical
tool for carrying out heat transfer and pressure drop studies
and can be extended for wide range of process conditions
with much ease.

Further, literature survey indicates the heat transfer can be
enhanced by modifying the geometry and different shaped
tubes. However, it appears that lesser published information
is available on systematic study of flow and heat transfer
tube-in-tube helically coiled heat exchanger. Therefore, in the
present investigation, it has been proposed to systematically
carryout studies on flow and heat transfer tube-in-tube heli-
cally coiled heat exchanger. This may be useful for handling
practical engineering applications.

Also, the present paper presents the CFD (Computational
Fluid Dynamics) results to specify the increase in heat transfer
rate with passive technique in the TIT helically shaped coiled
pipe heat exchanger. Numerical tests were conducted by
varying Dean number.

2. Modeling

Computational Fluid Dynamics (CFD) is a process of solving
fluid flow analysis and heat transfer using numerical meth-
ods. In this investigation CFD Model is used to analyses
the flow simulation inside the tube-in-tube helically coiled
heat exchanger for various geometry configurations and stud-
ied the Nusselt number distribution over the surface at vari-
ous Dean number. Modelling is built for proposed research
work and simulation is also carried out for the process of
using a model to study the behaviour and performance of

a theoretical system. Figure 1 shows the vertically placed
helically shaped coiled tube heat exchanger with its specifi-
cation. Figure 2 shows mesh details. Curvature § = d/Rc
is defined as the ratio of tube diameter to the coil diameter
and A = H/7mR, is defined as the ratio of pitch to the de-
veloped length of a single turn. Dean Number is termed as
De = Red%5, where Re is the Reynolds Number
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Fig. 1. Geometry of a helical pipe.

Fig. 2. Polyhedral mesh for different modified shaped tubes

TIT helically coiled tube heat exchanger consists of two
helically shaped tubes, which are concentric in nature. Cold
fluid flows in the annulus and the hot fluid flows in the inner
tube. The simulation geometry was generated in ANSYS
Workbench 18.1 and meshes were generated in Altair Hy-
per Mesh 13.0. To perform the CFD analysis, mesh grids are
generated on the helically shaped tube and which are cre-
ated using polyhedral mesh. The mesh density was made
to improve from 0.038617 cells m~3 to 8x10° cells m 3. The
SIMPLE scheme has been used for Pressure-velocity cou-
pling. The momentum equation has been detached by the
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QUICK scheme. Turbulent kinetic energy was coupled using
the QUICK scheme. The accuracy level for the simulation is
maintained by the value of 1.0 e~% in continuity, velocities,
k, and €. The energy equation was detached by the QUICK
scheme. The post-processing is carried out using CFD-Post
18.1 which provides the contours of different configurations
regarding the thermal parameters, animation, and angular
positions of the helical tube. Table 1 and 2 shows the geome-
try details.

Simulations were carried out at different Dean numbers of
2000, 2250, 2500, 3000, 3500, and 4000 for an annulus keeping
the constant design. The inlet and outlet temperatures in the
internal tube were fixed at 300 K and 380 K, respectively. The
direction of hot and cold fluid is considered as counter flow
in the present simulation. The reason for a fixed temperature
at the inlet of the tube is to avoid two-phase flow.

Table 1. Geometry with different shaped tubes.

Parameters Inner Tube  Outer Tube
External diameter (m) 0.026 0.0508
Helical diameter (m) 0.77 0.77
Pitch (m) 0.1 0.1
Velocity (m/s) 0.073 0.3-0.8
Dean number (dimensionless) 1000 1930-4140
Prandtl number (dimensionless) 7 7

Table 2. Geometry and its Dimensions

Geometry  Design Modification

A Circular Tube
B Square Tube
C Ellipse Tube
D Pentagon Tube
E Hexagon Tube

The mesh selection for all geometries is in the range of
17.5%10° and 24x10°, with the intension of error lesser than
1%. Mesh independence study was carried out and as shown
in figure 3, for individual geometries using a various number
of elements and Nusselt Number. The mesh elements do not
cause any error to the results when the elements numbers are
greater than 20x10° from geometry B to E. The selection of
temperature at the inlet of the inner tube and outer tube is
300K and 380K respectively. The constant velocity is applied
at the inlet to the inner tube. Computations were carried

by varying the Dean Number from 2000 — 4000 respectively.
The computations were setup at convergence criterion of
continuity up to 10~* . The number of iterations was carried
out up to 1000. The Dean number is calculated using equation
1

De = %ﬁ )

Where p represents density, v represents velocity in m/s, p is
the dynamic viscosity, and Dy, is the hydraulic diameter.

Y

Dy = (2)

Where P is the perimeter of the coil and A is the cross-
sectional area Curvature ratio, A

_do

A= D

3)
Where d, and D, are the outer diameter of the inner tube
and helical diameter respectively. Differential equations that
govern turbulent flow have been written in the vector form
as shown in equation 4. Continuity equation

E)pui _
o Y )
Momentum equation
d (puiy) AP d ou; oy
Tox +37Xi_37xj (m+ pe) 87x1+87x1 -F=0

Energy equation

d (0Ey) 9 (Puj) a . (oT
ax + ax *Q*a*xjk o =0 (6)

Where @ is the viscous heating, it is shown in equation 7.

oy [ dy du;
= # aX] (aX] + aXi (7)

Turbulent kinetic energy is given by equation 8

d(puk) 9 i) ok
an _87)(]' (V_Faik)aix] —Pk+p£70 (8)

where k denotes the kinetic energy subjected to turbulence.
oy is the turbulent Prandtl Number. Pkis the turbulent
kinetic energy shown in the equation 9

du; 311]' Ju;
Pk”‘(axj+3xj>axj )
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Where ¢ represents dissipation of kinetic energy is given by
the equation 10

9 (pwe) 9 [(H B Vt) as] % (CerPy — Ceppe) =0

ax  Ox o) ox| Kk
(10)
The k-¢ model is given by equation 11
K2
Ht = CuP? (11)

Where p indicates density and C, is constant. Cg =
1.47,Ce = 192,01 = 1.00¢ = 1.3, and C;; = 0.09 The values
of these constants are the same as those of Launder and Spald-
ing [15], the ideas of [13] for C, are used in this analysis.

3. Results and discussion

The present simulated model results are verified with the re-
sults of [20]. Figure 4 shows the variation of Nusselt number
versus Dean number for Geometry A. The results show that
the numerical results of geometry A and experimental data
reported by [20] tend to be the same. An average Nusselt
Number ANu has been calculated as per the equation 12

5 Nu;*100
£ [100 - Ng100 ]
5
Where Nu; indicates the Nusselt Number for modified ge-

ANu = (12)

ometries. Nuy is the Nusselt Number of Geometry A. Figure

5 shows the variation of Nu with Dean number, and it is
evident from the figure that ANu of Geometry B increases
approximately 14.73% as compared to Geometry A. It is ob-
served that the increase of ANu from Geometry B to C in the
inner tube is 1.5% and geometry C to E is 3.1

Figure 5 shows the relationship between the Nusselt num-
ber and the Dean number for different geometries. It is clear
from figure 6 that there is a rise in Nussel number as the
Dean number increases. Figure 7 represents the velocity con-
tours for the inner tube of five different geometries of the
TIT helically coiled heat exchanger. Rows represent the dif-
ferent geometry of the TIT helically coiled heat exchanger.
The columns show different cross-sections (0°, 30°, 90°, 180°,
270°, and 360 ©). It is observed from the figure that the mod-
ified geometries i.e. from B to E, the contours of velocity
changes at 30° position and recognizing different profiles of
velocity. However, from 90° to 360° slight changes in the
profile (patterns) have been observed. The pattern of velocity
is proof of the total development of the fluid flow. For the
geometries, A, B, C, D, and E, the maximum value of velocity
is observed towards the surface of the outside tube.

Figure 8 represents the contours of the temperatures in
the inner pipe for the different configurations of TIT helically
coiled heat exchanger. The maximum values of temperature
are observed towards the outside of the tube, due to the gen-
eration of the vortex. Figure 8 also signifies an increase in
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the patterns for the angular positions 30° to 360° due to more
surface area. Figure 9 represents the velocity contours in the
annulus. For the geometries from (B) to (E), it is enough to

confirm that there is a developed fluid flow in the annulus.
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Fig. 7. Velocity contours of the inner tube.

It is also observed from the velocity contours that, the sec-
ondary flow from geometry (B) to (E) has greater turbulence
than geometry (A). Figure 11 illustrates the temperature con-
tours in the annulus. It is noticed that there is a significant
rise in temperature in the annulus at an angular position of
360°. For models from B to E, the temperature amplified uni-
formly and there are no significant temperature differences
among the models. Figure 5 to 10 provides the proof of an
increase in Nusselt Number subjected to Dean Number. The
increase of heat transfer from geometry A to E is due to the
passive technique, better surface area, and centrifugal force.
Figure 11 shows the prediction of the numerical results of
the Darcy-Weisbach friction factor with Dean Number. It is
observed in figure 11 that there is a decrease in the frictional
factor as the Dean number decreases. When compared to Ge-
ometry B to C, the frictional factor is increased by 8.54%. The
decrease in frictional factor indicates that there is a decrease
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in pressure drop since both are directly proportional. This

depletion is due to the cross-sectional area of the geometry

which is bigger than the circular tube. As the surface area is

better enough (Geometry D and E) friction factor gradually

increases by 4%. In the case of Geometry C to D, the friction

factor is increased by 7%.

4. Conclusions

The use of geometry E increases the Nusselt number and
friction factor by 128 19.05% and 16% respectively as
compared with the circular tube. ANu of Geometry B
increases by 14.73% as compared to Geometry A. It is

Fig.
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observed that the increase of ANu from Geometry B to
C in the inner tube is 1.5% and geometry C to E is 3.1%.

The use of geometry E increases the Nusselt number and
friction factor by 128 19.05% and 16% respectively as
compared with the circular tube. ANu of Geometry B
increases by 14.73% as compared to Geometry A. It is
observed that the increase of ANu from Geometry B to
C in the inner tube is 1.5% and geometry C to E is 3.1%.

When compared to Geometry B to C, the frictional factor
is increased by 8.54%. The decrease in frictional factor
indicates that there is a decrease in pressure drop since
both are directly proportional. This depletion is due
to the more cross-sectional area of the geometry than
the circular tube. As the surface area is better enough
(Geometry D and E) friction factor gradually increases
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by 4%. In the case of Geometry C to D, the friction factor
is increased by 7%.

¢ For the geometries from B to E, it is enough to confirm
that there is a developed fluid flow in the annulus re-
gion. It is also observed from the velocity contours that,
the secondary flow from geometry B to E has greater
turbulence than geometry A.
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The present work aims to investigate the effect of different configurations of tube-in-tube helically coiled
heat exchanger. Commercial CFD codes were used to predict the fluid flow and heat transfer in a tube-in-
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1. Introduction

Tube-in-tube (TIT) helically coiled heat exchangers are compact
in design and high thermal stress adaptability plays a major role in
the cold storage system, air-cooling system, heat transfer applica-
tions, thermal power plants, food-based industries, chemical facto-
ries, and desalination of water [1-3]. Helically shaped coiled pipe
possess a high heat transfer coefficient, higher resistance of flow,
and higher efficiency due to rotary motion. Also activates the fluid
to flow along the external surface of the rotary tube. It assists in
raising the pressure on the outer surface than the inner surface
of the helically shaped coiled tube heat exchanger [4-6]. R.C. Xin
et al. [7] investigated heat transfer and pressure drop of multi-
phase flow and single-phase flow using helicoidal pipes. R.C. Xin
et al. [8] compared the pressure drop in air-water two-phase flow
using vertical helicoidal pipes. A. Awwad et al. [9] made a correla-
tion of frictional factor for two-phase flow using the helical coil. A.
B. Biswas et al. [10] studied pressure drop of non-Newtonian liquid
flow in a vertical oriented helical coil. L. Santini et al. [11] investi-
gated heat transfer experimentally in a helically coiled evaporator.

* Corresponding author.
E-mail address: nsreddysrsit@gmail.com (N. Sreenivasalu Reddy).

https://doi.org/10.1016/j.matpr.2020.11.043
2214-7853/© 2020 The Authors. Published by Elsevier Ltd.

M. Colombo et al. [12] studied heat transfer and pressure drop
numerically and made a correlation of pressure drop in a two-
phase flow using helicoidal tubes.

As compared with a straight-coiled pipe, the characteristics of
fluid flow in a helically shaped coiled tube are complex in nature.
Rogers et al. [13] studied the heat transfer and friction factor of
fluid passing through the helically shaped coiled pipe, for a range
of Reynolds Number (10,000-100,000). Liu et al. [14] studied
two-phase flow analysis experimentally using a helically shaped
coiled tube. Murai et al. [15] investigated heat transfer and fluid
flow using CFD (Computational Fluid Dynamics) and given more
opportunities to study about the behavior of the flow in TIT heli-
cally coiled heat exchangers.

Jayakumar et al. [16] proved that the flow in two-phase can
achieve the hydraulic properties of a helically shaped tube. Pan
et al. [17] explained about the improvements of heat transfer along
with the passive technique in the helical tube. Sharifi et al. [18]
proved that the improvement in Nusselt Number and thermal
properties of helically coiled heat exchanger using wire coil inserts.
Ju-Lee et al. [19] studied the characteristics of a fluid flow of a spi-
rally shaped pipe.

Kumar et al. [20] investigated the effects of heat transfer and
the causes of hydrodynamics in TIT helically shaped coiled pipe

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0) Selection and peer-review under responsibility of the
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heat exchanger and discussed the CFD results to specify the
increase in heat transfer rate with passive technique in the TIT
helically shaped coiled pipe heat exchanger. M. A. Omara et al.
[21] studied the heat transfer and friction factor using a twisted
elliptical tube with a helical coil. S. K. Naghibzadeh et al. [22]
investigated the heat transfer experimentally by using a helical coil
tube with a flattened cross-section. S. W. Chang et al. [23] studied
the heat transfer and friction factor numerically using a helical coil
with a twisted section.

In the present work, an attempt is made to study characteristics
of the fluid flow and heat transfer for different geometries of TIT
helically shaped heat exchanger in the laminar zone. Different
geometries of the internal tube of TIT helically shaped heat exchan-
ger are made by keeping surface area is constant. Numerical tests
were conducted by varying Dean Number.

2. Modeling

Fig. 1 shows the vertically placed helically shaped coil tube heat
exchanger with its specification. Curvature & = d/R. is defined as
the ratio of tube diameter to the coil diameter and A = H/mt R, is
defined as the ratio of pitch to the developed length of a single
turn. Dean Number is termed as De = Re §°°, where Re is the Rey-
nolds Number.

TIT helically coiled tube heat exchanger consists of two helically
shaped tubes, which are concentric in nature. The details of geom-
etry and its dimensions are as shown in Tables 1 and 2. Fig. 2
shows the different configurations of the inner tube. Cold fluid
flows in the annulus and the hot fluid flows in the inner tube.
The flow configuration considered for the present study is counter
flow.

An independence mesh analysis has been carried out and each
of the geometries was evaluated with different mesh sizes. The cal-
culated numerical results are shown in Fig. 3, and they agree with
[18]. According to the numerical results as shown in Fig. 3, element
size greater than 25x 10° does not affect Nusselt Number. Mesh
independence test has been carried out for individual geometry

2R,
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Table 1

Geometry details.
Parameters Inner Tube Outer Tube
External diameter (m) 0.026 0.0508
Helical diameter (m) 0.77 0.77
Pitch (m) 0.1 0.1
Velocity (m/s) 0.01 0.038-0.068
Dean number (dimensionless) 200 200-400
Prandtl number (dimensionless) 7 7

Table 2

Geometry with different shaped tubes.

Geometry Design Modification
A Circular Tube

B Square Tube

C Ellipse Tube

D Pentagon Tube

E Hexagon Tube

and mesh sizes are plotted in Fig. 3. In order to perform the CFD
analysis, the polyhedral mesh was generated on a helically shaped
tube. The simulation geometry was generated using ANSYS Work-
bench 18.1 and meshes were generated in Altair Hyper Mesh 13.0.

The mesh density was made to improve from 0.038617 cellsm—3
to 8x10°cellsm~3. The mesh selection for all geometries is in the
range between 17.5x10° and 24x10°, with the intension of error
lesser than 1%. Mesh independence study was carried out for indi-
vidual geometries as shown in Fig. 3 using different Nusselt Num-
ber. The mesh elements do not cause any error to the results when
the element numbers are greater than 20x10°.

SIMPLE scheme has been used for Pressure-velocity coupling.
Momentum equation has been detached by QUICK scheme. The
simulations were carried out by applying the accuracy level of
1.0e%* and1.0e~% in continuity and momentum equations respec-
tively. The post-processing is carried out using CFD-Post 18.1
which provides the contours of different configurations with

Outer tube

H
Inner tube

Section A— A

Fig. 1. Geometry of a helical pipe.
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respect to the thermal parameters, animation, and angular posi-
tions of the helical tube.

The selection of temperature at the inlet to the inner tube and
outer tube is 300 K and 380 K respectively. The constant velocity
boundary condition is applied at the inlet to the inner tube.
Computations were carried by varying the Dean Number from
200 — 400 respectively. The computations were carried out at

convergence criterion of continuity up to10~*. The number of
iterations was carried out up to 1000. The Dean number is calcu-
lated using eq. (1)

De:%Dh\/S 1)

Where p represents density, v represents velocity in m/s, p is the
dynamic viscosity, and Dy, is the hydraulic diameter which is given
by eq. (2) and ¢ is the curvature ratio given in eq. (3).
4A

Dy =— 2

h=p (2)
Where P is the perimeter of the coil and A is the cross-sectional
area.

Curvature ratio, d:

d,
5= b 3)
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where d,andD, are the outer diameter of the inner tube and helical O(pEy) n o(Py) o - ik ary _ 0 (6)
diameter respectively. OX; OX; ox; \0xj)

Differential equations govern laminar flow has been written in

the vector form as shown in egs. (4-7). Where ¢ is the viscous heating, it is shown in eq. (7).

Continuity equation: ou; [0u; | Ou;
e N e S| 7
< H an (9Xj OX; ( )
aopuy; 0 4
oxi (4) The thermophysical properties of fluid were calculated using
. the bulk mean temperature, which is defined by:

Momentum equation: For hot fluid:
I(puiy;) OP 0 ou; | dy; - Thi 4 Tho

o%; + (97)(1 - 87)(1 (,u + .ut) 87)(1 + 37)(1 -F=0 (5) Ton = —5 (8)

Energy equation: For cold fluid:
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Tbc _ Tci ‘|2' Tco

Where Ty, is the average temperature of hot fluid and Ty, is the bulk
mean temperature of cold Fluid.

The convective heat transfer rate of cold fluid is determined by
using Eq. (10).

Qc = ri‘1ccpc(Tco - ci) = hvo (ﬁ - Tbc)

Where T, is the inner tube average wall temperature.

The average heat transfer rate and overall heat transfer coeffi-
cient based on the inner tube is evaluated by using Eqs. (11) and
(12) respectively.

]

=

(10)

Q,+Q
Qave = =h 2 ¢ (11)
Qave = UiAiATivmp (12)
Where ATyurp is the logarithmic mean temperature.
The thermal resistance of the system is expressed as:
t_1 +ln<fj—?)+ L (13)
UiAi o hiAi 27'El(pl hvo

The convective heat transfer coefficient of the internal pipe (h;)
is determined by calculating eq. (14).
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h; :+ (14) Where Tpand Ty, are inlet and outlet temperature of hot fluid
[L _dilng } respectively. '
U 2k doho T, is the inlet temperature of cold fluid.

Nusselt number is determined using Eq. (15).

hid; 3. Results and discussion
N, = A (15)
' The numerical results in the present study are verified with the
By using Darcy-Weisbach friction factor can be calculated: results of [20]. Fig. 4 shows the variation of Nusselt number versus
2APD;, Dean number for Geometry A. The results show that the numerical
f= pv2l (16) results of geometry A and experimental data reported by [20] tend

to be the same. Fig. 5 shows the variation of Nu with Dean number.
Fig. 6 shows the relationship between the Nusselt number of dif-
ferent geometries and circular tube. It is clear from Fig. 6 that there
is a rise in Nusselt number as the Dean number increases. And it is
evident from Fig. 6 that Nusselt number is raised 1.125, 1.145,

Effectiveness of heat exchanger is given by Eq. (17)
~ MyCp(Thi — Tho)

e MnCh(Tni — Tho) 17
MCun (T — T 17)
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1.175, and 1.2 times as compared to the plain tube at a Dean num-
ber of 200. Fig. 7 represents the velocity contours for the inner tube
of five different geometries of the TIT helically coiled heat exchan-
ger. Rows represent the different geometry of the TIT helically
coiled heat exchanger. The columns show different cross-section
(0°, 30°, 90°, 180°, 270°, and 360°). It is observed from the figure
that the modified geometries i.e. from B to E, the contours of veloc-
ity changes at 30° position and recognizing different profiles of
velocity. However, from 90° to 360° slight changes in the profile
(patterns) have been observed. The pattern of velocity is proof of
the total development of the fluid flow. For the geometries, A, B,
C, D, and E, the maximum value of velocity is observed towards
the surface of the outside tube.

Fig. 8 represents the contours of the temperatures in the inner
pipe for the different configuration of TIT helically coiled heat
exchanger. The maximum values of temperature are observed
towards the outside of the tube, due to the generation of the vor-
tex. Fig. 8 also signifies an increase of the patterns for the angular
positions 30° to 360° due to more surface area. Fig. 9 represents the
velocity contours in the annulus. For the geometries from (B) to (E),
it is enough to confirm that there is a developed fluid flow in the
annulus.

Fig. 10 illustrates the temperature contours in the annulus zone.
It is noticed that there is a significant rise in temperature in the
annulus at an angular position of 360°. For models from B to E,
the temperature amplified uniformly and there are no significant
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temperature differences among the models. Figs. 5 to 10 provides
the proof of an increase in Nusselt Number subjected to Dean
Number. The increase of heat transfer from geometry A to E is
due to the passive technique, better surface area, and centrifugal
force. Fig. 11 shows the prediction of numerical results of Darcy-
Weisbach friction factor with respect to Dean Number. It is
observed in Fig. 11 that there is a decrease in the frictional factor
as the Dean number increases. The decrease in frictional factor

indicates a drop in pressure drop since both are directly propor-
tional. This depletion is due to the perimeter and number of edges
of the geometry as compared with the circular tube. When com-
pared to Geometry B to C, the frictional factor is increased by
7.94%. As the surface area is better enough (Geometry D and E) fric-
tion factor gradually increases by 3.56%. In the case of Geometry C
to D, the friction factor is increased by 7.25%. Fig. 12 shows the
variation of the overall heat transfer coefficient with Dean Number.
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As expected overall heat transfer coefficient increases with
the Dean Number. For the geometries from B to E the value of
the overall heat transfer coefficient is more as compared with the
circular tube. Fig. 13 shows the variation of Effectiveness with
Dean number. It is clear from the figure that effectiveness is a func-
tion of Dean Number. At larger Dean Number the effectiveness
decreases.

4. Conclusions

A numerical study has been performed to investigate heat
transfer and friction factor of fluid flow in the annulus region of
a tube in tube helical heat exchanger for the laminar regime at dif-
ferent Dean Numbers. The behaviour of the overall heat transfer
coefficient under the influence of different cross-sections of the
inner pipe of the heat exchanger revealed that effectiveness and
overall heat transfer coefficient was strongly affected with Dean
Number. The use of different geometry of the inner pipe of the tube
in tube helical heat exchanger causes a higher friction factor at low
Dean Number. The Nusselt Number for Geometry B to E is greater
than that of a circular tube and was found to increase with Dean
Number. The use of geometry E increases the Nusselt number
and friction factor by 17.05% and 15% respectively at a Dean num-
ber of 400 as compared with a circular tube. Nusselt number of
Geometry B increases by 13.73% as compared to Geometry A. It
is observed that the increase in Nusselt number from Geometry
B to Cis 1.45% and geometry C to E is 3.24%.
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Abstract: Increasing the heat transfer rate has become prime task in electronic industry
because of miniaturization of equipments. Recently many investigators carried out numbers of
experiments for achieving maximum heat transfer rate, the present investigation mainly focus
on increasing the thermal dissipation from the surface by providing grooves over the surface of
aluminum plates with various ranges of length to width ratio and length to depth ratio. The
experiment was carried out for varying Reynolds number and varying the amount of heat flux
given to the plate. It has been observed that variation in L/D ratio and flow rate affects the heat
transfer rate and friction factor.

Keywords: Nano fluids; Heat flux; Groove flat plate, air, Reynolds number, heat transfer coefficient.
1.Introduction

Plates have received considerable attention because of the fact that they have been used widely
in industrial applications. They have found extensive use in heat exchangers. When
improvement in the process of heating or cooling is required, then better design of plate
compactness and spatial geometry is very essential. The use of heat transfer enhancement has
become widespread during the last 50 years. The goal of heat transfer enhancement is to reduce
the size and cost of heat exchanger equipment, or increase the heat duty for a give size heat
exchanger. This goal can be achieve in two ways: active and passive enhancement. Of the two,
active enhancement is less common because it requires addition of external power to cause a
desired flow modification. On the other hand, passive enhancement consists of alteration to the
heat transfer surface or incorporation of a device whose presence results in a flow field
modification. One of the popular enhancements is the introduction of grooves on the surface of
the heat exchanger. The apparent advantages of grooved plates are that they increase the heat
transfer rate by providing additional surface area.

Inspite of the above facts, only a very few studies have been reported in the literature on the flat
plate with grooves.

Ashish Dixita & Anil Kumar Patila [1] carried out an experimental study on different types of
grooves which were made on the extended surfaces. They found that the heat transfer was more
for fins having inclined grooves. Chang, S. W., Su, L. M., Yang, T. L., and Chiou, S. F [2] made
an experimental study on fin channels having 900 staggered ribs and developed correlation to
study the influence of Reynolds number and L/B on heat transfer, also suggested the optimum
length to gap ratio that results in increased heat flux. The increment in heat transfer was up to
140-200 % using 90° staggered ribs. Kadir Bilen, Murat Cetin, Hasan Gul, Tuba Balta [3]
conducted an experiment on tubes having grooves of different geometry. The ratio L/D was
fixed in their study. They mainly developed a correlation for heat transfer and friction factor.
The results of their study revealed that heat transfer enhancement does occur for tubes having
grooves as compared with tubes without grooves. Faheem Akthar, Abdul Razak R Kaladgi and
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Mohammed Samee A Dafedar [4] conducted an experimental investigation of the natural
convection heat transfer over circular dimpled surfaces .The arrangement was inline. The
various heat transfer parameters considered were Nusselt number, heat transfer coefficient and
heat transfer rate. They concluded that heat transfer enhancement occurs for the dimpled
surfaces as compared to flat plates. In an another study, Amjad Khan, Mohammed Zakir
Bellary, Mohammad Ziaullah, Abdul Razak Kaladgi [5] carried out an experimental study on
plates having dimples of circular shapes. The analysis was carried out for different arrangements
like centrally increasing the diameter of dimples in the direction of flow; centrally decreasing
the diameter of dimples in the direction of flow etc. They concluded that heat transfer
enhancement does occur for plates having dimples but at the cost of pressure drop. N. K.
Ghaddar, K. Z. Korczak, B. B. Mikic, A.Y. Patera [6], numerically studied the heat transfer
characteristics in the channels having grooves on one plate. They solved the Navier-stokes and
energy equations numerically and showed complex flow patterns of flow recirculation flow
separation etc. Tang xinyi and zhu dongsheng [7] conducted experimental and computational
study (using software) on rectangular channels having ribs and grooves. They used the SST
turbulence model to solve the equations and carry out the simulations. They found that the Nu
ratio and Cf were more for the channels having ribs and grooves as compared to the channels
having only ribs. Apurba Layek, J. S. Saini, S. C. Solanki [8], carried an experiment to study the
effect of heat transfer on a duct having ribs and grooves on one surface. They observed an
increment in the Nusselt number by about 3.24 times as compared to smooth surface. Ali Najah
Al-Shamani, K. Sopian, H. A. Mohammed, Sohif Mat, Mohd Hafidz Ruslan, Azher M. Abed [9]
computationally studied heat transfer characteristics of a channel having ribs and grooves on one
wall. They used the STD K-epsilon turbulence model to solve the governing equations. They
carried the investigation on various ribs and groove combination. They also used different nano
fluids with different concentrations. They found that trapezoidal rib groove of good height gives
the maximum heat transfer rate. Smith Eiam-saard and Pongjet Promvonge [10] conducted an
experiment to study heat transfer characteristics in a duct using 3 types of groove and rib
combination. They found an increment in the heat transfer as compared to smooth duct.

2. Experimental Setup

A forced convection apparatus was adapted for this study. Figure 1 show the experimental set up
used for the present study. It consists of a rectangular duct to keep the grooved plates, a blower
to supply air. The air from blower passes through a flow passage consisting of pipes and finally
through the rectangular duct, orifice meter was used to measure flow rate through the passage, a
band heater placed inside the duct heats the air and is controlled by dimmer start. Temperature
of the air at inlet and outlet were measured using thermocouples.

Figure.1: Experimental set up
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The experimental set-up consists of following instruments: -
e Dimmer stat (0-250 Volt AC Supply)

e Voltmeter (0 - 400 Volt)

e Ammeter (0 - 10 Ampere)

e Digital Temperature Indicator of 8 channels (Range 00C — 400 oC)
e (Calibrated k-type Thermocouples

e Four Test Plates

e Orifice plate, manometer, Blower (13000 rpm)

s gk

Fig. 2a: Schematic diagram of plate 1 with location of thermocouples (Shown by cross)

Fig. 2b. Schematic diagram of all the plates

The test plates were made of aluminium and rectangular grooves of different lengths of 25 mm,
50 mm, 75 mm, and 100 mm were made onto each of them. The dimension of the plate is 100
mm in length, 60 mm in breadth and 10mm in thickness. The groove breadth is 10 mm. Figs. 2a
and 2b shows the schematic diagram of the plates used for the present study.

The cross symbol (X) in figure 2a shows the measurement points of the temperature. The
measurement points on the surface of the plate other than the groove were positioned in an equal
distance from both top and bottom of the plate. The temperature measurement points in the
groove were placed in an equidistant manner according to the groove length. Thermocouples (k-
type) were used to measure the temperature. The test plates are fixed onto a wooden box with
the groove side open to atmosphere. The wooden box itself acts as an insulator, is filled with
glass wool (insulator), in which the strip heater is held. The rectangular plate is kept on the
wooden box such that the back side is on the heater and front side open.

3. Results and Discussion

The aim of the experiment is to measure the temperatures along the surface of the plate for the
desired constant heat flux (The heater is adjusted for the desired power input with the help of
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dimmer stat). The experiment is allowed to run till the steady conditions are reached, and the
temperature reading was noted.

The parameters varied during the experimentation were:

(i) Heat Input: The experiment were carried out for different heat inputs.

(i1) Aspect ratio: The length of the groove to the width of the groove is altered during the

experiment.
1200
&000
o
E 800
Z 600
=
B 400
3 .
=200 - o —6—q=68.4 W/m2
0 . . . —— q=44.25w/m2
0 20 40 60 q=55.25 w/m2

Length to depth ratio

Figure 3.:Nusselt’s number Vs of L/D ratio

Figure 3 shows the effect of length to depth ratio on Nusselt number of the plate. The results
were plotted for different heat flux conditions. It was observed that Nusselt number increases as
the size of groove decreases due to direct flow impingement on the downstream boundary and
strengthened flow mixing by vortices at the downstream [11,12]. The formation of vortex pairs
periodically shedding off from the grooves, a large up wash regions with some fluids coming out
from the central regions of the grooves are the main causes of enhancement of Nusselt number &
is more pronounced near the downstream rims of the dimples [13].

Figure 4 shows the variation of Nusselt number for different discharges. It can be seen that
Nusselt number increases, as the value of discharge increases as expected & hence increases the
heat transfer coefficient. This may be attributed to the fact that due to increased flow rates, the
velocity increases and hence increases the heat transfer rate of the plate. It can also be observed
that the Nusselt number is highest for L/D ratio of 12.5 and lowest for L/D ratio of 50. So length
of the groove affects significantly the heat transfer rate.
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Figure.4: Nusselt vs. Discharge
The Figure 5 shows the variation of heat transfer coefficient with Reynolds number for an
L/D ratio of 12.5. From the figure we can say that as the Reynolds number increases, the
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heat transfer coefficient increases as expected, because at high Reynolds number,

turbulence mixing takes place and because of turbulence the heat transfer coefficient
increases.

Heat tramsfer coefficient

p 1111 P i1 3
Fevrolds Hanber
Fig 5. Heat transfer coefficient vs Reynolds number

Fig. 6 shows the variation of friction factor with Reynolds number. It can be seen
that as the Reynolds number increases the value of friction factor decreases as
expected. This may be attributed to the fact that increases in Reynolds number
increases turbulence and decreases friction in the flow.
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Figure 6. Friction factor vs. Reynolds number
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Figure 7. Friction factor vs. Reynolds number
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Figure 7 shows variation of heat transfer rate with respect to Reynolds number. It can be
seen that heat transfer rate increases as Reynolds number increases as expected. Also it
can also be observed that the heat transfer rate is higher for a plate having 25 mm length
groove and it decreases as groove length increases. Finally, it can be concluded that
grooved plate’s helps in better enhancing the heat transfer rate compared to flat plates
without grooves.

4. Conclusions

The present study deals with the heat transfer characteristics of plates with rectangular
grooves placed vertically within horizontally confining walls. The steady state laminar flow
forced convection heat transfer analysis of plate with rectangular groove having different
length to depth ratio was undertaken. The discharge and heat flux was varied in this
experiment and the following conclusions were drawn
1. Length to width ratio has major impact on heat transfer characteristics.
2. With increasing length to depth ratio of grooves the Nusselt number decreases.
3. With increase in Reynolds number, the coefficient of friction decreases but the rate in
decrease is very low as Reynolds number increases.
4. The Nusselt number and heat transfer coefficient increases with increase in the flow
rate.
5. Among other plates, the plate of 25mm groove length has highest heat transfer rate.
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Abstract. The considerable heat transfer increase that the dimple causes has led to an interest
in its technology recently, with pressure drop penalties lesser than other heat augmentation
types. The increase in heat transfer using dimples is based on the fact that the scrubbing of
cooling fluid occurs within the dimple and intensifies the delay of flow separation over the
surface. The researchers have used different dimple-shaped geometries from all the research
studied, such as triangular, ellipsoidal, circular, square, from which the ellipsoidal shape offers
better results than other shapes because of prior vortex development. The present work mainly
aims to study the dimpled specimen's transient properties and determine their influence on heat
transfer.

1. INTRODUCTION

In several fields of application, such as microelectronic cooling, gas turbine internal airfoil cooling,
nuclear power plant fuel components, and biomedical equipment, there is a relentless attempt to find
ways to increase heat transfer. Two methods are generally adapted for enhancing the heat transfer:
Active techniques and Passive techniques. In passive methods, the heat transfer rate is increased by
producing surface modifications such as protrusions, dimples, and pin fins. The dimples (surface
indentations) are considered necessary because the material is significantly reduced in dimple
production, while excessive material is used in pin-fin or rib tabulators, which increases the
equipment's weight and cost. A variety of Computational and experimental work has been carried out
to enhance the transfer of heat. In 1971, the first person to try using dimples on the surface for heat
transfer enhancement was Kuethe[1]. According to him, the dimples would help promote vortexes'
creation, resulting in heat transfer improvement [1]. V.N Afnasyev[2] performed an experimental
analysis on surfaces formed by spherical cavity networks and observed that, relative to the plane
surface, heat transfer improved by 150 percent. Nikolai Kornev[3] investigated vortex structure and
heat transfer enhancement in turbulent flow over the staggered dimple array in the narrow channel
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using Large Eddy Simulation. The impact of the dimple aspect ratio, temperature ratio, Reynolds
number, and flow structure in the dimple channel was studied by Mahmood and Ligrani [4]. A
numerical simulation of laminar channel flow over the dimpled surface was conducted by Wang [5],
and within a single dimple, an asymmetric 3D horseshoe vortex was found. Experimental research was
performed by S.L.Borse and I.H Patel[6] on the influence of dimples on heat transfer under forced
convection over a flat surface. They claimed that surface dimples contributed to a lower pressure drop
in heat transfer enhancement and indicated that heat transfer enhancement in staggered arrangements
is more efficient than inline arrangements. The channel height effect on the heat flow over the dimpled
surfaces was studied by Moon [7].

The heat transfer coefficient and friction factors were computationally explored in rectangular
channels with dimples on one wall. Pisal and Ranaware[8] have experimented to determine whether
dimples on a heat sink fin can enhance heat transfer for laminar airflow. It was carried out using two
distinct types of circular dimples (spherical) and oval dimples (elliptical). These dimples were located
on both sides of the copper plate; it had a relative pitch of S/D=1.20, and a relative depth of 6/D=0.2.
The Nusselt number and overall heat transfer coefficient are calculated for these configurations.
Between the 600 and 2000 scale, heat transfer improvements were observed. Katkhaw et al. [9]
analyzed the flat surface with an outer flow ellipsoidal dimple with ten types of different arrangements
and dimple intervals. For such a dimpled surface, the heat transfer was measured and contrasted with a
smooth surface's heat transfer. Results revealed that for staggered arrangement, the heat transfer
coefficients were 15.8% more than that for a smooth surface and 21.7% more for inline arrangement.
By the transient wide band liquid crystal process, an eight-by-eight jet array will affect a staggering
array of dimples at Reynolds number 11,500 as investigated by Kanokjaruvijit Martinez-Botas[10].
Two dimple geometries were tested for hemispherical and cusped elliptical shapes. The study of
dimple geometry's effect showed that hemispherical and cusped elliptical dimples did not behave
differently significantly. However, compared to the economy, production, and loss of pressure, the
hemispheric type should be preferred. Various similar studies can be found in [11-29].

From the literature, it is clear that dimples play a significant role in heat transfer enhancement.
However, the unsteady heat transfer analysis for different dimple orientation and material is scarce;
this is the primary motivation behind this paper. The main objectives were to find the cooling curve,
rate of convective cooling at any instant, and the total amount of heat transfer at a given time.
Additionally, the effect of dimple orientation on the heat transfer rate, the cooling medium's influence
on the heat transfer rate, and the heat transfer coefficients for different cooling mediums and different
dimple orientations were also discussed.).

2. EXPERIMENTAL METHODOLOGY

2.1. Experimental setup

The apparatus is a large insulated water bath with a volume of approximately 30 liters (Fig 4.1). A 3
kW electric heater powered by a thermostat to achieve a constant bath temperature is at the bath's
bottom. A rotary switch located in the front of the bath regulates the water temperature. The water
bath cover assembly is designed to allow the test specimen to be quickly placed into the bath while
maintaining the flow conditions. The test sample is connected to the carrier assembly, and for uniform
heat transfer through the water bath, the water bath is stirred continuously. The thermocouple labeled
T1 indicates the brass temperature, and the thermocouple labeled T2 indicates the water bath
temperature.

2.2. Preparation of test specimen

Brass is the material considered for testing, and the dimples have been machined with the assistance of
CNC end milling on the surface of the material. The dimples were machined with a diameter of 4mm
and a total depth of 4mm in which 2mm depth has a cylindrical profile, and the remaining 2mm has a
concave profile. Two types of orientation were considered to study the influence of dimple orientation
on the transient properties, which are inline configuration and circumferentially Staggered orientation.
The inline configuration has the dimples located at 90° apart with a spacing of 10cm along the length
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(as shown in Fig 2). Circumferentially staggered orientation has the dimples located 90° apart but are
provided with an offset along each corner's length (Fig 4.3).

Fig 1 Unsteady state test ri

Fig 2. Inline configuration Fig 3. Circumferentially Staggered
3. RESULTS AND DISCUSSION

The study presents the experimental results of a cylindrical brass specimen with dimples machined
with two configurations: 1) Inline configuration and 2) Circumferentially staggered configuration. The
study presents the cooling curve, rate of convective cooling at any instant of time, the total amount of
heat transfer at a given time. It also provides the effect of dimple orientation on the heat transfer rate,
the cooling medium's influence on the heat transfer rate, and the heat transfer coefficients for different
cooling mediums and different dimple orientation.

The following graph (Fig. 4(a)and 4(b)) illustrates the decay rate in temperature and heat
transfer coefficient with time. The decay rate is higher in the dimpled rod than the ordinary rod
in air cooling. We can also notice that the better results are obtained for inline when compared
to the random arrangement.
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Fig 4 b. Heat transfer coefficient vs. Time plot for Brass with air cooling
Figures 5(a) and 5(b) illustrate the change in temperature and heat transfer coefficient when
the cooling medium is water. It can be seen that the decay in temperature is almost the same
for both the dimpled orientations. However, significant heat transfer enhancement can be seen
in the dimpled surface compared to the ordinary rod.
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Figure 5 a. Temperature vs. Time plot for Brass with water cooling
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The following graph (Fig. 6(a) and 6(b)) shows the variation of temperature and heat transfer
coefficient with time for a radiator coolant. It illustrates that there was no significant heat
transfer enhancement when the cooling medium was a radiator coolant. It is because of the
reason that a coolant circulation system is required to remove heat effectively.
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4. CONCLUSIONS

From the results obtained, we can conclude that there was considerable heat transfer
enhancement with dimples' introduction. Heat transfer enhancement concerning dimples' inline
configuration was more than the staggered arrangement of dimples. The convective cooling and
total heat transfer rate also increased after the introduction of dimples for air cooling. When
the cooling medium was water, there was no distinction between the heat transfer from
specimens with inline and staggered configuration. Surprisingly, when a coolant was used,
there was probably no heat transfer enhancement seen.
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ABSTRACT

The aim of the research work was to investigate on the Friction stir welding (FSW) process which is particularly suitable
for welding aluminium produces higher quality welds with material properties closer to the parent metal as compared to
most other welding processes. A non-consumable tool is used to generate frictional heat in the abutting surfaces. A shoulder
and a pin are the important parts of the tool. This tool makes weld without conventional defects with good mechanical
properties and is especially suited for aerospace, defence and marine applications. In addition, because friction stir welding
is performed below the melting temperature, protection requirements are greatly reduced. These reasons make this welding
process suitable for many applications in aerospace industries. In the present study, FSW process is carried out on
aluminium alloy AA6061 plates by varying process parameters such as weld speed (WS) and tool rotational speed (TRS)
using cylindrical pin profiled tool. These process parameters are optimized by using the Design of Experiments (DOE)
approach. Tests for tribological and ballistic characteristics are conducted on the welds. Under considered set of
experimentation, the friction stir welded AA 6061 alloy showed its best for tool rotation speed 900 rpm and traverse speed
of 30 mm/min for straight cylindrical pin configuration in comparison with rest of the combinations considered in the study.
This optimized combination yielded with reduced wear rate (1.0811x10-* mm?/N-m) and resistance to ballistic impact.

Keywords: Ballistic Resistance; Wear Resistance; Aluminium Alloy; Friction Stir Welding

INTRODUCTION

Aluminium, the second most plentiful metallic element on earth, became an economic competitor in engineering
applications as recently as the end of the 19" century. The emergence of three important industrial developments
would, by demanding material characteristics consistent with the unique qualities of aluminium and its alloys, greatly
benefit growth in the production and use of the new metal. Electrification would require immense quantities of light-
weight conductive metal for long-distance transmission and for construction of the towers needed to support the
overhead network of cables which deliver electrical energy from sites of power generation. Aluminium industry works
for the structurally reliable, strong, and fracture-resistant parts for airframes, engines, and ultimately, for missile
bodies, fuel cells, and satellite components. The properties of aluminium that make this metal and its alloys the most
economical and attractive for a wide variety of uses are its appearance, light weight, fabric ability, physical properties,
mechanical properties and corrosion resistance [1]. Aluminium has a density of only 2.7 g/cm?, approximately one-
third as much as steel (7.83 g/cm?), copper (8.93 g/cm?), or brass (8.53 g/cm?).
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It can display excellent corrosion resistance in most environments, including atmosphere, water (including salt
water), petrochemicals, and many chemical systems. Aluminium typically displays excellent electrical and thermal
conductivity, but specific alloys have been developed with high degrees of electrical resistivity. These alloys are
useful, for example, in high-torque electric motors. Aluminium is often selected for its electrical conductivity, which
is nearly twice that of copper on an equivalent weight basis. Aluminium is non ferromagnetic, a property of importance
in the electrical and electronics industries. Aluminium is also nontoxic and is routinely used in containers for foods
and beverages. Some aluminium alloys exceed structural steel in strength. However, pure aluminium and certain
aluminium alloys are noted for extremely low strength and hardness.

Fusion welding processes like gas metal arc welding, gas tungsten arc welding, resistance welding, stud arc
welding can be used for welding most of the aluminum alloys [2]. When arc welding process is used, distortion control,
prevention of shrinkage voids and control of crater cracking are necessary. Specific properties that affect aluminum
welding are its oxide characteristics, the solubility of hydrogen in molten aluminum, its thermal, electrical and
nonmagnetic characteristics, its lack of colour change when heated and its wide range of mechanical properties and
melting temperatures that result from alloying with other metals. Problems like porosity, lack of fusion due to oxide
layers, incomplete penetration, cracks, inclusions and undercut occur when welding aluminum alloys. The strong
chemical affinity of aluminum to oxygen results in the formation of aluminum oxides with melting point higher than
that of the alloy. During fusion welding, the presence of aluminum oxides results in incomplete fusion, and if the
oxide is thick, arc initiation is prevented. Chemical or mechanical cleaning is needed for removing these oxides.
Special methods such as inert gas welding, or use of fluxes is necessary if aluminum has to be welded using the fusion
welding processes. The solubility of hydrogen in liquid aluminum is very high while hydrogen has almost no solubility
in solid aluminum at room temperature. When the weld pool is at high temperature and the metal is still in liquid state,
it absorbs lots of hydrogen. When the weld solidifies, hydrogen which did not escape is trapped and forms gas porosity
[3]. This demands considerable cleaning and preparation to eliminate all possible sources of hydrogen. Another major
problem during fusion welding of aluminum alloys is hot cracking. The high thermal expansion coefficient,
solidification shrinkage and its wide range of solidification temperatures make the alloys highly susceptible to hot
cracking during welding of aluminum. Cracking sensitivity of heat treatable alloys is of concern as these alloys have
greater amounts of alloying elements [4]. The colour of aluminum remains unchanged during welding; this requires
keen attention to follow the weld line which leads to the exposure of the welder to harmful radiations due to high
reflectivity of aluminum.

The weldability of some aluminum alloys is an issue with the fusion welding processes. Fusion welding is not
suitable for 2xxx series (Al-Cu) of aluminum alloys. The copper content causes hot cracking, poor solidification
microstructure and porosity in the fusion zone [5]. The 5xxx series (Al-Mg) of aluminum alloys with more than 3 %
of Mg content is susceptible to cracking due to stress concentration in corrosive environments, so high Mg alloys of
S5xxx series are generally not exposed to corrosive environments at high temperatures to avoid stress corrosion
cracking. The 6xxx series (Al-Mg-Si) aluminum alloys are readily weldable, but sometimes susceptible to hot cracking
under certain conditions. The 7xxx series (Al-Mg-Zn) of aluminum alloys have high tendency to hot crack after
welding. All the 7xxx series have the sensitivity to stress corrosion cracking. All these problems associated with the
welding of different alloys of aluminum have hindered their usage in industrial applications. With development of
solid state welding processes like Friction stir welding (FSW), aluminum alloys such as 2xxx, 7xxx and 8xxx series
which were difficult to be welded by fusion welding processes have been successfully welded. As friction stir welding
process joins material at temperatures below the melting temperature of the base metal, problems occurring in the
conventional welding process are eliminated and sound joints are produced even in materials that were extremely
difficult to weld using conventional fusion welding processes [6]. Because of its advantages, the process finds many
applications like ship building, marine industries, aerospace industries, automotive industries and railway industries.
Although the process was initially used for welding aluminum alloys, homogenous and heterogeneous welding of
brass, copper, lead, magnesium, carbon steel, stainless steel, titanium, and other alloys have been explored and seem
to be successful. The mechanism of FSW, resulting microstructure, mechanical properties, corrosion, fatigue and
fracture behavior of the joints have been areas of constant research over the past few years.
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MATERIALS AND EXPERIMENTAL METHOD

Friction Stir welding (FSW)), is a solid state joining process invented and patented in Great Britain at “The Welding
Institute’ (TWI), during 1990’s. Since its invention, the process has received world-wide attention, and today FSW is
used in research and production in many sectors, including aerospace, automotive, railway, shipbuilding, electronic
housings, coolers, heat exchangers, and nuclear waste containers. FSW has been proven to be an effective process for
welding aluminum, brass, copper, and other low-melting-temperature materials. The latest phase in FSW research has
been aimed at expanding the usefulness of this procedure in high-melting-temperature materials, such as carbon and
stainless steels and nickel-based alloys, by developing tools that can withstand the high temperatures and pressures
needed to effectively join these materials.

During friction stir welding, most of the heat is generated as a result of material deformation due to the tool
rotation effect. The peak temperature within the weld region is dependent on the used tool size, shape, rotation and
traverse speed.. The larger the tool diameter, the higher the rotation speed and the lower traverse speed, the higher
the heat input is expected. On the contrary, the higher traverse speed and or lower rotating speed, then the lower the
heat input within the weld is generated. This might not be sufficient to soften the material, resulting in improper
material flow, pin damage, and formation of defects as shown in Fig.1.
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FIGURE 1. Tools used in the study (a) Pin less FSP tool (b) FSW tool with cylindrical pin profile

The mechanical and corrosion properties of the joined components are highly affected by the amount of
the heat induced during joining. Extra heat leads to reduced mechanical and corrosion properties. Minimizing the
heat input will possibly reduce such risk. Ideally, the temperature should not be reduced to an extent that the
material softening underneath the probe will not take place. For this reason, proper welding parameters have to be
selected to insure that the temperature around the tool is sufficiently high to provide an adequate material flow
Fig.2. The heat generated from the process modifies the post welded microstructure and creates distinct regions
with different microstructures.
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FIGURE 2. Different stages of the FSW (a) Pistachio powder, (b) Specimen having groove, fixed on the work table,
(c) Work pieces are set on the table, Tool drives over the surface, (d) Temperature Measuring During Process Using

Infrared Thermometer, (¢) Transverse feed given along with speed, f) Completed Joint Rotational
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Ballistic Test

Ballistics is a field in mechanics that deals with the study of the launching, flight behavior and effects of the
projectile on the target. Earliest known projectiles were arrows, stones or splints that may or may not have been
propelled by a bow or a catapult. It is also deals with the design in the projectile and its acceleration in order to achieve
the desired performance Fig. 3. The real time Ballistic testing generally deals with the dimensions of the bullets, then
distance of the specimen from where the firing gun is placed, and type of specimen which should withstand the Bullets
impact load. The ballistic testing is basically followed by ASTM Ballistic standards Fig. 4.

Brief History is as follows:

» 1493-1508- Emperor Maximilian of Germany proposed rifling of guns in order to impart rotatory motion
to the projectile during firing.

» 1835- Henry Goddard of the Bow Street Runners examined the bullet from the crime scene and noticed a
defect on it.

1860- In the Regina vs. Richardson case the evidence included newspaper wadding used to seal the bullet from

the gunpowder. The wadding was found on the victims wounds which contained The London Times paper of

March 27" 1854.

» 1902- Oliver Wendell Holmes turned to magnification on account of increased firearms manufacture
which lead to standardization of rifling.

» 1912- Professor Balthazar used photography to document circumferences of the bullets found at the crime
scenes and those test fired.

» 1925- Charles E. Waite along with Calvin Goddard, Philippe Gravelle and John Fischer founded the
Bureau Forensic Ballistics in New York. Gravelle developed comparison microscope and Fischer invented
the helixometer.

Y

A Z /nr//7 ‘ Target

%
l—l 3 :

AN
T

I

SHOOT ﬁia\ RESET
FPOSITION POSI\'!O\ POSITION
PRESSURE GAUGE(0-10Bar)
<3 DC
SHOOT READY RESET VALVE l— - - VALVE CONFIGUARATION

N s 1 INLET

\ // T ¥ 2 AND 3 OUTLET

’ SHUT OFF (N ik
7 VALVE — _ 2ANDS ENXHAUST

TOGGLE SWITCH FRL UNIT

FIGURE 3. Schematic of Ballistic Impact test

FIGURE 4. Pictorial view and dimensions of the bullet used in ballistic study
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Pin-on-disc wear testing machine Fig.5 (Make: DUCOM Instruments Pvt. Ltd., Bengaluru, Model: TR20-LE),
shown in Fig, was used to measure the wear characteristics of the specimens as per ASTM-G99-95 standards. Wear
test conditions chosen for conducting experiments on friction stir welds are given in Table.1

Data aquisition

Figure 5. ‘Pin-on-Disc’ wear testing machine

TABLE 1. Wear test parameters used for friction stir welds

Pin material FSWed AA6061
Contact Pin shape Square
Disc material EN32 steel disc - 65 HRC
Pin contact area (mm?) 36
Specimen Height (mm) 25
Track diameter (mm) 100
Load (N) 14.715
Sliding speed (m/s) 2.660
Temperature Room temperature
Sliding distance (m) 6000

The specific wear rate (W) of the pin was calculated using the following relation

RESULTS AND DISCUSSIONS

Front end appearance of target after ballistic testing is shown in Fig 6. Ballistic testing with lead projectile has
resulted in damage, in the form of a perforation hole with measurable depth of penetration, and width of the hole. The
ballistic performance was characterized by the depth of penetration of the projectile in the target plate and width of
hole. The depth of penetration of damaged targets was measured by microscope. Width of the perforation hole and
total crack depth were measured for each target and is presented in Table 2. It gives the comparative data of the
ballistic testing of base metal and friction stir welded specimens.
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FIGURE 6. Front end appearance of target after ballistic testing

TABLE 2. Diameter and depth of indentation after ballistic test

Sl.  Rotational ~ Welding Diameter of indentation Depth of indentation
No Speed, Speed,  Weld zone Heat affected Weld zone Heat affected
Rpm mm/min (mm) zone (mm) (mm) zone (mm)
1 900 50 2.5391 2.2650 0.7933 0.7103
2 700 30 2.6244 2.5121 0.8059 0.7987
3 800 40 2.7376 2.5321 0.9419 0.8564
4 700 50 2.6589 2.5590 0.4208 0.6746
5 800 50 2.3811 1.7035 0.7179 0.4990
6 800 30 2.6489 1.9781 0.6200 0.2573
7 900 40 2.6497 2.4001 0.7522 0.6735
8 700 40 2.5880 2.3739 0.4701 0.3991
9 900 30 2.5725 2.2726 0.6634 0.3132
Table 3 Specific wear rate for different welded joints
Sl. Rotational Welding Initial Initial Specific wear rate Error %
No  Speed, Speed,  weight  weight *10° mm*/N-m
Rpm mm/min ~ Wigms Wagms Expt. Predicted
1 900 50 3.7674 3.3290 1.8301 1.77780  2.94
2 700 30 3.8181 3.7083 4.5900 4.53773 1.15
3 800 40 3.7797 3.4033 1.5788  1.52653 3.42
4 700 50 3.6617 3.2369 1.7800  1.65027  7.86
5 800 50 3.6907 3.2844 1.7030  1.88500 -9.65
6 800 30 3.4948 3.0988 1.6601 1.53037 8.47
7 900 40 3.8447 3.4211 4.7912 4.66140 2.78
8 700 40 3.8150 3.4163 45120 4.69400 -3.87
9 900 30 3.8145 3.5563 1.0811 1.26310 -14.40
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Scanning Electron Microscopy (SEM)

Fig. 7 shows the SEM micrographs of worn surface for welded plate number 9 fabricated under tool rotational
speed of 800 rpm and traverse speed of 50 mm/min using straight cylindrical pin Fig.7. It can be seen that unlike other
welded plates, it consisted large parallel groove with a little delamination seen in the wear track.
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FIGURE 7. Worn out surface of a joint welded with (a) 900 rpm, 50 mm/min and SC tool, (b) 700 rpm, 30 mm/min and SC tool

CONCLUSIONS

In the present work, AA 6061 plates having 6 mm thick were successfully welded using friction stir welding
technique for different process parameters such as rotational speed (viz. 700, 800 and 900 rpm) and welding speed
(viz. 30, 40 and 50 mm/min) using cylindrical profiled pin tool. For all the fabricated joints based on design matrix,
the tribological and ballistic properties were evaluated and discussed in detail. In friction stir welded AA 6061 alloy,
process parameters (rotation speed and traverse speed) and tool configuration have proved their role in influencing
the properties of the welded joints. The case of friction stir welded AA 6061 alloy, tool rotation speed 900 rpm,
traverse speed of 30 mm/min and straight cylindrical pin configuration shows better properties. Comparison with rest
of the combinations considered, this optimized combination yielded with reduced wear rate (1.0811x1073 mm?/N-m).
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ABSTRACT:- Heat transfer is the process of transfer of
heat from high temperature reservoir to low temperature
reservoir. In terms of the thermodynamic system, heat
transfer is the movement of heat across the boundary of the
system due to temperature difference between the system
and the surroundings. The heat transfer can also take place
within the system due to temperature difference at various
points inside the system. The difference in temperature is
considered to be ‘potential’ that causes the flow of heat and
the heat itself is called as flux. The present work deals with
modification of traditional concentric trough collector,
receiver tube. Experiments are conducted on a modified
receiver tube for various mass flow rates, and different
helical pitches. The results reveal that the modified receiver
tube of a solar trough collector gives plan move
enhancement of heat transfer comparing to receiver tube.
The work will be helpful for scientists focusing on sun
powered vitality utilizing illustrative.

Key words: Single tube; Heat exchanger; Parabolic trough
collector; Helical fins

1. INTRODUCTION

A heat exchanger is a device used to transfer heat between
two or more fluids. Heat exchangers are used in both
cooling and heating processes. A solar collector is a gadget
utilized for gathering solar radiation and exchanges vitality
to liquid going in contact with it. Usage of solar vitality
requires solar collector. These are general of two types i.e.,
Concentric and Non concentric type. The solar collector
with its related absorber tube is the fundamental segment
of any system for the change of solar radiation vitality into
more usable shapes e.g. heat or power. In the non
concentrating type the gatherer region is same as the
absorber zone. Then again concentrating gatherers the
zone capturing the solar radiation is more prominent, here
and there 100 times more noteworthy than the absorber
zone.

Non concentrating: As the name recommends the sun
powered radiation is not moved in this compose 1.1 flat
plate type solar collector - the principle segments of a flat
plate solar are absorber tube, tubes or fins, coating,
thermal insulation, cover strips, container or casing. Flat
plate solar collector are ordered into 2 kinds, water type
collectors which utilize water as the heat exchange liquid
and air type collectors which utilize air as the heat
exchange liquid. Concentrating: This sort of solar thermal
innovation includes convergence of the vitality shape of
the sun to a solitary line or focuses. The parabolic trough
solar collector utilizes a reflector in the state of a parabola
which is for the most part reflect, or an anodized
aluminum sheet contingent upon the expected applications
to reflect and think the solar radiation towards a
beneficiary tube situated at the concentration line of the
parabola. The absorber tube might be made of mellow
steel or copper an is covered with a warmth safe dark
paint for the better execution. The collector ingests the
approaching radiations and changes them into warm
vitality, which is being transported and gathered by a
liquid medium circling inside the recipient tube. The
warmth exchange liquid moves through the absorber tube,
gets warmed and in this manner conveys thermal. The
temperature of the liquid reaches up to 400 degree Celsius.
Depending on the warmth exchange prerequisite diverse
warmth exchange liquids might be utilized. The
experimental data fit well with the numerical for the large
heat exchanger. But, there were the some differences
between the numerical and experimental data for the
smaller coil; however these differences may have been due
to the nature of the Wilson plots [11]. Studied the fluid
flow and heat transfer characteristics of double type heat
exchanger with rotating inner tube. The experiments
carried out for the speed of rotation of inner tube from 0 to
1000 rpm. The effectiveness and NTU number obtained for
parallel flow and counter flow arrangement. They found
that speed of rotation increases the Reynolds numbers,
NTU and effectiveness values [12].
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2. EXPERIMENTATION

The solar radiations coming parallel to the central line of
parabola (reflector) gathers at the surface of reflector and
thinks it to the point of convergence. On the off chance that
the reflector is as trough with illustrative cross segment,
the solar radiation centers along a line. In concentrating
collector that a focus proportion is vital parameter.

It is characterized as the proportion of the gather region at
which radiation gathers to the territory (absorber) at
which these radiations are concentrated. Focus proportion
is characterized as the proportion of the authority zone to
the absorber zone. So with the lessening in the absorber
territory the focus proportion increments and thus more
rapidly the high temperatures are come to. So higher
fixation proportion implies higher temperature can be
accomplished. The schematic outline of the illustrative
trough solar authority with the absorber tube, following
components and bolster structure.

1.parabolic colletor

2.copper absober tube
@ 3.rotameter

4.cold water storage tank

5.hot water storage tank

6.thermo couple

Fig-1: Schematic diagram of experimental setup

A parabolic solar collector uses a reflector in the shape of
a parabola which is mostly a mirror, or an anodized
Aluminum sheet depending on the required applications
to reflect and concentrate the solar radiations towards a
receiver tube located at the focus line of the parabola. The
absorber tube may be made of mild steel or copper and is
coated with a heat resistant black paint for the better
performance. The schematic diagram of experimental
setup is as shown in Figure 1.

Fig-2: Geometry of helical fins of pitch 50 mm

3. RESULTS AND DISCUSSION

This project discusses the results of rate heat transfer of
receiver tube of parabolic trough collector with and
without fins for different duration of time. The deliberate
factors are flow rate (LPM), temperature of water through
temperature test (deg C). The information accumulation
has been improved the situation different arrangements
of the absorber tube amid 11am-2pm. A few information
were dismissed because of high breeze and shady
conditions. Results of the heat transfer rate variation of
typical helical fin with different fin shown in the figure
below combination of the swirling flow rate of the
twisted-tape and the generated vortex due to louvered-
fins on it.

3.1 Rate of heat transfer at 11-12 noon

Figure 3 shows the variation of rate of heat with volume
flow rate for duration of 1 hour from 11-12pm. With
reference to Figure 3, it is observed that the rate of heat
transfer increases as the volume flow rate increases. The
experiments are conducted for three volume flow rates i.e,,
0.5LPM, 1LPM and 1.5LPM respectively.

The enhancement of heat transfer is improved in the case
of 30mm pitch based annulus and 60mm pitch based
annulus as compared to the annulus without fins. The rate
of heat transfer for 30mm helical pitch based annulus is
more as compared to 60mm helical pitch based annulus.
This is due to the surface area of the 30mm helical fin
based annulus is more as compared to 60mm helical fin
based annulus.

The value rate of heat transfer for 30mm helical pitch,
60mm helical pitch and plain tube are is 1081W,
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872.291W, 382.8W res for a volume flow rate of 0.5 liters
per minute respectively.

2000
1800
1600 -
1400
1200
1000 -
80D -
500 -
400 -
200 -

=4=60mm pitch
== 30mm pitch

Heat tranfer in Watts

planetube

U . —rr r Tt r1rrtr 11T 1 1° 1 T1T.71

Volume flow rate in LPM

Fig-3: Variation of heat transfer with volume flow rate for
the duration of 11-12pm

3.2 Rate of heat transfer at 12-1pm

Figure 4 shows the value rate of heat transfer for 30mm
helical pitch, 60mm helical pitch and plain tube are is
1081.6W, 942.075W, 593.1W res for a volume flow rate of
0.5 liters per minute respectively.
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Fig-4 Variation of heat transfer with volume flow rate for
the duration of 12-1pm

3.3 Rate of heat transfer at 1-2pm

Figure 5 shows the value rate of heat transfer for 30mm
helical pitch, 60mm helical pitch and plain tube are is
558.2W, 453.5W, 383.8W res for a volume flow rate of 0.5
liters per minute respectively.

2500
» 2000
B
S
E
o 1500 -
-
£
-
‘21000-
£
- ——60mm pitch
]
T 500 —B-30mm pitch
plane tube
0 TT T T T T T T T T T T T T T T T T T T T T T T I T T T T T T T T T T T 1717

] 02 04 06 08 1 12 14 16
Volume flow rate in LPM

Fig-5 Variation of heat transfer with volume flow rate for
the duration of 1-2pm

4. CONCLUSION

In present work the effect of a new continuous helical tape
on heat transfer for an absorber tube or solar parabolic
trough collector is evaluated experimentally. It is found
that higher heat transfer rate is absorbed for 30mm helical
pitch based receiver tube as compared to receiver tube
without fins. The rate of heat transfer in case of 30mm
helical pitch based receiver tube is better as compared to
60mm pitch helical based receiver tube. The application of
new continuous helical tape insert resulted high
performance especially for low mass flow rate.
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