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In this study, a 2000 mm long triple tube heat exchanger was designed and manu-
factured in this work with three intermediate tubes having annulus space of 26,
32, and 36 mm, respectively. Experimental investigations were carried out in the
system to assess the percentage of energy savings. On the Diesel engine experi-
ments were conducted by varying the load conditions at 25%, 50%, 75%, and
100%, respectively. Motor speed was varied at 900, 1200, and 1500 rpm, respec-
tively, for each load condition. Also incorporated during the study were counter
current, co-current with counter current, counter current with co-current, and
co-current fluid flow patterns. It is found that, while increasing the load and
speed, the heat transfer rate of the heat exchanger increased. It is also observed
that, the fluid counter current flow pattern gave better performance compared to
other flow pattern types. The effects of the operating parameters on the heat ex-
changer's performance are represented by the Nusselt number and effectiveness.
The results of the experiments were also compared with the thermal energy stor-
age performance of the double tube heat exchanger. It is found that, compared to
double tube heat exchanger, 20% of fuel energy was saved by using triple tube
heat exchanger as waste heat recovery system.
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Introduction

Today, for many engineering applications, heat extracted from exhaust waste gas is
used. Because of their capabilities and benefits, heavy-duty Diesel engines are widely in-
stalled and operated in industries for electrical energy production, transportation, etc., but
about 30% of the input energy is wasted by exhaust gas emissions and water cooling. It is ob-
served that for quite some time the traditional heat exchangers are used to recover heat from
waste gases. But, to achieve maximum heat recovery, they are expensive and require very
high heat transfer area. Another issue is the deposition of carbonaceous matter on the surface
of the heat exchanger due to hot gas discharge. Soot fouling is the major cause of the drastic
decay of thermal efficiency in conventional shell and tube heat exchanger [1]. From some of
the literature [2-4] it has been observed that typical Diesel engine converts about 38% of the
input energy supplied into useful work and the remaining energy is wasted through exhaust
gases for coolant and lubricating oil including frictional losses.
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Hatami et al. [5-7] and Vivekananden et al. [8] conducted a response surface meth-
odology experiment to obtain an optimized fine type heat exchanger design to recover waste
heat from a Diesel engine's exhaust gas. They reported that, while the height of the fins influ-
ences the drop in pressure, the number of fins affects the heat recovery. In another experi-
ment, the new design of a heat exchanger to recover exergy from a Diesel engine exhaust,
they proposed a design consisting of twenty vortex generators with optimum heat exchanger
dimensions and angle of attack to achieve more exergy recovery as well as minimal pressure
drop. They also compared Nusselt number results, friction factor, and recovered exergy from
the new heat exchanger design with the simple double pipe heat exchangers. A vortex genera-
tor heat exchanger was examined to recover exergy from an OM314 Diesel engine exhaust
gas. Twenty vortex generators with an attack angle of 30° were used to improve heat recovery
and low back pressure in the exhaust gas with five engine loads and two exhaust gasses.
Based on the results, the central composite design optimization study was conducted. Senthil
Kumar et al. [9] used a spherical shape dimpled tube to numerically analyse the heat transfer
rate of the triple concentrate tube heat exchanger. Govindhasamy et al. [10] designed a heat
exchanger with twisted tape inserts in the corrugated tube and reported that this type of heat
exchanger increased the heat transfer rate around 235.3%. In order to recover waste heat,
Mavridou et al. [11] conducted experiments on two types of heat exchangers with finned sur-
faces attached to the exhaust gas side. They designed a classic heat exchanger for shells and
tubes with a staggered cross-flow as well as a heat exchanger for cross-flow plate. Kumar et
al. [12] developed a dynamic model for the analysis of a modular two-phase heat exchanger.
Based on the reviews carried out on the design of the heat exchangers required for the exhaust
gas heat recovery system, a new type heat exchanger must be developed to meet the require-
ments of high heat transfer rate and heat exchanger efficiency [10]. The current study focuses
on filling this gap by introducing a newly developed triple tube concentric tube heat exchang-
er that is attached to a heavy duty diesel engine's exhaust gas side. Efforts have been made to
determine the optimum rate of heat transfer from the waste gas and to improve the efficiency
of the heat exchanger by adjusting the engine loads, speeds and intermediate exhaust gas di-
ameter and flow patterns.

Experimental set-up and procedure

A triple tube heat exchanger (TTHE) is used in this current study to extract waste
heat from the engine exhaust gas released by the Diesel engine so that the engine performance
output can be studied under different load and

Exhaust gas inlet ' speed conditions. The thermal energy storage
Triple pipe
heat exchanger i

device is used for the collection and storage of
heat energy from exhaust gas. The three-tube
heat exchanger configuration has been designed
to enhance the convective heat transfer rate be-
tween hot exhaust gas and cold water flowing
around the flue gas sides. Figure 1 showed the
schematic view of the experimental set-up
which consists mainly of a 2-cylinder, four-
stroke and water-cooled Diesel engine with a
rated power capacity of 7.36 kW and a test rig
consisting of separate circuits for measuring
Figure 1. Experimental set-up pictorial view  fuel-flow rate, air-flow rate and water-flow.
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The triple tube heat changer was manufactured with internal, intermediate and outer tubes
with 13 mm, 45 mm, and 70 mm diameters, respectively, 3 mm wall thickness, whereas the
heat exchanger length is 2000 mm. The engine exhaust gas pipe outlet is attached to the in-
termediate heat exchanger tube where a flow control valve is used to control the exhaust gas
flow rate. With the help of the water circulation pump, cold water from the water tank is cir-
culated between the heat exchanger's inner and outer tubes. To measure and control the quan-
tity of water circulating, rotameter and flow control valves are used. To receive the hot water
from the heat exchanger, a well-insulated thermal storage reservoir has been set up. Tempera-
ture indicator instrument is used to measure temperatures with the help of K-type thermocou-
ples that are fixed at various test rig locations. Digital manometers are used to measure the
pressure drop in the exhaust gas pipe that is connected to the flow circuits of water and ex-
haust gas. The experiments for the current study were conducted for various load conditions
ranging from 25% to 100% in the 25% steps as well as speed conditions with different flow

types.
Numerical analysis

The governing equations describing mass equation, momentum equation, and energy
equations regarding the thermo fluid characteristics of the triple concentrate tube heat ex-
changer with a set of nonlinear particle differential equations are given below.

— Mass equation
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The momentum and energy equations are solved by second order up wind scheme.
The transport equations of K-& model is given:

Nfaces Nfaces
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The technigue of CFD was used to find the complete system solution for which de-
tailed procedure was elaborated. The initial analysis was conducted for various mesh sizes so
that the correct number of elements can be identified which enumerate accurate results in a
short time. Adaptive-grid refinement technique with 1533370 nodes was used to refine the
grid density. Based on the experimental results, the boundary conditions are used to analyse
the triple concentrate tube heat exchanger in which hot and two cold fluids are set at inlet
temperatures and velocities. The pressure at the heat exchanger outlet is set to zero after de-
scribing the material properties of both hot and cold fluids. Semi implicit pressure method
linked equation technique was used to solve the triple concentrate tube heat exchanger's com-
putational domain. In this work, the influence of heat transfer in the 26 mm, 32 mm and 36
mm diameter intermediate tubes was analysed across a range of parameters.

Results and discussions

The experiments were conducted on the THE to estimate the optimum rate of heat
transfer from the waste gas and to enhance the efficiency of the heat exchanger by adjusting
the engine loads, speeds, intermediate diameters, and flow patterns of the exhaust gas. The
optimization procedure was carried out in this current study by fixing one design variable
while maintaining the other design variable as a constant and feasible solution can be found.

Comparisons of effectiveness and Nusselt number
between DTHE and TTHE

Variations in efficiency and calculated Nusselt numbers for double tube heat ex-
changer (DTHE) as well as TTHE are shown in fig. 2. The TTHE thermal performance was
compared with the DTHE performance for similar conditions. From the figure it can be seen

that, with the increase in engine load, the
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w ® T Counter current flow, nu  Nusselt number and efficiency of both heat ex-
g 50{ $=26mm. pm=1500 .ok [180 changers gradually increased. This is due to the
£ 45 Iy | 160 gradual increase in exhaust gas temperature as
§4O o T T EEFTIEE [0 the engine load gradually increases. So when
120 compared to lower loads, both parameters show

35 e Nu(DTHE) | 100 higher values. The results also revealed that,
sl e Nu(TTHE) | g compared to the DTHE, the efficiency of the
= = Enginfload - iz TTHE is higher at all engine loads. At the same
operating conditions, the efficiency of the

Figure 2. Comparisons between DTHE and TTHE increased 20.40% more compared to that
THE of effectiveness and Nusselt number of the DTHE. This is due to more contact area

of the exhaust gas counter current flow pattern
and thus higher heat transfer rate in the heat exchanger for triple tubes. Similarly, it is ob-
served that, in the same operating conditions, the Nusselt number of the TTHE also showed
33.33% higher than that of the DTHE. Adding the third tube to the TTHE has helped to in-
crease the surface area because of which higher heat transfer rate acceleration compared to
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DTHE acceleration. More exhaust gas circula- 200

- - L Nu == Type-A  TTHE, s = 26 mm, 1500
tion time within the TTHE was another reason 1897 fgggg ST o
for higher heat transfer rate and hence higher 128 = Type-b
heat exchanger Nusselt number was achieved. 1201
100 |
Effect of flow patterns 80|
Now experiments have been conducted igj
with four different flow arrangements of the ol
25 50 100

two fluids inside the TTHE specifically with
the counter-current, co-current with counter
current, counter-current with co-current, and Figure 3. Variation of Nusselt numbers vs.
co-current to identify the optimum flow pattern  different flow pattern of TTHE

for further enhancement of efficiency and

Nusselt number. These flow patterns were, respectively, marked as A to D and the results are
represented in the following graphs. Figure 3 shows the relationship between Nusselt numbers
for all engine load conditions corresponding to the different flow pattern of the TTHE. It is
observed that, at all engine loads at 1500 rpm, the Nusselt number for flow pattern (A) is
higher than all other flow patterns. The Nusselt
number corresponding flow pattern (A) is also eval-
uated at full load increased by about 23.4% when
the engine was operated at a load of 25%. This may
be due to the surface heat transfer associated with

75
Engine load [%]
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TTHE, s =26 mm, 1500 rpm

Effectivness ¢

intermediate exhaust gas exhaust tube temperature 01
side is more than the same with cold water side re- 38 1
sulting in higher heat transfer rate. 36
Figure 4 shows the efficacy of the TTHE for - 50 75 100

different flow patterns in relation to different engine Sl

loads. It can be seen that, for all flow pattern ar- Figure 4. Variation of Effectiveness vs.
rangements, the effectiveness of the heat exchanger different flow pattern of TTHE

increases with the increase in engine load. Again, it

is observed that, compared to all other flow patterns at all engine loads, the flow pattern (A)
has achieved the highest possible efficiency value. It is also evaluated that, when compared
with the 25% engine load under similar conditions, the efficiency of the heat exchanger hav-
ing the flow pattern (A) is increased by 10.10% at full load. This is due to the average heat
transfer rate that is higher at full load for counter-current flow pattern.

Effectiveness and Nusselt number with
respect to engine speed

The experiments were conducted to determine the optimum speed for different load-
ing conditions using a TTHE attached to a heavy duty Diesel engine so that its efficiency and
Nusselt number can be assessed for optimum speed. The engine speed was initially set at
900 rpm and the load conditions varied from 25% to full load in 25% steps. For further analy-
sis of the study, experimental data were recorded. The same operating procedure was repeated
and data collected by setting engine speed at 1200 rpm and 1500 rpm, by varying engine
loads, respectively. The efficiency was presented in fig. 5 at different speeds and engine
loads. The figure shows that, for all load conditions, the efficiency is almost directly propor-
tional to the engine speed. From the figure, the maximum heat exchanger efficiency at an en-
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52 gine speed of 1500 rpm is observed. It is also
w TTHE, Counter current flow, s = 26 mm . .
a0 IR observed that when the engine speed was in-
g S .= | creased from 900 rpm to 1500 rpm at full load

condition, the efficiency of the TTHE was im-

Per

0 441 v

W 42 proved by 12%. This clearly indicates that at
40 higher engine speed, heat recovery will be more
2: o 1200 rpm viable. As the engine load increases, the tem-
il ' i 0L perature of the exhaust gas also increases as a

25 50 Engfne - 100 result of which the engine releases higher heat.
Figure 6. represents the the Nusselt num-
Figure 5. Effectiveness vs. engine load for ber assessed at different speeds and conditions
different engine speed of load. It is seen from the figure that, with all
three engine speeds as well as load conditions,
Nu200 TTHE, Counter current flow, s = 26 mm the NUSSGl-t nur_nber A forms an apprOXim_ately
801+ 900 rpm e linear relationship. It is deduced f_rom the figure
160{ o 1200 rom e that the heat e>§changer‘s maximum Nusselt
I e number at an engine speed of 1500 rpm was ob-
1401 i ' tained. It is also observed that, when the engine
120 1 speed varies from 900 rpm to 1500 rpm at full
100 4 load condition, the Nusselt number of TTHE
5 has been improved by 29.7%. This is due to an
25 50 75 100 increase in exhaust gas velocity from inlet to
Engine load [%] outlet as an increase in engine load resulting in
Figure 6. Nusselt number vs. engine load for an increase in turbulence and the coefficient of
different engine speed convective heat transfer. This causes less heat

exchanger pressure drop and higher intake sys-
tem pressure density. It is therefore observed that, with the increase in engine load, less heat
loss percentage is observed.

Percentage energy saved

The following equation indicates the percentage of fuel power saved when the
TTHE is inserted when it is replaced by the DTHE requiring either fuel or electric power:

- % 8
Es_mf(:v ®)

From the results it can be concluded that the Diesel engine using a TTHE with an in-
termediate tube diameter of 26 mm provides a higher Nusselt number and efficiency when
operated with full load at a speed of 1500 rpm as well as with counter current flow pattern.
The results show considerable energy can be saved in the fuel and that it varies from 8% to
10% as the load increased from 25% to full load. Due to the higher specific fuel consumption
at part load condition, the percentage of energy saved is lower at lower loads along with high-
er heat loss during the charging process for longer duration. Senthil Kumar et al. [13] ana-
lysed the waste heat recovery system in one of the literatures by designing the DTHE with
helical fin and DTHE with porous tube. These heat exchangers have extracted 1-8% of ener-
gy. The newly designed TTHE shows 20% more efficient while comparing them.
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Conclusion

In this current study, the performance of the TTHE was analysed both experimental-
ly and numerically to identify the optimum design configuration for which a higher rate of
waste heat recovery, Nusselt number and heat exchanger efficiency was achieved. The exper-
iments were conducted during the analysis by varying the engine load, speed, fluid and inter-
mediate tube diameter flow patterns. The TTHE experimental results were also compared
numerical analysis with an error of £10% using the CFD model. The results revealed that
when the engine is operated at full load, the heat exchanger's efficiency, and Nusselt number
increased. It is also observed that, using the counter current flow pattern, the higher values of
the Nusselt number and heat exchanger efficiency were achieved. It was found during the in-
vestigations that the efficiency of the TTHE is increased at a lower value of the intermediate
tube diameter at a fixed mass-flow rate. The TTHE therefore contributes higher heat exchang-
er efficiency and Nusselt number in addition to energy savings of 20% compared to the
DTHE.
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