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ABSTRACT

In this study, the present authors had
proposed a novel multi-tube heat exchanger
(NMTHE) to retrieve geothermal energy as the
heat source for ORC. The NMTHE was
designed to be placed in the well and it features
the shell and tube heat exchanger configuration.
The tube-side fluid flow has been divided into
40 small tubes (small tubes with outer diameter
12.7 mm and inner diameter 10.7 mm). The 40
small tubes are designed at manifold to improve
flow uniformity in the well. The NMTHE was

designed subject to natural convection in the

shell-side and forced convection on the tube-side.

The total manifold length of the heat exchanger
is 11 meters and the effective heat exchange area
is 17.22 m2The inlet temperature of the heat
exchanger tube-side is 100.4 °C, the outlet
temperature is 130 °C, flow rate is 10 tons/hr

and the estimated heat capacity is 250 kW,

which is used as the heat input into the ORC
system to generate electricity. Through this
design, we can improve the effective heat

capacity within limited space in the well.

The preliminary experiment showed that by
increasing the flow rate of pure water to 13
ton/hr, the heat transfer rate would be as large as
700 kW. The inlet and the outlet temperature of
the heat exchanger shell-side is around 80~85 °C
and 120~130 °C, respectively. Test results also
shows that the shell-side heat transfer coefficient
peaks at 1600 W/m? K when the inlet pressure is
1.5bar at the flow rate 7.4 CMH and is decreased
to 800 W/m?K 2.57bar at 6.6 CMH. It is noted
that the pressure of the hot water from the
geothermal well affects the heat transfer
coefficient due to the effects of vapour quality
and dissolved carbon dioxide. Moreover, heat
transfer coefficient is increased with the high

flow rate for geothermal water. The novel
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multi-tube heat exchanger associated with an
ORC system has been successfully operated with

NOMENCLATURE

NMTHE novel multi-tube heat exchanger
ORC Organic Rankine Cycle
Q heat exchange rate
U overall heat transfer coefficient
A effective heat transfer area
LMTD logarithm mean temperature difference
h; tube-side heat convection coefficient
A tube-side effective heat exchange area
ho shell-side heat convection coefficient
A, shell-side effective heat exchange area
Rw heat exchanger wall resistance
Qt heat extraction
Nu Nusselt number
Pr Prandtl number
Re Reynolds number
Ra Rayleigh number
f friction factor
d diameter
k heat conduction coefficient

1. INTRODUCTION

Clean energy has enjoyed its popularity for
the past few decades. It is not only eco-friendly

but can also be perpetually operated. Geothermal

energy is one of the typical kinds of clean energy.

In normal operation, it extract heat out of the
2

a maximum capacity of 60 kWh.

p density
\% characteristic velocity
D characteristic length

1 fluid viscosity

g gravity
B expansion coefficient
Co specific heat
CMH cubic meters per hour
Eq power generation
T, temperature difference of the shell-side
T, temperature difference of the tube-side
SUBSCRUPT

i tube-side
0 shell-side

w heat exchanger wall

f working fluid

S surface

0 environment

D under characteristic length

well via certain heat exchangers in the form such
as single U-pipe, double U-pipe, simple co-axial,
and complex coaxial (1). There had been
appreciable studies concerning the performance

of the ground heat exchangers, including



numerical  analysis  (2-3),

verification (4-5), field testing (6-7) and thermal

experimental

response (8-11).

In this study, a novel multi-tube heat
exchanger is proposed and integrated with the
geothermal power plant. The working fluid in
the tube-side of the heat exchanger is pure water,

where in the shell-side the working fluid is
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geothermal hot water. The geothermal heat
exchanger is used to extract heat from the well
and is then integrated as the heat source into an
organic power cycle to generate electricity. The
working fluid for the organic Rankine cycle is
pentafluoropropane, also known as R-245fa. The
heat extraction, power generation and ORC

efficiency will be examined in this study.

Screw

Cooling
tower

Figure 1: Schematic figure of the heat exchanger system and the ORC system

2. EXPERIMENT

In Taiwan, there are abundant resources of
geothermal energy in I’Lan, where geothermal
energy is utilized to generate electricity along
with the Organic Rankine Cycle (ORC). The
system is capable of delivering an electric power
of 60 kWh. The prototype of the NMTHE design

is improved.

To avoid the influence of water quality, a
two-stage heating system is designed in the
geothermal heat exchanger system as shown in
Fig. 1. It contains a geothermal loop and an ORC
loop. In the geothermal system, the production
well erupts geothermal water which exchange
heat in the NMTHE with the pure water in the

ORC system. The high temperature pure water
then enters into the evaporator of the ORC
system to heat R-245fa, and then flows back to
NMTHE to complete a full cycle.

In the ORC system, refrigerant is evaporated
and flows into the screw expander to deliver
work output, the refrigerant then condenses by
the water where it was further cooled by an
additional cooling tower. In order to evaporate
the refrigerant, the pure water that is utilized for
heating is designed to have an inlet temperature
above 120 °C with a flow rate of 13 tons per
hour. In this experiment, four different cases

have been tested.
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The main purpose of this experiment is to
exchange heat from underground in order to
facilitate the ORC system. There are three types
of conventional borehole heat exchangers, which
are the U-pipe heat exchanger, spiral (helical)
heat exchanger and the multi-tubes (shell and
like)

Normally the shell and tube heat exchangers

tube heat exchanger, respectively.

2.1 Geothermal well

The heat exchanger is designed to extract heat
of 250 kW from a 200-meter underground. Prior
to the experiment, the geological measurement
of the temperature variation of the geothermal
water is conducted as shown in Fig. 2. It appears
that at 200-meter underground the temperature is
around 135~140 °C. The geothermal water
contains saturated water and steam, also some
carbon dioxide with concentration around 2~4%.
Originally the heat exchanger was designed to
operate underground, but in actual operation, it
is used at the surface level to make use the

erupted geothermal water.

2.2 Multi-tube heat exchanger (NMTHE) design

The heat exchanger is comprised a counter
flow arrangement due. The required tube-side
water temperature inlet and outlet is 100.4 °C
and 130 °C, respectively. Details of the heat
exchanger design is given as follows based on
Wang (12), hence the dimensions for the heat

exchanger can be determined.

ATy AT,
LMTD = ey [1]]
Q = UA + LMTD [2]

According to Egs. [1] and [2] , the overall

conductance UA can be obtained, and the

4

have a larger heat exchange rate, but the shape
of the heat exchanger sometimes may incur
some flow  mal-distribution, and this
mal-distribution can be appreciably reduced
through the exploitation of  small tubes as
proposed in this study. Some further details
describing the on-site test facility are giving in

the following.
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Figure 2: Temperature distribution in I’Lan.

reciprocal of UA represents the overall thermal
resistance which is consisted of separate
resistances in tube-side, wall, and shell-side,
respectively:

1

UA

1
_E+RW+

(3]

hoAo

The tube-side resistance can be easily obtained

from the well know Gnielinski correlation (13):
ds f/,)+(Re=1000)+P

Nu = it (o) e1000) [4]
kf 1.07+12.7*\/%*(Pr /3-1)

f=(1.58InRe — 3.28)2 [5]



_ p*xVxD
n

Re

And the shell-side heat transfer is regarded
natural convection and can be calculated from
the Churchill correlation:

— 8B(Ts—Too)D?

Ra X
B Gy
Nu _ hOdO _ (O 6 + 0.387*R3D1/6 )2
Tk N [1+(%)9/16]8/27
A preliminary calculation using the

aforementioned correlation at the designed
condition, the heat transfer coefficient of both
tube-side and shell-side is 6093 (W/m*K) and
1162 (W/m? K), respectively. It is obvious that
the dominant resistance is mainly on the
shell-side of the heat exchanger On the other
hand, the required heat transfer area subject to
heat transfer duty is 18.6 m’.

The foregoing calculation implicates that the

dominant resistance is on the shell-side, and it is

Figure 3: NMTHE

2.3 Four cases of experiment

In the experiment, four sets of data have been
tested, each with distinct inlet pressure and
geothermal water flow rate, shown in Table 1. In

each experiment, heat extraction from the

(6]

[7]

(8]
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imperative to reduce the shell-side resistance
accordingly. As a consequence, the present study
introduce
the

propose a multi-tube design to
turbulence at the shell-side. Through
utilization of smaller tubes, both heat transfer
be

simultaneously. Therefore the final

and pressure drop can improved
design
employs a multi-tube shaped heat exchanger,
utilizing small pipes having an internal diameter
of 10.7 mm and a 12.7 mm outer diameter. The
NMTHE is built up with 40 small pipes and 1
larger pipe with a diameter of 40 mm as shown
in Fig. 3, the total length of the heat exchanger is
11 meters, and has an effective heat transfer area
of 17.22 m?. The tube material is cooper and a
baffle, as shown in Fig. 4, is used to stably
support the small pipes. After the NMTHE is
built, sensors are installed and the whole device

is placed in a larger duct.

Figure 4: Baffle

NMTHE and power generation from the ORC
system is reported. Note that the inlet pressure is

actually fluctuating during operation.
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Table 1: The four operation conditions of the NMTHE

NMTHE shell-side (geothermal water) Basic operation condition

Casel Case2
Inlet pressure
15 3.15
(bar)
flow rate (CMH) 7.4 8.64

Case3 Cased
2.57 2.4
6.6 8.64

3. RESULTS AND DISCUSSION

Figures 6-13 shows the heat extraction and
power generation and the associated ORC
efficiency vs. running time for all four cases.

Heat extraction from the geothermal energy is

indicated in red and the unit is in kiloWatts (kW).

The power generation by the ORC system is
indicated in blue and the unit is also in kiloWatts
(kW). The second figure in each case is the ORC
efficiency, which is defined as
ORC efficiency = Z—g [10]
t

As shown in the figures for the first three
cases, it is shown that the ORC efficiency is
increased with the elapsed of time, while in the
fourth case the ORC efficiency, heat extraction

and power generation is slightly decreased. In

terms of average overall ORC efficiency, it

appears that case 2 shows the highest ORC
efficiency around 8.6% whereas case 1 shows
the lowest efficiency around 8.1%. Basically, the
difference is associated with the heat transfer
characteristics of the shell-side of the proposed
heat exchanger. As tabulated in Table 1, the inlet
pressure for case 2 is about 3.15 bar while it is
1.5 bar in case 1, suggesting appreciably
difference in the inlet pressure entering the
shell-side of the heat exchanger. As mentioned
in the experimental section, there is a
considerable amount of CO, in the shell-side
fluid (~4%). As a consequence, higher pressure
will renders the CO, into a smaller gas bubble
which may entrain along the shell-side and cause
better mixing and turbulence resulting in a better
heat transfer performance and a higher overall

ORC efficiency.
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Figure 6: Heat extraction and power generation for case 1.
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Figure 7: ORC efficiency for case 1.
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Figure 8: Heat extraction and power generation for case 2.
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Figure 9: ORC efficiency for case 2.
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Figure 10: Heat extraction and power generation for case 3.
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ORC efficiency
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Figure 11: ORC efficiency for case 3.
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Figure 12: Heat extraction and power generation for case 4.
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Figure 13: ORC efficiency for case 4.

Normally the efficiency of a Rankine Cycle is increasing the net output work, in spite of the
related to some important operation parameters. heat input also increases, the efficiency is still
Firstly, lowering the outlet pressure of the increased. Thirdly, raising the pressure of the
turbine, which results in gross net output work. evaporator may also increase the overall
Eventually it leads to an increase of efficiency. efficiency. By increasing the pressure inside the

Secondly, lowering the outlet temperature of the evaporator, the heat efficiency is slightly
condenser. The principle is the same as that of enhanced, accompanying with a slight increase

lowering the outlet pressure of the turbine: in the outlet pressure of the evaporator.
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Evaporator outlet pressure
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Figure 14: The outlet pressure of the evaporator.

As can be seen in Fig 14, the outlet pressure of
the evaporator from case 1 to case 4 shows a
slight increase, whereas the outlet pressure
decreases in case 4. In this regard, one can see a
slight decrease in overall efficiency for the first
three cases while a slight increase in efficiency

for case 4 is encountered. On the other hand, as

depicted in Fig 15., the first three reveals a
noticeable increase in the temperature of the
evaporator outlet, whereas in case 4 there is no
distinct increase in temperature. In summation of
the aforesaid reasoning, the ORC efficiency for

case 4 shows slight decline.

Evaporator outlet temperature
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Figure 15: The outlet temperature of the evaporator

4. CONCLUSION

In this study, the performance of a novel
(NMTHE)
incorporated with the ORC system. The heat

multi-tube heat exchanger
exchanger characterized small diameter tubes to
provide better flow mixing. A total of four cases
with varying inlet pressure were reported. Based
on the results, the following conclusions can be

obtained:

(1) By the eruption of geothermal water, the
NMTHE is capable of delivering more than
700 kW of the thermal energy to the ORC

system, with the efficiency being around
8~8.6%.

(2) Test results indicated that higher inlet
pressure of the NMTHE may give rise to
larger system efficiency. This is associated
with the higher inlet pressure which leads to

a better mixing of the shell-side flow.

(3) A lower condensing temperature and a
higher evaporation temperature result in
higher system efficiency. It is also found

that the system parameters, especially the
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evaporation temperature is strongly related to the performance of NMTHE.
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