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The heat pipe applications have been coupled with the renewable energy sources such as solar energy,
waste heat and geothermal energy. Thermosyphon Rankine Cycle (TRC) is a vertical wickless heat
pipe engine. In this engine, the turbine is installed between the insulated section and a condenser
section of thermosyphon. The mechanical energy developed by the turbine can be converted to
electricity by direct coupling to an electrical generator. Our simulation results showed that the
enhanced TRC model is able to increase the efficiency of the TRC system. This paper introduces the
miscellanies new ways in order to improve the performance of a TRC system for supplying the
sustainable electricity. For example, a0.78%increase in the turbine useful efficiency due to the
superheating process was obtained.
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NOMENCLATURE

h Specific enthalpy (kJ/kg ) Tevap.source  The evaporator source temperature (°C)

kg Turbine blade ratio speed N The superheated temperature (°C')

M; Nuzzle outlet much number T max The maximume value of T, (°C)

Ms nax  The maximume value of Ms T, The ambient temperature (°C )

N Turbine rotor speed (rpm) Greek Symbols

Niim Turbine rotor limited speed (rpm) a inlet blade angle

Qc The input heat flux of TRC system (W) 4 outlet blade angle

Rryrpine  Radius of the turbine rotor (m) MCarnot Carnot cycle efficiency (%), ncarmor =1 T / Tovap source
Ratiooy  Means as: 1, /1 Rankine 1 Rankine Rankine cycle efficiency (%), 1 untine = Wrurbine / Qevap source
Ratioy Means as: N/ Npjp Nut Turbine useful efficiency (%)

1. The evaporator temperature (°C ), T, =T, = Ty Ul Second law efficiency (%)

1. INTRODUCTION carbon lemma, the energy system can only be

Environment protection tends to low emissions of
carbon oxides and sulphur oxides, zero ozone depletion
potential and low global warming potential. The
alternative pathway towards a low carbon economy
leads to a high degree of electrification, particularly in
the transport and heating sectors [1]. Except the low
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considered sustainable in the long term if it is affordable
and secure. Affordability of energy means that the cost
of electricity is acceptable by consumers; security of
supply indicates that the new energy is provided
continuously and sustainably [2, 3].

Up to now, the most active power plants have
increased in size [4]. Therefore, they have been
inevitably centralized and built far from urban areas.
Thus, electricity loss occurs during distribution. As a
result, the located urban power generation systems are
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of considerable importance. Therefore, for these small
power systems, the low-temperature heat sources such
as solar energy, waste heat and geothermal energy can
be selected. Using conventional methods to recover
energy from this kind of energy sources is economically
infeasible. Therefore, it is important to develop an
economically efficient system that can generate power
and/or electricity from low-temperature heat sources.

In recent years, organic Rankine cycle (ORC) has
become a field of intense research and appears a
promising technology for conversion of the low-
temperature heat into useful work or electricity [5-7]. In
an ORC system, instead of water, an organic fluid with
a lower boiling temperature is used as working fluid.
The ORC system employs expander to generate the
work. The expander is a critical component limiting the
cycle efficiency, especially in the low-temperature
region (less than 100 °C). Two main types of expanders
can be distinguished: the dynamic type, such as the axial
reaction turbine expander, and displacement type, like
the screw, the scroll and the vane expanders [8].

The results for a reaction turbine showed that the
highest efficiency happens at the turbine infinite speed
[9]. If turbo expanders and screw expanders are scaled
down to 10 kWe level, their efficiencies are likely to
become unacceptable because they are commonly
designed for larger units and high pressure and
temperature operations. Micro-scale turbo expanders
and screw expanders (1-10 kWe) are currently under
development with the aim of increasing efficiency and
reducing costs [3].

Scroll and Vane expanders are relatively easy to be
scaled down in a wide range of 1-10 kWe, in
comparison with the micro turbines. Tahir et al. [10]
described the experimental efficiency of a compact
ORC system with a compact rotary vane type expander.
In their works, approximately 30 W of expander power
output with 48% expander efficiency and 4% thermal
efficiency of ORC system (with a temperature
difference between the hot and cold sources of 80°C)
were actually achieved. Although, in a vane expander,
the isentropic efficiency increases with increasing rpm
(rotation per minute) of the vane expander, but Tahir et
al. tests showed that the performance vs. rpm curve had
a peak output in the specific rotation of the vane
expander (see Figure 1). This means that the maximum
efficiency of a vane expander may be actually limited to
the specific rpm, which means it is the troublesome
work to deliver the highest performance by this device.
In the same way, in order to use the low temperature
(<150°C) solar energy source, Saitoh et al. [11]
experimentally resulted and declared that the ORC solar
system is not unrealizable in photovoltaic (PV) cell
systems. Hence, this system is expected to be used for
small distributed power generation system in the future.

Thermosyphon Rankine cycle system 1is an
environmentally friendly system for direct extraction of

electrical power using low enthalpy heat sources
(specifically less than 100°C since the inside air system
has been evacuated). TRC system is a vertical wickless
heat pipe (i.e. one two-phase closed thermosyphon). In
this engine, an impulse vapor turbine has been installed
between the adiabatic and the condenser sections and is
capable of converting high kinetic energy of vapor in
the pipe to electrical energy by using a directly coupled
electrical generator (see Figure 2). The primary TRC
tests gave the low efficiencies about n=0.21% for this
engine when the turbine rotated at 3750 rpm [12]. Later,
Ziapour [13] recommended an enhanced design of the
TRC system using impulse turbine. He formulated the
energy and the exergy analysis of this enhanced TRC
system in order to estimate its optimum operating
conditions. The results showed that the highest
efficiency happens for an impulse turbine at the turbine
limited speed (i.e. Npy,). Then the lack of actual
efficiency of a TRC system (i.e. n=0.21%) was
interpreted by using Ny, as follows: By assuming water
as working fluid, then the value of Ni;,=78168.07
(rpm)is obtained for the test prototype. Therefore, the
turbine rotation deviation from the Rankine operation
is78168.07-3750=74418.07 (rpm). In fact, these big
deviations result in small efficiencies. Finally, the
simulation results indicated that the enhanced TRC
model could be able to increase the efficiency of the
TRC system.

The aim of this paper is to find the optimum
operating conditions for the TRC system through
thermodynamic analysis of this cycle system. The
effects of the superheating process on a TRC cycle
system thermal efficiency are preferably discussed in
this paper.

2. THE IMPROVED TRC SYSTEM

In a simple TRC system consisting of a single tube (see
Figure 2), thermal performance is restricted by
entrainment and flooding phenomena. Furthermore, it is
difficult to maintain a uniform liquid film which causes
the heat transfer performance to deteriorate. The
flooding phenomena can be solved by using a loop type
TRC system where vapor and liquid flow passages are
separated. The loop type TRC system had been
recommended in the prior work [13]. In the present
work, the loop type TRC system has been improved
using the added superheating processes, as shown in
Figure 3. T-s diagram of this improved TRC system is
shown in Figure 4. Also, the steam drum (or pool) type
evaporator has been selected instead of the showering
nozzle type evaporator. This type evaporator can be
suitable for receiving the renewable energy need via the
flow boiling process. Schematic presentation for
providing the energy need by using the flow boiling
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process is shown in Figure 5. It is found that the flow
boiling process has beneficial heat transfer
characteristics. In addition, in order to provide the
supersonic vapor flow for the blades of the impulse
turbine, a convergent-divergent nozzle (processes 4 and
5) has been used after the superheating process
(processes 3 and 4), as shown in Figure 3. In order to
describe the performance characteristics of the
improved TRC system, then the three custom quantities
as My, Nrankine and My have been selected for showing
the thermodynamic second law, the Rankine and the
turbine useful efficiencies, respectively [13].

3. RESULTS AND DISCUSSIONS

Based on the energy balances for the improved TRC
cycle processes (as shown in Figure 3), a steady-
state simulation program for this cycle system was
developed using EES (Engineering Equation Solver)
software which contains the thermodynamic properties
of a variety of fluids and refrigerants. Without the
superheating process, then the model of the improved
TRC cycle was validated with the prior work. The
comparisons depicted that the results obtained from the
present model were equal in every respect as the prior
cited work [13].

In the work of Ziapour [13], the turbine rotor limited
speed (Ni;,) was calculated in the case as: a=y=0.
wherea and y are the inlet and the outlet turbine blade
angles respectively. These angles are shown in Figure 6.
In present study, the values of these quantities have
been selected identically but not zero (i.e. a=y). With
considering this new condition for o and y, then the
following new formula is obtained for Ny, as [13]:

_ 450Ch, — BN gnkine

[cosza—l) 1+ ky cosy (1
2

cosa —

2cosa

2
1 .
coso — +sin’a
2cosa

variation of Ny, vs. the radius of the turbine rotor
(Rrumine), for different values of a and yare shown in
Figure 7. It is seen that with increasing Rrypine and
decreasing o (and y), then Ny, decreases. As shown
from Figure 7, one can see that maximum and minimum
values for N, happen at o=y=0 and a=y=60°
respectively. The radius of the turbine, the ambient
temperature and the input heat flux of TRC system were
Rruine =0.4m, T _=25°C and Q=1kW respectively..

Also, the evaporator source temperature (Teyapsource) 1S
assumed be: Teyap source -10=T>=Tj.

The second law of thermodynamic efficiency (ny) and
the turbine useful efficiency (1) vs. a=yare shown are
shown in Figure 8. As shown, these efficiencies
decrease when the values of o and y increase. In the
case of a=y=60°, these values are close together and
tend to zero.

If the impulse turbine rotor turns at the speeds below
the limited speed (Nii,), then the useful efficiency
decreases. This case is clearly shown in Figure 9. This
figure shows the effects of the Ratio.r in comparison to
the Ratioy, for different values of a=y. Here, Ratioy is
the ratio of the actual turbine rotor speed (N) to the
turbine limited speed (Ration=N/Ny;,). Also, Ratio.s is
the ratio of the turbine useful efficiency to the turbine
Rankine efficiency (i. e. Ratioeg=nu/MRrankine- It seems
that these curves act as design curves for selecting the
optimal values of design parameters. For example, if
Ration=0.1, then the value of Ratio.s for a=y=0 and
o=y=50 are 0.19 and 0.23, respectively.

Variation of the superheated vapor temperature (T,),
vs. evaporator source temperature (Teyap source) 1S Shown
in Figure 10. We correlated the curve of Figure 10 as
follows:

T, =-149.043 + 4.16715T + 0.00532309T.;

cvap,source v source (2)
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Figure 1. Relationship between rotary vane expander power
and rotation speed for different temperature AT{temperature
difference between the hot and cold sources) as: AT = 60°C,
70°C, and 80°C
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Figure 2. Schematic presentation of a simple TRC system
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Figure 3. Schematic presentation of an improved TRC system
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Figure 4. T-s diagram of the improved TRC system
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Figure 11. The curve of the superheated temperature (Ty) vs.
the evaporator temperature (T.) and the nuzzle outlet much
number (Ms)

Efficiency

Figure 12. The curves of the TRC cycle system efficiencies
vs. the evaporator temperature (T.) and the nuzzle outlet much
number (Ms).

As shown in Figure 11, one can see that for
evaporator temperature at T,=80°C, there are low and
high boundaries of the superheated vapor temperature
which T4 can fluctuate within these limits. In this
condition, the extreme values for the nuzzle outlet Mach
number (Ms ) and the superheated vapor temperature
T4.max are obtained as: Ms pax =1.96 and Ty 1, =218.33°C
. Also, for this condition, as shown from dashed lines in
Figure 11, at the nuzzle outlet Mach number as: Ms=1.6,
the lower boundary of the superheated process is as T,
=169.6°C and the higher boundary is as T, =218.30°C.
In Figure 12 the lower and higher boundaries of both the
Rankine and the wuseful efficiencies have been
distinguished (see dashed lines). These depict that in the
conditions: T.=80°C and Ms=1.6, the share of the
superheating process on the efficiencies increasing is
12.86-12.08=0.76% for the Rankine efficiency (Mrankine)s
and 9.78-9.10=0.78% for the turbine useful efficiency
(Nu)- Finally, optimization is playing the main role in
many engineering problems. In order to optimize the
performance functions of a TRC engine, an improved
optimization method such as multi-objective genetic
algorithm were applied [14].

4. CONCLUDING REMARKS

In order to reduce the greenhouse gas emissions, the
located urban power generation systems are of
considerable importance. For these small power
systems, the low-temperature heat sources such as solar
energy can be selected. In order to use the low
temperature (<150°C) solar energy source, the ORC
solar system is not unrealizable in photovoltaic (PV)
cell systems. TRC system is an environmentally friendly
system for direct extraction of electrical power using
low enthalpy heat sources, specifically less than 100°C.

Based on the simulation results in this paper, the

improved TRC model can increase its efficiency. The

following noticeable new results are obtained through
the figures and curves:

o  With increase of Ryypine and decrease of o (andy),
then Ny, decreases.

e With increase of both o and y,then the value
ofboth ny; and n, decrease.

e For a specific evaporator temperature, there are
lowand high boundaries of the superheated
vaportemperature which T4 can fluctuate within of
them.

e As an example: In the conditions: T=80°C and
M;=1.6, then the share of the superheating process
on the efficiencies increasing is 0.76% for the
Rankine efficiency (Nrankine) and 0.78% for the
turbine useful efficiency (1y).

5. REFERENCES

1. Barton, J., Huang, S., Infield, D., Leach, M., Ogunkunke, D.,
Torriti J.  and Thomson, M., “The evolution of electricity
demand and the role for demand side participation, in buildings
and transport”,Energy Policy, Vol. 52, (2013), 85-102.

2. Boston, A., “Delivering a secure electricity supply on a low
carbon pathway”, Energy Policy, Vol. 52,(2013), 55-59.

3. Qiu, G, Liu, H. and Riffat, S., “expanders for micro-CHP
systems with Organic Rankine Oycle”, Applied Thermal
Engineering, Vol. 31, (2011), 3301-3307.

4. Valkila, N. and Saari A. “Attitude-behaviour gap in energy
issue: Case study of three different Finnish resedential areas”,
Energy for Sustainable Development, Vol. 17, (2013), 24-34.

5. Kim, KH., Ko, HJ. and Kim, S.W., “Exergy analysis of
Organic Rankine Cycle with internal heat exchanger”,
International Journal of Materials, Mechanics and
Manufacturing, Vol. 1, (2013), 41-45.

6. Quoilin, S. and et al.,, “Techno-economic survey of Organic
Rankine Cycle (ORC) systems”, Renewable and Sustainable
Energy Reviews, Vol. 22, (2013), 168-186.

7. Fiaschi, D., Manfrida, G. and Maraschiello, F., “Design and
performance prediction of radial ORC turboexpanders”, Applied
Energy, Vol. 138, (2015), 517-532.

8.  Tabatabaei, S.S.Z., Hashemi, A., Shojaei, A.Z. and Maysami, A.,
“The Manufacturing process of a 100-KW prototype
microturbine as a distributed generation method in Iran”,


Dear-User
Rectangle

Dear-User
Rectangle


647

B. M. Ziapour et al. / IJE TRANSACTIONS A: Basics Vol. 28, No. 4, (April 2015) 642-647

International Journal of Engineering-Transactions A: Basic,
Vol. 28, (2015), 145-153.

Akbarzadeh, A., Johnson, P., Nguyen, T. and et al,
“Formulation and analysis of the heat pipe turbine for production
of power from renewable sources”, Applied Thermal
Engineering, Vol. 21, (2001), 1551-1563.

Tahir, M.B.M., Yamada, N. and Hoshino, T., “Efficiency of
compact organic Rankine cycle system with rotary-van type
expander for low-temperature  waste heat recovery”,
International Journal of Civil and Environmental
Engineering, Vol. 2, (2010), 11-16.

11.

12.

13.

Saitoh, T., Yamada, N. and Wakashima, S., “Solar Rankine
cycle system using scroll expander”,Journal of Environment
and Engineering, Vol. 2, (2007), 708-719.

Nguyen, T., Johnson, P., Akbarzadeh, A. and et al., “Design,
manufacture and testing of closed cycle thermosyphon Rankine
engine”, Heat Recovery System CHP, Vol. 15, (1995), 333- 346.

Ziapour, B.M., “Performance analysis of an enhanced
thermosyphon Rankine cycle using impulse turbine”, Energy,
Vol. 34, (2009), 1636-1641.

Gorji, M., Kazemi, A. and Ganji, D.D., “Optimal
thermodynamic design of turbofan engines using multi-objective

geneticalgorithm”, International Journal of Engineering-
Transactions C: Aspects, Vol. 27, (2014),961-970

PAPER INFO

More about Thermosyphone Rankine Cycle Performance Enhancement EESTEEARCH
B. M. Ziapour, A. Mohammadnia, M. Baygan
Department of Mechanical Engineering, University of Mohaghegh Ardabili, Ardabil, Iran

oS>

Paper history:

Received 23 December 2014

Received in revised form 21 February 2015
Accepted 13 March 2015

Keywords:
Electricity
Engine
Heat Pipe

Impulse Turbine
Sustainability

03,55 0,5 ala S omey S5 5 0y s e S (st (S5 A e Gl L b S sl gl S
O oo oSy ol o3 el Al O 5 B 2L S sl s SO (TRC) Sstsn s Sl a5z ol
Gt 55135 Uasiios o5 (5 3l el s & (S8 (555 35 0 o O 3055 (5 9IS 5 5503 (ot (Sl
4 6 TRC I il 55 e S sl Ol Lol S gileand @LJ b hds w4 ol S
S @ Dsls 3 skiie 4 L e sbosly oyme 4 s pl il Jsane TRC s s asla, |3l

S 53 Geos e gL S asss WJle 3l e L xS ol 6l TRC Jpene qis

kS ol o3 VA 035 0 S 58 b

doi: 10.5829 /idosi.ije.2015.28.04a.20




