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Abstract: An efficient extraction of power can be achieved through an organic Rankine
cycle, utilizing low-grade heat obtained from waste energy sources. The current study focuses
on exploring a reheated Organic Rankine Cycle using various wet organic fluids. Within the
reheat Organic Rankine Cycle model, there are several components, including an economizer,
evaporator, superheater, reheater, two turbines, a pump, and condensers. The net power output
and thermal efficiency are estimated with variable turbine inlet temperatures and reheat
pressures. The optimum turbine inlet temperatures that maximized the net power output were
358K and 363K for Propylene, Difluoroethane, and cyclopropane, respectively. However, the
higher turbine inlet temperature will lead to significant thermal efficiency. The net power
recorded an increase exceeding 13% for all the fluids studied.
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1. INTRODUCTION
Over the past few decades, the increase in fossil fuels consumption has contributed to many

serious environmental problems, such as global warming, ozone layer depletion, acid rain,
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and atmospheric pollution. Therefore, the utilization of waste heat sources becomes more
attractive. Researchers proposed many thermodynamic cycles such as the Organic Rankine
cycle, supercritical Co., and triangle cycle. Among the previous process, ORC is more
straightforward and more widely used. Many studies have been carried over the past decades
to determine the performance of ORC. Dai et al. [1] analyzed and compared ten working
fluids such as ammonia, R236EA, and R113 on different ORC configurations. They used
exergy efficiency as an objective function. They found that the R236EA had the most
outstanding exergy efficiency. The addition of an internal heat exchanger could not improve
the performance of ORC under the same waste heat source temperature. Li [2] investigated
different ORC configurations based on the heat source temperature. He selected only
isentropic and dry fluids, and he found that ORC with internal heat exchanger and
regenerative ORC had the best thermal efficiency compared to the other configurations. Imran
et al. [3] made a thermo-economic optimization of basic and regenerative ORC. They selected
the thermal efficiency and specific investment cost as the objective functions. Their results
showed that the R245fa is the best working fluid and the basic ORC had the lower typical
investment cost and thermal efficiency than the regenerative ORC. Other related works may
be found in Refs. [4-9].

The main aim of this study is focused on the reheat ORC with wet fluids under the same
waste heat source. The effect of expander inlet temperature and the reheat pressure on thermal

efficiency and net power output is explored.
2. THERMODYNAMIC ANALYSIS OF ORGANIC RANKINE CYCLE
2.1. Design and model description

A typical reheat ORC consists of a pump, an evaporator, two expanders, and a condenser, as
shown in Figure 1. The working fluid is first pumped into the evaporator, gaining heat from
the heat source and turning into superheated vapor. Then the vapor expands in the first
turbine, and thus power is generated, then the vapor enters the reheater, which absorbs heat
from the heat source before passing through a second, lower-pressure turbine. The reheat
temperatures are equal to the inlet temperatures, whereas the reheat pressure is lower than the
original evaporator pressure. The exiting fluid from the lower-pressure turbine flows into the
condenser and is cooled to a saturated liquid. The present study assumes that (a) the system is
in a steady-state, (b) there are no pressure drops in the economizer, evaporator, superheater,

reheater, condenser, and pipes, (c) no heat loss in all components, (d) the reheat pressure is
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the average pressure of condensing pressure and evaporating pressure [2]. The efficiency of
the low pressure and high pressure turbines is taken as 0.8, the efficiency of the pump is taken
as 0.7 and the pinch temperature difference in the evaporator is considered to be 8 K°. Other
operating conditions were assumed as listed in Table 1. The performance of reheat ORC was

studied by using the first law of thermodynamics.
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Figure 1: System design and cycle T-s diagram of the reheat ORC system.

The energy balance in economizer, evaporator, super heater, and reheater are:

m, (h;—h,)=m.Cp,, (T9, —Tgs)

m, (h,—hy)=m Cp, (T9; -Tg,)

m, (hs—h,)=m Cp, (T9,-Tg,) 1)
m, (h, —hs) =m Cp, (Tg,-Tg,)

where m,; and m are the mass flow rates of the working fluid and the gas, Cp,, is The mean

specific heat capacity of the gas at constant pressure, h is the specific enthalpies of the

working fluid at each state and Tg is the temperature of heat source at each state.

The turbine power for both HP and LP turbine can be calculated as:

W, =m,, (hy—h,)+m,, (h, —hy) )
The heat rejection in the condenser is:

Qqon =My (g —h,) ®)
The work input by the pump is:

W oump =My (R —hy) (4)
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The heat added to the cycle is the sum ofQ,,, ,Q,,, .Qs,, and Qp,, Which can be expressed as:

Qin =M, (hs - hz) + M, (h7 - hs) (%)

The net power output, which is the difference between the power generated by the two
turbines and the power consumed by the pump, can be calculated by:

Wnet =\NT -W Pump (6)

The thermal efficiency of ORC systems is defined as the ratio of the net power output to the

heat addition:

n Woa (7
Qin

The pinch point is:

Tg, =T, +AT (8)

The turbine inlet temperature is:
T,=T,+5 €)]
The above equations can calculate the net output power, the thermal efficiency and the mass

flow rate of the working fluid, and the hot gas temperatures.

Table 1: Assumed operating conditions [10].

Temperatures of heat source (K) 413

Mass flow rate of hot gas 14

Specific heat at constant pressure for hot 1.1
gases (kJ/kg-K)
Condensing temperature (K) 303

Table 2: Properties of the selected working fluids.

Working fluid
Propertie Propylene Difluoroethane Cyclopropane
M (kg/kmol) 42.08 66.05 42.08
T, [K] 364 386 398
P, [MPa] 4.55 4.5 5.6
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Figure 2: Types of working fluids: dry, isentropic and wet [11].
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Figure 3: T-s diagrams of the working fluid.

2.2. Working fluid
According to [12], there are three types of working fluids: dry, isentropic, and wet fluids
depending on the slope of saturation vapor curve on T-s diagramdT /ds . Figure 2 shows the
three types of fluids in a T—s diagram. For environmental reasons, some working fluids have
been phased out, such as R-11, R-12, R-113, R-114, and R-115, while some others are being
phased out in 2020 or 2030 (such as R- 21, R-22, R-123, R-124, R-141b, and R-142b) [12]. In

this work, Propylene, Difluoroethane and Cyclopropane will be considered. Table 2 shows
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their critical properties, and Figure 3 shows the working fluid candidate in T-s diagram. All
the data in Table 2 comes from Coolprop [10] and Ref [13].

3. RESULTS AND DISCUSSION
3.1. Effect of turbine inlet temperature on net power output and thermal efficiency

In this section, we set the evaporation temperature variation from 323K to T, —10 limit the

subcritical cycle and keep an appropriate temperature difference between the hot gas and the
working fluid. The turbine inlet temperature is the evaporation temperature plus 5 K to ensure

that the exit of working fluid from the HP turbine lies in the superheated vapor region.
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Figure 4: Net power output with turbine inlet temperature.

Figure 4 illustrates the net power output with the turbine inlet temperature. The net power
output increases first and then decreases after reaching its maximum at the turbine inlet
temperature of 358K with a net power output of 108.63 kW for Propylene. Differently, the net
power output of Cyclopropane increases and reaches its maximum at a turbine inlet
temperature of 363 K. The turbine inlet temperature of Propylene is lower because of its
lower critical temperature. Not always, the higher turbine inlet temperature causes a
significant net power output. Figure 5 shows the variation of thermal efficiency with the
turbine inlet temperature. For all working fluids, the thermal efficiency increases with the
increase of turbine inlet temperature, while the cyclopropane presents the maximum thermal
efficiency compared to Difluoroethane and Propylene.
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Figure 5: Thermal efficiency with turbine inlet temperature.
3.2. Effect of reheat pressure on net power output and thermal efficiency

In this section, we set the evaporation temperature as 358K, and the maximum reheat pressure
is P, *0.9.
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Figure 6: Net power output with reheat pressure.
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Figure 7: Thermal efficiency with reheat pressure.

Figure 6 presents the effects of the variation of the reheat pressure on the net power output.
The net power output increases with the increase of the reheat pressure, and Propylene has the
highest net power output with a value of 115 kW. In comparison, Difluoroethane and
cyclopropane have maximum values of 112 kW and 107 kW, respectively. Figure 7 presents
the effects of the variation of the reheat pressure on thermal efficiency. There is a marginal
increase in thermal efficiency for all working fluids, which is about 1.05%, 1.15%, and 0.9%
for Difluoroethane, Propylene, and cyclopropane, respectively. From Figures 6 and 7, the
increase of reheat pressure gives only marginal growth in the efficiency of the cycle. Still, it
raises the net power output by making higher pressures possible and keeping the quality of

working fluid at turbine exhaust remains in the vapor region.
3. CONCLUSION

In this work, the effects of turbine inlet temperature and reheat pressure on the net power
output and the thermal efficiency were studied. Three wet working fluids were analyzed for
the reheat ORC, given the waste heat source temperature 413. The main results are as follows:
The optimum turbine inlet temperatures that maximized the net power output were 358K and
363K for Propylene, Difluoroethane, and cyclopropane, respectively. However, the higher

turbine inlet temperature will lead to significant thermal efficiency.
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The increase of reheat pressure gave only marginal growth in the efficiency of the cycle. Still,
it increased the net power output by 18.7 kW, 18.9 kW, and 14.15 kW for Propylene,

Difluoroethane, and cyclopropane, respectively.
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