Applied Thermal Engineering 162 (2019) 114227

APPLIED
THERMAL
ENGINEERING

Contents lists available at ScienceDirect

Applied Thermal Engineering

journal homepage: www.elsevier.com/locate/apthermeng

The effect of liquid charge ratio on organic Rankine cycle operation R

Check for
updates

Shuang Cao”, Zheng Miao™", Jinliang Xu®

# The Beijing Key Laboratory of Multiphase Flow and Heat Transfer, North China Electric Power University, 102206 Beijing, China
® School of Energy and Power Engineering, Zhengzhou University of Light Industry, Zhengzhou 450002, Henan, China

HIGHLIGHTS

® The effect of liquid charge ratio on ORC operation was experimentally studied.

® An optimal liquid charge ratio 42.5% was determined to achieve the best system performance.
® Pump cavitation may occur to deteriorate the performance below the optimal charge ratio.

® Condenser pressure rises to deteriorate the system performance above the optimal charge ratio.
® We present important criterion of liquid charge ratio to optimize the system operation.
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Liquid charge ratio is defined as the total liquid volume charged in an organic Rankine cycle (ORC) system
divided by the total internal volume of the system, which influences the two-phase (vapor-liquid) phase dis-
tribution to dominate the component operation. In this paper, the effect of liquid charge ratio on ORC perfor-
mance is explored for a ~10 kWe ORC system. It is shown that ORC can operate with liquid charge ratios in the
range of 35-50%. At an optimal liquid charge ratio of 42.5%, the system attains the maximum thermal effi-
ciency, power efficiency and net efficiency of 7.74%, 7.02% and 5.62%, respectively. When the system operates
below the optimal liquid charge ratio of 42.5%, the liquid flushing may occur to induce pump cavitation and
unstable flow due to insufficient liquid suction during pumping process. Alternatively, when the system operates
above the optimal liquid charge ratio of 42.5%, more liquid is occupied in the condenser, decreasing the ef-
fective heat transfer area to elevate the condensation pressure, thus the system efficiency is worsened. This paper

presents the important criterion for optimal liquid charge ratio for ORC operation.

1. Introduction

The global energy shortage and environmental issues inspire us to
develop new energy utilization technologies [1,2]. The utilization of
low-grade heat has attracted more and more attentions. Organic Ran-
kine cycle (ORC) is regarded as one of the key technologies to convert
low grade heat source such as waste heat [3,4], solar energy [5-71,
biomass energy [8-10] and geothermal energy [11-13] into work. ORC
has the similar thermodynamic configuration of the steam Rankine
cycle, but use the organic working fluid with low boiling temperature
instead of water to generate higher pressure at low temperature heat
sources [14].

The ORCs have been intensively studied theoretically and experi-
mentally during the past two decades. Theoretical works mainly focus
on the thermodynamic analysis [15-17], selection of working fluids
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[18-21], configuration modification [22,23], and control model de-
velopment [24-26]. Theoretical results have provided lots of useful
reference for the ORC design. However, the ideal assumptions used in
the theoretical analysis make the predicted performance deviating from
the actual operating performance. Consequently, it is of great im-
portance to develop experimental setup of ORCs for the investigation of
its actual operation characteristics and control strategy [27,28].

The experimental testing provides basic data of the ORC system
operation and performance. The objective is to study the off-design
performance of the system and achieve the optimum design parameters
for long time operation under specific heat source. Most reported ex-
perimental setup are small-scale ORCs (1-10kW power output)
[29-35]. Jang and Lee [29] investigated the effects of external para-
meters on the compact ORC performance. They found the electrical
output can be well predicted by the pressure difference rather than the
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Nomenclature Subscripts
E exergy [kW] con condenser
h specific enthalpy or [kJ/kg] eva evaporator
I exergy destruction [kW] exp expander
m mass flow rate [kg/h] ele electric
n rotating speed [rpm] in inlet
P pressure [kPa] net net power
Q heat transfer rate [kW] out outlet
R expander inlet and outlet pressure ratio oil conductive oil
s entropy [kJ/(kgK)] ORC organic Rankine cycle
T temperature [°C] P pump
v volume flow [m>/h] r working fluid (R245fa fluid in this study)
VCR working fluid charge ratio [%] s isentropic
w power [kW] sub subcooling

sup superheating
Greek symbols th thermal

tank liquid tank
n efficiency[%] w cooling water
AT degree of superheating or subcooling [°C]

expansion ratio of the expander. The generator efficiency is only line-
arly proportional to the electrical power. The maximum electrical
output and thermal efficiency were 0.15kW and 1.61%, respectively.
Feng et al. [30] examined the effect of lubricant oil ratio under three
different superheating degrees. Results show that the lubricant oil en-
hances the pump behavior but deteriorates the expander shaft power
and electrical power. Bianchi et al. [31] presented an experimental
study on a micro-ORC system driven by a piston expander. The ex-
pander total efficiency showed a barely constant trend around 40% and
the maximum net efficiency was 2.2% at the heat source temperature of
85 °C. Dumont et al. [32] proposed an experimental test in two small-
scale ORC test rigs using four different volumetric expanders (namely
scroll, screw, roots and piston). The calibration of semi-empirical
models based on experimental results were developed to predict the
isentropic efficiencies of expanders in optimal conditions. In our pre-
vious research, we used two independent parameters: the working fluid
mass flow rate and the external load to control the operation of ORCS,
and it is found that the measured pump consumed powers were 2-4
times higher than the calculated ones [33]. Subsequently, the cavitation
mechanisms of the expander and working fluid pump were in-
vestigated. A vapor superheating of 13 °C at expander inlet and a liquid
subcooling of 20 °C at pump inlet are necessary to avoid cavitation [34].
The match between the ORC power capacity and the external load was
analyzed in our recent study [35]. In addition, a control strategy was
proposed in the current work to achieve better system performance at
varied external parameters.

The working fluid charge ratio (VCR), which is defined as the ratio
of the liquid working fluid charge volume (V,) to the internal volume of
ORC unit (Vorc), was found have a significant impact on the thermo-
dynamic and economic performance of the cycle, especially for the
system working under the violent fluctuating heat source or ambient
temperature. The first study of ORC working fluid charge ratio is re-
ported by Li et al. [36]. The results showed that different working fluid
had different optimal charge ratio. R245fa had the optimal charge ratio
of 38%, whereas the R245fa/R601a mixture had 41%. Kim et al. [37]
noted that the charge amount cannot be limitlessly used to enhance the
system power output. With the increasing working fluid charge ratio,
the power of expander and pump both increases. The faster rise of
pump power than expander power was tested. Thus, a maximum net
power of output is eventually reached at the optimal charge ratio of
32.6%. Liu et al. [38] found that the pump performance can be sig-
nificant improved by overcharging working fluid, whereas the working
fluid charge has slightly effect on the output power of the expander.

However, the relationship between working fluid charge, pump cavi-
tation and the liquid level in working fluid tank has not been suffi-
ciently studied. On the aspect of theory, Ziviani et al. [39] developed a
charge-sensitive cycle model, which provides insight into the behavior
of a specific installation at different refrigerant-charge levels and the
impact on the subcooling level. Liu et al. [40] established a working
fluid charge oriented model and calculated the theoretical value of
working fluid charge level for the system under rated condition. They
found that the system with lower working fluid charge amount required
higher degree of superheating at the expander inlet and the highest
thermal efficiency reached 6.37% with the optimal working fluid
charge amount of 34.6 kg. Dickes et al. [41] proposed a charge-sensitive
ORC model for off-design performance simulations. A dedicated two-
stage solver was developed to overcome the convergence issues which
is caused by the presence of a liquid receiver. The predicted values were
well matched with the experimental measurements.

The literature review above reveals that the studies on the effect of
the working fluid charge ratio are still on the infancy stage. Although
some previous studies investigated the effect of the working fluid
charge ratio, the focus was limited to the performance of ORC systems
[36,37] and the change of dynamic liquid holdup of the system
[39-41]. Few literature explain the main mechanism of the effect of
working fluid charge ratio, as the pump cavitation mechanism and
liquid flooding in the condenser were not quantitative and qualitative
analyzed due to the lack of experimental data. More effort should be
dedicated to this topic to shed light on the mechanism. The objective
of the present work is to experimentally study the working fluid
charge ratio effects on the operation and performance of the ORC
system. A 7.5 kW scale ORC prototype using single screw expander is
developed and tested. The expander rotating speed and heat source
temperature are kept at 3000 rpm and 115 °C, respectively. External
loads cover the range of 1.5-6.0 kW. Operation characteristics are
investigated at the working fluid charge ratio range of 35-50%. The
tank liquid height is measured to explore the system working fluid
charge level which may cause the pump cavitation or liquid flooding
in the condenser.

2. Experimental system
2.1. ORC prototype design

Fig. 1 shows the schematic diagram of the designed ORC prototype.
This system consists of three coupled subunits which represented by
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Fig. 1. Schematic diagram of ORC system.

different colors: ORC loop (black line), heat conductive oil loop (‘red
line) and cooling water loop (blue line).

2.1.1. The ORC loop

The photo of the ORC loop is shown in Fig. 2a. A working fluid
pump, a liquid tank, an electric Tee valve, an evaporator, a generator,
an expander, and a condenser are involved in this loop. R245fa was
used as working fluid due to its better thermal efficiency and en-
vironmental performance [42]. The height of liquid R245fa in the tank
is measured by a magnetic floater liquid level meter. The mass flow rate
(m,) is controlled by a frequency converter and measured by a Coriolis
mass flow meter. The liquid working fluid is pumping into an eva-
porator to generate high pressure vapor which drive the expander to
produce work. Then, the low pressure vapor at the expander outlet is
condensed to liquid in a condenser.

Fig. 2b shows the photo of the single screw expander. The single
screw expander has the advantages of the axial force balance of main
rotor. And it can operate in a wide range of power capacities [35,43]. It
is considered as one of the promising candidates for the expander of
ORGCs. In the present work, the expander was modified from a com-
mercial compressor. The designed shaft power of the expander is about
7.5 kW. An electric tee valve is installed to either operate or by-pass the
expander by switching the R245fa vapor to flow in different pipes. A
three-phase synchronous generator is connected coaxially with the ex-
pander by an elastic coupling to generate electricity. The generator has
the rated rotating speed of 3000 rpm and the maximum output power of
11 kW. The electricity generated by the generator is measured by a
power meter and consumed by the halogen lamps array (see Fig. 2c).

Plate heat exchanger is widely used in small scale ORC system due
to its high heat transfer coefficient, low investment cost and convenient
setting [44]. In this prototype, two plate heat exchangers with the heat
transfer area of 35.9m? and 12.3m? are used as the evaporator and
condenser, respectively. Both rated heat loads of the evaporator and
condenser are 120 kW. Fig. 3 shows the internal structure of the plate
heat exchangers. The plates used for the corrugated gap having a mean

! For interpretation of color in Fig. 1, the reader is referred to the web version
of this article.

corrugation depth of 2.8 mm, a width of 0.4mm and a corrugation
angle of 60°.

2.1.2. The heat conductive oil loop

Fig. 2d shows the photo of a 100 kW oil boiler, which can auto-
matically adjust the heating power to maintain the required oil tem-
perature entering ORC with an uncertainty of 1 °C. The heat conductive
oil loop is thermally coupled with the ORC evaporator to heat the
R245fa fluid. The oil is circulated by the pump and the flow rate is
controlled by the adjustment valve and measured by a target flow
meter.

2.1.3. The cooling water loop

The cooling water loop is shown in Fig. 2e. A 150 kW cooling tower
is the key component of the loop. The flow rate of cooling water is
measured by a turbine flow meter. The cooling water temperatures at
the condenser inlet and outlet are also measured to monitor the cooling
water loop operation.

2.2. Thermodynamic equations

During the operation, the heat absorbed in the evaporator is:

Qeva =m, (heva,out - hp,out)

(€8]

where heyaou and hy, ouc are R245fa enthalpies based on the measured
temperatures and pressures at the outlet of evaporator and pump, re-
spectively.

The heat release in the condenser is:

Qcon =m, (hexp,out - hcon,out)

(2

where hexp our @nd heonoue are R245fa enthalpies at the outlet of ex-
pander and condenser, respectively.
The calculated shaft power of the expander is:

Wi = m, (hexp,in - hexp,oul)

3

where hexp in and hexp,ouc are the R245fa enthalpies based on measured
temperatures and pressures at expander inlet and outlet.
The pump isentropic efficiency is defined as:
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Fig. 3. Structure of plate heat exchanger.

Table 1 Table 2

Major parameters, instruments and uncertainties. Running cases of the experiment.
Parameters Instruments Uncertainties Parameter Value
Temperature (°C) KMQXL-040G-6 +0.5°C Toiin (°C) 115
Pressure (kPa) CYT-103 0.2% Tw,in CC) 10
R245fa mass flow rate (kg/h) DMF-1 0.2% Vo (m3/h) 13.07 = 0.46
Conductive oil flow rate (m*/h) YD-LBL-65 0.5% Vy (m*/h) 12.27 + 0.33
Cooling water flow rate (m®/h) YD-LWGY-50 0.5% VCR (%) 35.0, 37.5, 40.0, 42.5, 45.0, 47.5, 50.0
Lubricant flow rate (m®/h) YD-LWGY-10 0.5% Mexp (rpm) 3000
Electric power (kW) AKW91110 0.5% Load (kW) 1.5, 3.0, 4.5, 6.0
Electric frequency (Hz) AKW91110 0.2%
Pumping power (kW) ACS510 2%
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Fig. 4. Parameters and performance of working fluid pump versus VCR at Ty i, = 115.1 °C, Neyp, = 3000 rpm, Vo = 13.19 m3/h, Vy, = 12.44m>/h.

_ hp,out,s - hp,in

Tps = X 100%

@
where hy,;, and hp o are the R245fa enthalpies based on measured
temperatures and pressures at pump inlet and outlet, h;, oy, is the pump
outlet enthalpy based on isentropic compression.

The pressure ratio and isentropic efficiency of the expander are:

hp,out — Mp,in

R= Pexp,in/Pexp,out 5)
Rexpin — B
naxps — exp,in exp,out x 100%
’ hexp,in - hexp,out,s (6)

where Peypin and Pexpour are the expander inlet and outlet pressures,
Rexp,out,s is the expander outlet enthalpy based on isentropic expansion.

The thermal efficiency, electric power efficiency and net efficiency
of the ORC system are defined as:

Doy = W o 100%
Qeva 7
W
Nete = =22 x 100%
Qeva (€]
Wae — W,
Mot = ———2 % 100%
Qeva (€)]

where W is electric power directly measured by an electric power
meter. W, is pumping power measured by a frequency converter.
To generalize the irreversible loss of each component, the exergy

analysis of the components is performed. The exergy at any state point
is given as:

E=m[(h— ho) — To(s — s0)] (10)

where h and s are the enthalpy and entropy at specific state. The sub-
script O refers to the reference state and is set as To = 293.15K and
Py, = 101.3 kPa. Thus, the exergy destruction for a specific component
is computed as:

I = Ein — Eout 11)

High quality sensors and instruments are used in the prototype to
measure temperatures, pressures, cycling flow rates and electric power
(see Fig. 1). Table 1 summarized the uncertainties of the major in-
struments. The uncertainties of parameters in equations mentioned
above are determined by directly measured parameters and evaluated
on the basis of the error transmission theory [45]. In this study, the
thermal efficiency, electric power efficiency and net efficiency have
accuracies of 5.27%, 3.96% and 4.12%, respectively.

2.3. The operating procedure

The ORC operation is controlled by adjusting the electric load and
R245fa mass flow rate under different charge ratio. Table 2 shows the
operating parameters. The inlet temperatures of conductive oil and
cooling water are kept as 115 °C and 10 °C, respectively. The flow rate
of conductive oil and cooling water are 13.07 = 0.46m>/h and
12.27 + 0.33m>/h, respectively. The expander rotating speed is kept



S. Cao, et al.

Applied Thermal Engineering 162 (2019) 114227

120 : 60 100 :
(@) 42.5%; (b) (©) 4.5%
1 : ; 1.5 kW
S 1104 /—/\‘WW 840— 42.5%); 15 kW o)
< ; $ m % //*/\/
[=>% ' = -
El T o .o 3 N
15} . = M . o .
B~ 100 151w| 220 /‘/_\/ =
i 6.0 kKW : 6.0 kW
90 T T T ; T T T 0 T T T i T T T 60
70 1000 : 210
(d) e 1.5 kW © 42.5%;
D70, . 1 '
O 60 : _ M -
< /./o/'\\. £ 8001 ‘H__‘*/\ £ 1807
8. | : SAULYY S : 45W[=
%50 : = : E
8 : & : >
< : 45KW] Beood sy o i 30KW| §
< 40 //‘/T/\/ o 600 : N 150+
< - : 15K
‘_”/T\'_’in .
30 T T T i T T T
6 :
[ (@ 42.5%;
5 '
e
< 4 "’./_\‘\,QW
\ 3.0 kW LT 3.0kwW
; 15k O—O—O—H—J—Skow
2 : 45 1 H

T T T I\ T T T
35 375 40 425 45 475 50
VCR (%)

T T T ; T T T
35 375 40 425 45 475 50
VCR (%)

T T T T T T T
35 37.5 40 425 45 475 50
VCR (%)

Fig. 5. Parameters and performance of expander versus VCR at To;,in = 115.1 °C, ney, = 3000 rpm, Vi = 13.19 m3/h, Vy, = 12.44m>/h.

at 3000 rpm and electric loads are in the range of 1.5-6.0 kW. In this
study, the internal volume of ORC unit is 113.07 L, measured by
weighting method using water as the working fluid. The effects of seven
working fluid charge ratios covering the range of 35-50% are ex-
amined. It is observed that the ORC system can only successfully
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Fig. 6. Thermal efficiencies versus VCR at Tyjin = 115.1 °C, Ny, = 3000 rpm, Vo = 13.19 m®/h, V,, = 12.44m>/h.

operate at working fluid charge ratios from 35% to 50%. For lower
charge ratios, the working fluid could not flow back into the liquid
tank. For higher charge ratios, the expander back pressure increases
significantly. When the charge ratio is 52.5%, the expander back
pressure is 890.4 kPa and it could not start to rotate.
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At the working fluid charging process before testing, most im-
portantly, the non-condensable gas should be initially removed in the
closed ORC unit before R245fa liquid is charged into the system. The
liquid tank bottom of the ORC system is connected to a vacuum pump
and an organic liquid bottle via a tee valve. Initially, the vacuuming
process is performed with the corresponding pipeline open. The va-
cuuming process lasted 2 h. Then, the vacuuming pipeline is turned off,
and the charging pipeline is open by switching the valve. The R245fa
liquid is automatically flowing from the high pressure organic liquid
bottle to the liquid tank of the ORC system. The weight of bottle is
measured before and after the charging process. In such a way, the
working fluid charge amount is obtained.

3. Results and discussion
3.1. Effect of VCR on ORC system performance

3.1.1. Pump performance

Fig. 4 shows the operating parameters and performance of working
fluid pump versus VCR at various loads. The mass flow rate of R245fa
firstly exhibits the slowly decline with VCR, reaches the minimum mass
flow rate at VCR = 42.5%, and then goes up (see Fig. 4a). At the spe-
cific VCR, more loads can be adapted with the increasing flow rate,
which could increase the vapor pressure at expander inlet. The R245fa
mass flow rate is mainly affected by the pump inlet pressure as it is
directly related to the backpressure of the expander. Thus, the higher
pump inlet pressure implies the higher R245fa mass flow rate. In Fig. 4b
and c, it can be seen that the pressures at pump inlet and outlet are
relatively stable, showing much more slowly decrease with VCR firstly,
and there also exist minimum values at VCR = 42.5%. When the VCR is
higher than 42.5%, pressures at pump inlet and outlet increase rapidly,
indicating the increase in the expander backpressure. As a result, the
pumping power also increases (show in Fig. 4d). Fig. 4e identifies the
effect of VCR on the pump isentropic efficiency at various loads. It is
seen that the pump isentropic efficiency generally shows an increasing
trend with the increasing VCR. In this study, the working pump is a
positive displacement diaphragm pump, so that the efficiency is

affected by deviation of rated operating.

3.1.2. Expander performance

Fig. 5 shows operating parameters and performance of the expander
versus VCR at various loads. In Fig. 5a and b, the vapor temperature and
superheating at expander inlet firstly gradual increase and then de-
crease with the VCR, existing the maximum values at VCR = 42.5%.
Besides, the vapor temperature and superheating at expander inlet
decreased with the increasing external loads as they are determined by
the heat transfer in the evaporator. Based on the heat transfer rules for
heat exchanger with fixed area, it can be inferred that, for a given flow
rate and inlet temperature of the conductive oil, the lower R245fa mass
flow rate lead to the decrease in the heat transfer rate, but the increase
in the vapor temperature and superheating at the evaporator outlet.

Fig. 5c and d shows the variations of vapor temperature and su-
perheating at expander outlet versus VCR. The vapor temperature
gradually increases with the VCR, but the vapor superheating first de-
creases and then increases with the VCR. For a specific working fluid
charge ratio, it can be observed that the vapor temperature and su-
perheating at expander outlet decrease with the increasing external
loads. The vapor temperature and superheating at expander outlet are
affected by the combined effects of the inlet temperature, outlet pres-
sure and isentropic efficiency of the expander. The higher inlet tem-
perature and the larger isentropic efficiency of expander resulting in a
higher vapor temperature and superheating at expander outlet. How-
ever, the outlet pressure behaves a negative effect on the vapor tem-
perature and superheating at expander outlet.

Fig. 5e and f shows the variation of pressures at expander inlet and
outlet. Pressures change slowly with VCR varying from 35% to 42.5%
while rise faster as VCR value is higher than 42.5%. The expander outlet
pressure is mainly determined by the heat transfer in the condenser.
The rapid increase in the expander outlet pressure indicated the heat
transfer in the condenser is weakened. The expander inlet pressure is
determined by the expander outlet pressure and the load in the present
study. Thus, it can be seen that the expander inlet pressure increases
with the increase in expander outlet pressure and electric load. More-
over, the comparatively faster change of pressure at expander outlet
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than those at inlet yielding the opposite trend of pressure ratios across
the expander (see Fig. 5g). The maximum pressure ratio is 5.26, which
occurred at VCR = 42.5% and Load = 6.0 kW.

Fig. 5h identifies the effect of working fluid charge ratios on the
expander isentropic efficiency. The isentropic efficiency of expander
exhibits an approximate parabola relationship against the VCR. The
maximum isentropic efficiency appears at VCR = 42.5%, indicating the
expander has the best performance. With the increase in vapor tem-
perature and superheating at expander inlet, the vapor density de-
creased to reduce fluid leakage in expander. It improves the expander

isentropic efficiency. Fig. 5i shows the measured electric power. For a
given external load, the electric power maintains a steady state under
different working fluid charge ratios. At the same time, more electric
power is generated with increases of external loads. Our previous
finding notes an optimal vapor superheating of about 10 °C to achieve
highest electric efficiency [34,35]. A quasi-saturation state vapor may
entrain a large number of small droplets, which hit channel walls of
expander to worsen expander performance. Therefore, the load is
controlled no more than 6.0 kW in this study.
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Fig. 10. Liquid level height of major components at the three points of a, b and
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3.1.3. Efficiencies

Fig. 6 shows the system efficiencies versus VCR at various loads. The
thermal efficiency (5q,), electric power efficiency (y.e) and net effi-
ciency (#netele) are defined in Eq. (7)—(9). Because various exergy
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destructions exist during the thermal to mechanical power conversion
and the mechanical power to electricity conversion. Among the three
system efficiencies, the thermal efficiency is the largest, and the net
efficiency is the lowest but it is more interest to users. All of them are
expressed as parabola relationships against the VCR. The maximum
efficiencies always appear at VCR = 42.5% due to the improved ex-
pander performance. The maximum thermal efficiency, electric power
efficiency and net efficiency are 7.74%, 7.03% and 5.62%, respectively.

It is noted that the off-design operation of the generator and the
ORC system has a negative effect on the generator efficiency. The
thermal efficiency is 6.24% and the electric power efficiency is only
2.47% at Load = 1.5kW and VCR = 42.5%. Therefore, the selection of
generator should be match with the ORC system capacity to reduce the
irreversible loss in mechanical power to electricity conversion process
which could significantly improve the electric power efficiency. In this
study, the ORC system has the relatively superior match among the
expander performance, the external loads and the system capacity at
Load = 6.0kW and VCR = 42.5%.

3.2. Thermodynamic analysis

Fig. 7 shows the exergy destructions of the four main components
versus VCR at various loads. It is seen that the pump has the smallest
exergy destruction and exhibits quite gentle change with increasing
VCR (see Fig. 7a). And the expander exhibits the relatively stable pro-
file, indicating the limited variation with the VCR. Thus, the exergy
destruction of the evaporator and the condenser determines the system
performance. The exergy destructions of the heat transfer processes in
the evaporator and condenser first decrease and then increase with the
VCR, and there also exist minimum values at VCR = 42.5% (see Fig. 7b
and c), indicating the least irreversible losses and highest efficiencies at
VCR = 42.5%.

Three points in Fig. 6a corresponding to VCR = 35.0%, 42.5% and
50% at 6.0 kW external load are picked out to studies how the VCR
affect the exergy destructions. The corresponding T-s and T-Q curves
are plotted in Fig. 8. Generally, the VCR contributes to the higher vapor
temperature and superheating degrees at expander inlet as well as the
lower pressure at expander outlet in case of VCR = 42.5% while the
inlet pressure of the expander is relatively stable. Thus, the higher
pressure ratio across the expander lead to the higher expander perfor-
mance. The mass flow rate of R245fa is decreased to adapt the constant
external loads. Consequently, the thermal loads of the condenser and
evaporator are decreased and it is the principal reason to reduce the
dissipation for heat to power conversion in heating and cooling process

Fig. 11. Flash evaporation mechanism in the pump.
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to reduce the exergy destructions of evaporator and condenser, while
operating parameters are almost constant. The lower outlet pressure of
the expander results in the smaller temperature difference of pinch
point in the condense, also indicating the smaller dissipation for heat to
power conversion in cooling process to reduce the exergy destructions
of condenser. Thus, the case of VCR = 42.5% has the minimum exergy
destruction and the highest efficiency during the thermal to power
conversion process.

3.3. Pump cavitation and liquid flooding in condenser

Fig. 5e and f shows that the pressure at expander inlet is not sen-
sitive to the variation of the VCR. Therefore, the area of preheating
section in evaporator, corresponding to the liquid holdup of evaporator,
has quite limited change with the VCR at a given load. The VCR mainly
affect liquid holdup of the tank and condenser.

We measured the liquid level in the tank by a magnetic floater liquid
level meter to study the effect of VCR on liquid holdup of the tank and
condense, as shown in Fig. 9. The zero point of the liquid level meter
points to the bottom of the tank. Fig. 9b shows the liquid level heights
of tank versus the VCR at various load capacity. The liquid levels of tank
increase with the increased in charge ratios while decrease with the
increased in external loads. The measured liquid level of the tank is
365.6-390.4 mm at VCR = 42.5%. The diameter of tank is 360 mm.
Once the charge ratio is increased by 2.5%, the liquid levels of tank will
rise by nearly 20 mm. The volume change of the charging working fluid
is equal to that of the R245fa liquid in the tank. Larger external loads
lead to the higher pressures at expander inlet and outlet, yielding the
larger areas of preheating section in evaporator and subcooling section
in condenser. Thus, the liquid holdup of evaporator and condenser in-
creases, and the liquid level of tank is reduced.

Fig. 10 is the schematic diagram of the liquid levels of major com-
ponents corresponding to the three points shown in Fig. 6a. The height
difference between the top of the pump working chamber and the bottom
of the tank h;, is 380 mm, and the height difference between the top of
the condenser and the bottom of the tank h.,, is 450 mm. The liquid
levels of tank hgn are 284.2mm, 365.6mm and 433.1 mm at
VCR = 35.0%, 42.5% and 50%, respectively (Fig. 10a—c). It is seen that
the pump working chamber can not be completely submerged at
VCR = 35.0%, which causes the pump cavitation and we will discuss this
phenomenon in the next section. When the working fluid charge ratio is
higher than 42.5%, liquid flooding occurs in the condenser. Conse-
quently, the condenser effective heat transfer area is reduced, yielding
the higher pressure at expander outlet. Meanwhile, the gravity pressure
drop caused by the actual liquid level height difference between the li-
quid tank and the condenser also causes the larger pressure drop of the
condenser. As a result, the expander performance is weakened. A higher
mass flow rate of 245fa is needed to provide enough inlet pressure of the
expander to balance the external load. It means the heat transfer loads of
the evaporator and the condenser both become larger. However, the
increased expander outlet pressure enlarges the subcooling section in the
condenser, reduces the effective heat transfer area for the precooling and
two-phase section. Thus, the heat transfer capacity of the condenser
becomes lower. This contradiction between the increasing heat transfer
load and the decreasing heat transfer capacity will reduce the system
performance and more severely, will result that the expander cannot be
started when the VCR is higher than a certain value. The limit value of
the VCR in the present study is 52.5%, which we have mentioned in
Section 2.3. I can be temporarily concluded that the liquid flooding in the
condenser should be avoided in the ORC design.

Herein, the schematic diagram of the pump used in the present
study is shown in Fig. 11 to analysis the mechanism of pump cavitation
at the lower charge ratios. The previous studies [34,46-47] noted that a
least liquid subcooling of 4.4 °C is necessary to avoid pump cavitation.
However, if the working chamber could not be completely submerged
with the organic fluid liquid, the pump cavitation would still happen at
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a larger subcooling degree. In this study, the liquid subcooling at pump
inlet is kept above 12 °C. The pump cavitation can be observed at the
lower charge ratios. According to the heights of each component, the
pump working chamber could not be completely submerged while VCR
is less than 42.5%. Because the organic fluids like R245fa has a very low
boiling point, the R245fa liquid in the pump was flashing during the
pump piston reciprocating motion, which causes pump cavitation. The
pump cavitation results in the unstable flow the working fluid, the
higher pump consumed power and a short life time of the pump. Thus,
it is necessary to avoid pump cavitation during the system design by
adjust the heights of the pump and the liquid tank to ensure the pump
working chamber to be completely submerged.

It should be pointed out that different ORC systems may have dif-
ferent operating range and optimal VCR due to the adopted types of
heat exchanger. In this study, the plate heat exchangers were used as
the evaporator and condenser. Compare with the fin-tube and shell-
tube heat exchangers, the plate heat exchangers have higher heat
transfer coefficient and convenient setting. It means the heat transfer
areas of the evaporator and the condenser both become smaller for the
plate heat exchangers. Thus, the liquid holdup of the heat exchangers
reduced which will enlarge the working fluid charge ratio at the same
charge amount. However, for a specific ORC system, the operating
parameters, such as external load, temperature of working fluid and
heat source, have limited effect on the operating range and optimal
value of VCR. As seen in Fig. 9, once the external load is increased by
1.5 kW, the liquid levels of tank will reduce by 8.86 mm on average and
it just about 0.79% of the ORC unit internal volume.

4. Conclusions

In this paper, the operation and performance of a 7.5 kW scale ORC
system with different working fluid charge ratios are experimentally
investigated at heat source temperature of 115°C. The tank liquid
height is measured to explore the liquid holdups of the components.
Pump cavitation and condenser flooding mechanisms are analyzed. The
major results obtained from this study are summarized as following:

(1) The ORC system can successfully operate at the working fluid
charge ratio ranging from 35% to 50%. The optimum working fluid
charge ratio is 42.5%. The maximum system thermal, electric
power and net efficiencies at this working fluid charge ratio are
7.74%, 7.02% and 5.62%, respectively.

(2) When the working fluid charge ratio is higher than 42.5%, liquid
flooding occurs in the condenser. The pressures at expander inlet
and outlet increase while the vapor temperature and superheating
at expander inlet decrease. As a result, the reduced expander
isentropic efficiency and the larger pump consumed power lead to
the lower ORC system efficiencies.
Pump cavitation was observed as the pump working chamber could
not be completely submerged when the working fluid charge ratio
is less than 42.5%. It causes the unstable fluid flow and operation of
the system. The life time of the pump is also shortened. To achieve
better performance of the ORC system, the working fluid charge
ratio should not only ensure the pump to be completely submerged,
but also avoid liquid flooding in the condenser.
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