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ABSTRACT

An ORC (organic Rankine cycle) was developed with R123 as the working fluid. The heat capacity is in
~100 kW. The match between pump and expander is investigated. Lower pump frequencies (f < 10 Hz)
adapt the whole range of expander torques, yielding stable flow. Higher pump frequencies (f > 10 Hz)
adapt low expander torques only, and cause unstable flow and pump cavitation for larger expander
torques. Ultra-low expander torques generate sufficiently high vapor superheatings to decrease expander
efficiencies. Ultra-high expander torques achieve saturation vapor at the expander inlet, causing liquid
droplets induced shock wave to worsen expander performance. An optimal range of expander torques
exists to have better expander performance. A liquid subcooling of 20 °C is necessary to avoid pump
cavitation. Expander powers and efficiencies show parabola shapes versus expander torques, or vapor
superheatings at the expander inlet. The optimal vapor superheating is 13 °C. The cavitation mechanisms
and measures to avoid cavitation are analyzed. This paper notes the overestimation of ORC performance
by equilibrium thermodynamic analysis. Assumptions should be dependent on experiments. Future
studies are suggested on organic fluid flow, heat transfer and energy conversion in various components.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The energy shortage and environment pollution encourage us to
develop new and clean energy technologies. The low grade thermal
energy with the temperature of less than 250 °C has received great
attention worldwide [1]. ORC (organic Rankine cycle) is an impor-
tant system to recover low grade thermal energy [2,3], including
geothermal energy [4—7], solar energy [8—11], waste heat in
various industry sectors [12—19] and biomass thermal energy
[20—22].

Many investigations have been performed for ORCs. The work
focused on equilibrium thermodynamic analysis and fluid selec-
tion. ORCs can be classified as subcritical pressure ORC, transcritical
pressure ORC and ORC with mixture working fluid [23]. Based on
heat source temperatures and computation conditions, the rec-
ommended organic fluids are quite different [ 16,24—26]. Generally,
due to better thermal match of organic fluid and heat carrier fluid of
heat source in the evaporator, transcritical pressure ORC and ORC
with mixture fluid have better performance than subcritical pres-
sure ORCs [16,27,28]. For subcritical pressure ORCs, isothermal
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evaporation heat transfer takes place in the evaporator to increase
exergy destruction. However, subcritical pressure ORCs attract in-
dustries due to low pressure operation and easy fluid selection.

From thermodynamic cycle point of view, saturation vapor at
the expander inlet achieves higher thermal efficiency. Fewer au-
thors investigated ORCs at superheating vapor cases at the
expander inlet [19,29,30]. Saturation vapor at the expander inlet
may cause following issues: (1) liquid droplets are entrained in
vapor to worsen the expander performance; (2) wet expansion
happens in the expander, which should be avoided; (3) the fluid
state (either two-phase mixture or saturation vapor) cannot be
judged by pressure and temperature only.

Besides, thermodynamic analysis has several ideal assumptions
which should be further verified by experiments. For instance,
isentropic efficiency of expanders was assumed to be 75—87%
[25,31,32], which is higher than practical values. Many theoretical
studies assume higher pressures in the range of 2.5—32.67 MPa
[10,16,29,31], but experimental studies operate ORCs with the
pressure of ~1 MPa (see Table 1). The temperature difference at the
pinch point, vapor superheating at the expander inlet and liquid
subcooling at the pump inlet are assumed to be not changed during
operation. All these assumptions should be verified by
experiments.
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Table 1
The literature survey on ORCs.

Ref. Heat source & working fluid ~ Expander & pump types Major parameters Comments

[13] Flue gas, Scroll expander; Peya = 0.56—1.08 MPa Both expander shaft power and pump consumption power were
90—220 °C; multistage centrifugal pump  Weyp = 0.16—0.65 kW computed by the enthalpy difference. The output power was
R123 Nexps = NJA below 1 kW.

Nth = 2—8.5%

[18] Diesel engine exhaust gas, Single screw expander; Peya = 1.34 MPa The expander shaft power was determined by dynamometer.
417—485 °C; multistage centrifugal pump ~ Weyp = 10.38 kW The heat source temperature was extremely high. The thermal
R123 Nexps = 73.25% efficiency was lower than 5%.

N = 6.48%

[35] Hot air, Scroll expander; Peya = 0.5—1.0 MPa Both expander shaft power and pump consumption power were
105 °C; metering pump Wexp = 0.151 kW computed by the enthalpy difference. The output power was
R245fa Nexp,s = 41—72% below 1 kW, and the thermal efficiency was lower than 5%.

Nen = 1.7-3.2%

[37] Hot water, Scroll expander; Peya = 22 bar The expander shaft power was determined by dynamometer.
773 °C; piston-diaphragm pump Wexp = 2.05 kW The evaporating pressure was relatively high. The thermal
R134a Nexp,s = NJA efficiency was lower than 5%.

Nen = 4%

[38] Solar energy, Scroll expander; Peya = 3.5—-9.5 bar The expander shaft power was determined by dynamometer.
41-75 °C; positive displacement pump ~ Weyp = 0.25—-0.92 kW The solar energy was unstable, and the actual thermal efficiency
R134a Nexp,s = NJA was very low.

N = 0.73-1.17%

[39] Steam, Gerotor expander, Peya = 1.878—2.041 MPa The way to compute the power was not given in the reference.
198 °C; scroll expander; Wexp = 2.07—-2.96 kW The heat source temperature and evaporating pressure were
R123 gear pump, TNexp,s = 83—85% very high. The piston pump had better performance than gear

piston pump Nen = N/A pump for ORC system.

[40] Hot air, Scroll expander; Peya = 5.45—11.12 bar The way to compute the power was not given. A semi-empirical
101.7—-165.2 °C; diaphragm pump Wexp = 0.382—1.820 kW model of scroll expander was established.

R123 Nexp.s = 68%
N = N/A

[41] Conductive oil, Scroll expander; Peya = 3.6—10 bar The expander output power was calculated by the measured
75—130 °C; diaphragm pump Wele = 0.2—0.55 kWe voltage and current. Two types of working fluids were
R245fa, R245fa/R601a Nexp,s = 71—83% compared. The output power was below 1 kW. The thermal
(0.72/0.28) Neth = 2.9—4.45% efficiency was lower than 5%.

[42] About 126 °C; Vane-type expander; Peya = 6.66—6.724 bar Both expander shaft power and pump consumption power were
HFE 7000 pump: N/A Wihar = 1.69—1.72 KW computed by the enthalpy difference. At the same time, the

Weje = 0.8248—0.8607 kWe  electric power was calculated by the measured voltage and
Nexp,s = 52.38—55.45% current of the power generation machine. The result showed
Nth = 3.73—3.89% that the shaft power was overestimated by the enthalpy

Nele = 1.38—1.40% difference.

[43] Electric boiler, Scroll expander; Peya = 13—18 bar The expander shaft power was calculated by the measured
120—-150 °C; diaphragm pump Wexp.ele = 1.5 kWe voltage and current of the power generation machine. The
R245fa Nexp,s = 60—74% thermal efficiency was relatively high.

Nen = 8%

[44,45]  Pressurized hot water, Twin screw expander; Peya = 1.2—1.4 MPa The way to compute the power was not given. The output
115—-125 °C; multistage centrifugal pump ~ Wexp, = 17-50 kW power reached 50 kW, and the thermal efficiency was relatively
R245fa Nexps = NJA high.

Nt = 8.05%

[46] Hot water, Twin screw expander; Peya = 0.581-0.911 MPa Both expander shaft power and pump consumption power were
85-116 °C; pump: N/A Wexp = 15.5—-39.9 kW computed by the enthalpy difference, and the thermal efficiency
R245fa Nexp,s = NJA was relatively high.

Nth = 5.6—8.3%

[47] Steam and hot water; Radial turbine; Peya = 8.65 bar Power output of the turbine was measured by power meter, and

R245fa centrifugal pump Wexp = 32.7 KW the pump consumption power was computed by the enthalpy
Nexp,s = 78.7% difference. The thermal efficiency was more than 5%.
Neh = 5.22%

[56] Hot water, Scroll expander, Peva = NJA Micro ORC generator was packaged without external power
90 °C; trochoidal expander; Wexp = 7.2—84 W supply. The expander shaft power was determined by torque
R245fa DC diaphragm pump W, =49-56 W and speed meter. The thermal efficiency was very low.

Nexp,s = 4.55%
Nen = 0.16—0.20%

[57] Conductive oil, Scroll expander; Peya = 0.55—1.5 MPa The expander shaft power was determined by AC
140-160 °C; piston pump Wexp = 2.35—-3.25 kW dynamometer. The study identified that the measured shaft
R123 Wp =0.2-1 kW power was about 15—20% lower than the enthalpy determined

Nexp,s = 45—82% value. The result indicated that the shaft power was
Neh = 5.12—6.39% overestimated by the enthalpy difference. The thermal
efficiency was more than 5%.

[58] Pressurized hot water, Scroll expander; Peya = 0.55—1.5 MPa ORC with multiple expanders used in parallel (PE-ORC) for large
120 °C; plunger pump Wexp = 1.7-3.4 kW variation waste heat source. The expander shaft power was
R245fa W, =N/A determined by torque and speed. The thermal efficiency was

TNexp,s = 60.9—61.2% relatively high.
Nth = 7.5%

[59] Exhaust gas for capstone Scroll expander; Peya = 1.4052 MPa The actual electrical power was measured with the light bulb
diesel turbine, 302.7 °C; plunger pump Wele = 0.7 kWe loading. The pump inlet subcooling temperature of 13 °C was
R245fa/R365mfc (0.485/ W, =N/A reported. The thermal efficiency was lower than 5%.

0.515) Nexps = NJA
Nth = 3.9%

(continued on next page)
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Table 1 (continued )

Ref. Heat source & working fluid ~ Expander & pump types Major parameters Comments

[60] Exhaust gas of diesel Single screw expander; Peva = 1.05 MPa The expander shaft power was determined by torque and speed.
engine, multistage centrifugal pump ~ Weyp = 5.12 kW The single screw expander performance was reported. The
408 °C; W, =N/A thermal efficiency was relatively high.
R123 TNexps = 49.5%

Nen = 7—8%

[61] 163—165 °C; Commercial ORC module Poya = 27.2—29.44 bar Commercial ORC module was used for micro combined heat and

R245fa Wele = 3.89—6.90 kWe power (CHP) applications. The electrical power output and

W, = 1.06—1.30 kWe
Nexp,s = 65%
Nen = 8.80%

electrical pump consumption were directly measured. The
thermal efficiency was relatively high.

The ORC prototypes were developed by various research
groups. The power generation was below 50 kW. Most of them
were in ~1 kW scale [13,33,34,37—43]. Few studies reported power
output in 10 kW scale [45—47] (see Table 1). There are three
methods to compute the expander power: (1) The power was
computed by mass flow rate and enthalpy difference between
expander inlet and outlet (Wexpcal) [33]; (2) The power was
determined by shaft torque and rotating speed of the expander
(Wexp) [37]; and (3) The power was calculated by measured
voltage and current of the power generation machine (Weje) [42].
Among the three methods, the power measured by the torque and
rotating speed of the expander approaches the real value, well
reflecting the expander operation.

Most of small scale volume-type expanders are modified from
commercial compressors [48]. The small scale velocity-type ex-
panders are designed and fabricated in Refs. [32,47]. The expander
suitable for ORCs is in the infancy stage. The pump is an important
component, but it has received less attention. The measured pump
efficiency was only 7—25% [49], which is smaller than the assumed
value of 65—85% in Ref. [50]. The commonly used organic fluids
evaporate easily to cause cavitation to weaken pump performance.
The system operation strongly depends on the match among
various components of the system, which are commented as
follows.

The match between heat source and ORC: The ORC performance
is strongly affected by heat source. If the heat source tempera-
tures and/or flow rates of the heat carrier fluid are increased, the
pressure and temperature are increased to raise power output.
The pumping flow rate should be raised to adapt this change. The
fluid overpressure may happen to break up ORC. On the other
hand, the decreased heat received from the heat source de-
creases power output and system efficiency to worsen the eco-
nomic behavior.

The match between pump and expander: The term “match” refers
to have good combination parameters between pump and
expander to operate ORC effectively and safely. The parameters are
capacities, efficiencies, state parameters (pressures, temperatures
and enthalpies), etc. The thermodynamic analysis deals with steady
ORC operation. The match between pump and expander is useful
for both steady and unsteady ORC operation. Ref. [50] proposed the
factor of the pumping power related to the expander output, W/
Wexp. One does not know the transient pump and expander pa-
rameters on ORC performance. Cayer et al. [51] analyzed CO, cycle
using a low temperature source.

The match between evaporator and condenser: Evaporation and
condensation heat transfer take place in the two heat exchangers.
The phase change heat transfer coefficients of organic fluids are
significantly lower than those of water. Besides, the phase change
heat transfer creates considerable pressure drops, which are
neglected in the thermodynamic analysis. Thus, the careful design

of heat exchangers is necessary. Two-phase flow and heat transfer
should be matched between evaporator and condenser.

Miao et al. [57] described the ORC loop. A scroll expander is
connected with an AC dynamometer unit to record shaft power and
rotating speed. The ORC can be controlled by two independent
parameters: R123 mass flow rate and external load. The maximum
measured shaft powers are 2.35 kW at 140 °C and 3.25 kW at
160 °C. The highest thermal efficiencies are 6.39% and 5.12%, at the
two temperatures. Miao et al. [57] found that the enthalpy deter-
mined power and thermal efficiencies are overestimated compared
with measured values.

The thermodynamic analysis sets nearly saturation liquid at
pump inlet. Saturation vapor was assumed at expander inlet to
yield a higher expander power [17,26]. However, nearly saturation
liquid causes pump cavitation. Besides, liquid droplets may be
entrained in saturation vapor [45,54], even for dry fluid expansion.
When saturation vapor enters expander, droplets attack the
expander blade to weaken expander performance. The suitable
liquid subcooling at pump inlet and vapor superheating at
expander inlet are important for ORC, not only from the thermal
efficiency point of view, but also from the safety operation point of
view.

The objective of this paper is to investigate match parameters of
pump and expander on ORC performance. In order to do so, the
ranges of pump frequencies and expander torques are extended to
have a set of fluid state parameters at pump and expander inlets.
The new finding is that saturation liquid at pump inlet and satu-
ration vapor at expander inlet, specified by equilibrium thermo-
dynamic analysis, are not suitable for practical ORC design and
operation. Because ORC works as a liquid—vapor two-phase flow
and heat transfer principle, thermal non-equilibrium between two-
phases should be considered. This explains why a liquid subcooling
of 20.7 °C at pump inlet and a vapor superheating of 13 °C at
expander inlet are necessary for present ORC. The equilibrium
thermodynamic analysis notes a thermal efficiency penalty when
one increases the liquid subcooling at pump inlet and vapor
superheating at expander inlet. However, the present paper found
that a saturation liquid at pump inlet and saturation vapor at
expander inlet cause severe problems such as flow rate decrease
and oscillation, noise and vibration. This paper provides the
guideline for future ORC design and operation.

2. The ORC experimental setup
2.1. The ORC system design

Fig. 1a shows the developed ORC. The cycle consists of four
subsystems, represented by four different colors. The four sub-

systems are coupled with each other. These subsystems are
described as follows.
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Fig. 1. Developed ORC system and its T—s cycle.

The organic fluid loop (black color): The ORC loop consists of a
piston pump, an evaporator, an expander and a condenser. The
piston pump circulates the R123 fluid. It is noted that R123 has been
widely used in ORCs [13,18,39,40]. The ORC with R123 fluid has
higher thermal efficiencies at heat source temperature below
200°C[13,29]. The fluid is safety and available from the commercial
market. The pump is controlled by a frequency converter to regu-
late R123 flow rate. The evaporator is a tube-in-tube heat
exchanger, having a heat transfer area of 5.53 m?. The expander is
modified from a scroll compressor, which is a commercial product
used in air-conditioning system installed in bus. It is considered as
one of the promising candidates for the expander in ~kW scale
[12,48]. Some modifications are performed so that it is suitable to
work as an expander: (1) change the compressor inlet and outlet
plenums to yield flow direction of the expander inverse to those of

is transmitted by a belt and couplings to the AC motor. The rated
rotating speed and maximum shaft torque of the AC motor are
1495 rpm and 70.0 Nm, respectively. The expander rotating speed is
two times of that of the AC motor. The computer software
dynamically processes the rotating speed and shaft torque of the
expander with sensors. The software communicates with the fre-
quency converter to control the shaft torque of the AC motor.
During the system operation, the software sets the shaft torque of
the AC motor at a specific percentage of the maximum value
(70.0 Nm here). The frequency converter of the AC motor controls
the shaft torque to maintain the desired value. In such a way, the
shaft power of the expander is directly measured. The real pumping
power is measured by a pump frequency converter. The measured
net power and thermal efficiency are

the compressor; (2) change the adapting tube size and valves that W — 2m Mot 1)
are suitable for the expander use; (3) change the seal material and Xp T g T exPTeXP
lubrication oil that are suitable for the expander use.

The designed shaft power of the expander is about 4 kW. The Whet = Wexp — Wp (2)
condenser is a plate heat exchanger with a heat transfer area of
6.08 m2. Various instruments are arranged around the ORC loop. w.
The R123 mass flow rate (m;) is measured by a MFM (mass flow Nth = net (3)
meter). Several measurement points are set around the ORC loop. Q&
For instance, points 1, 2, 2/, 3 and 4 refer to expander inlet,
expander outlet, condenser inlet, pump inlet and pump outlet. o Wexp (4)
Correspondingly, pressures and temperatures are marked as Py, Ty, P mye(hy — hyy)
Pr2, Ty, Pro, Trov, Pr3, Ti3, Pra, Tra, respectively.

An AC dynamometer dynamically measures the rotating speed my(hgs — h3)
(Nexp), shaft torque (Mexp) and power (Wexp) of the expander. The Mp = T (5)

unit consists of a frequency converter, an AC motor, a rotating speed
sensor, a monitor, a software and transmission facilities. The power

where Weyp and W), are the measured expander power and
pumping power, respectively, Q; is the total heat received from the
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conductive oil, n¢, is the net ORC thermal efficiency, nexp and 7, are
the measured expander efficiency and pump efficiency, respec-
tively. The denominator of Eq. (4) is the isentropic work of the
expander. The numerator of Eq. (5) is the isentropic work of the
pump.

The conductive oil circuit (red color): The conductive oil is the heat
source, heated by an electric heater with a 100 kW capacity. The
electric heater automatically adjusts the heating power to satisfy the
required oil temperature, which can be up to 300 °C, maximally. The
present study uses the oil temperatures of 140 °C, 150 °C and 160 °C
to evaporate the R123 fluid. The temperature can be controlled with
an uncertainty of 1 °C. An oil pump circulates the conductive oil
which receives heat from the electric heater and dissipates heat to
the ORC evaporator. The oil mass flow rate (my;) is measured by
MFM. The oil temperature entering and leaving the ORC evaporator
are marked as Toi1,i and Toi10. The total heat provided by the oil is

Qr = Mo Cp (Toiti — Toilo) (6)

The Lubricant oil loop (pink color): The expander operation needs
lubricant. A gear pump circulates the lubricant. The lubricant is
mixed with the R123 vapor at the expander inlet. After the
expansion, the lubricant is separated from the R123 vapor by an
efficient vapor-oil separator. Then, the lubricant returns to the oil
tank.

The cooling water loop (blue color): The cooling water loop is
thermally coupled with the ORC condenser. It dissipates extra heat
of the ORC system to air environment. The outdoor spray cooling
tower is the key component of the cooling water loop. The tower
has the cooling capacity of about 73 kW, corresponding to the water
flow rate of 5000 kg/h, at which the temperature difference of the
cooling water loop is 12.5 °C. Mass flow rate and temperatures are
measured to monitor the cooling water loop operation.

2.2. The ORC cycle

Fig. 1b shows the ORC cycle for a practical case. The black
envelop is the T-s curve of R123, in which T;; is the R123 critical
temperature. The system is operating at the subcritical pressure.
Along the ORC loop, the superheating vapor enters the expander at
point 1. The vapor superheating is defined as vapor temperature
subtracting saturation temperature: ATg,, 1 = Ty 1 — Tsat(Py1). The
real expansion in the expander is from 1 to 2, indicating an entropy-
increase process. Meanwhile, the ideal isentropic process is marked
as 1-2s. The isentropic efficiency of the expander is

hy —h
MNexp,s = ’11]_4}1225/ (7)

where hy is the enthalpy determined by pressure and temperature
at point 1, hy and hys are the enthalpies at point 2 and 2s (isentropic
expansion). The point 2 is at the expander outlet, and 2 is at the
condenser inlet. The thermodynamic analysis treats the point 2 and
2’ as the same state. The actual flow from point 2 to 2’ is due to the
pressure drop in the pipeline. In the condenser, the R123 vapor
undergoes a single-phase vapor convective heat transfer, an
isothermal condensation heat transfer and a subcooled liquid
convective heat transfer sections to reach point 3. The near point 3
region is complicated and it is enlarged to Fig. 1b left. The liquid
subcooling is defined as ATy 3 = Tsat(Pr3) — Tr.3. The pumping
process yields the entropy increase from point 3 to 4, while the
ideal isentropic pumping process is from point 3—4s. Thus, the
isentropic efficiency of the pump is written as

_ h4s - h3
s =, “hy (8)

The process from point 4 to 1 takes place in the evaporator. The
pump mechanical efficiency is defined as the calculated pump work
in terms of the enthalpy difference divided by the pump consuming
work.

W,
_ Vpeal _ "p
Tom = W T (9)

Eq. (9) states that n, y, equals to the measured pump efficiency
(np) divided by the pump isentropic efficiency (1p,m). Later we will
give Wp cal.

Fig. 2a shows the developed ORC, whose components are
marked as conduction oil boiler, electric valve, piston pump,
condenser, data acquisition system, expander, torque and speed
sensor and dynamometer. Fig. 2b shows the enlarged scroll
expander and dynamometer. Fig. 2c shows the expander outlook.
Fig. 2d—e shows the rotating scroll and fixed scroll of the expander,
respectively. Table 2 shows major parameters for piston pump,
evaporator, condenser and various heat exchangers. High quality
instruments and sensors are used. For instance, pressures, tem-
peratures and mass flow rates are measured by Rosemount 3051
pressure transducer, WRNK 191 temperature sensor and DMF-1-5-
A, respectively. The torque and rotating speed are measured by JN-
338-100A with the accuracy of 0.1%. The shaft power is measured
by the NY 6000 transducer with the accuracy of 1 W. Table 3 shows
instruments, sensors and accuracies. The uncertainties of the mass
flow rate and enthalpy are 0.2% and 0.6%, respectively.

Different from Refs. [13,35,42,46,47], the shaft torque and power
of the expander are measured by instruments, yielding the practical
system thermal efficiency. For comparison, the enthalpy decided
power of the expander is

Wexp{al = mr(h] - hZ) (10)

where h; and h;, are determined by pressures and temperatures at
the expander inlet and outlet (Py1, Ty1, Pr2 and T;2), respectively. The
enthalpy difference decided pumping power is

Wp cal = Mr(hy — h3) (11)
The computed thermal efficiency of the ORC system is

W, 1= Wpaal
Nth,cal =W (12)

It is found that for most cases, the measured thermal efficiency
is less than the computed values by Eqgs. (10)—(12). Various exergy
destructions take place in the expander including heat loss and
mechanically induced destructions. The enthalpy drop across the
expander is not fully converted to shaft power. Besides, the exergy
destruction exists in the piston pump. The pumping power should
be larger than that decided by the enthalpy rise across the pump.
Therefore, the calculated thermal efficiency is overestimated.

2.3. The operating procedure

The ORC can be operating by specifying mass flow rate, pressure
and temperature of the organic fluid. For this ORC prototype, the
closed ORC system is initially vacuumed to remove the non-
condensable gas. Then, the system is charged by a specific R123
liquid. In such a way, part of the ORC internal volume is occupied by
the R123 liquid, and part of the volume is occupied by the R123
vapor. The R123 pressures and temperatures at various locations
are not independent parameters, but they are determined by R123
mass flow rate and external load of the expander such as shaft
torque and power. The system involves two adjusting parameters:
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Condenser

©

Fig. 2. Photos of developed ORC machine: (a) ORC system; (b) fixed scroll expander and dynamometer; (c) expander; (d) rotating scroll; and (e) fixed scroll.

piston pump frequency and expander torque. Once the two pa-
rameters are set, all the state parameters marked in Fig. 1 can be
finalized.

Table 4 shows the operating parameters. Three conductive oil
temperatures are 140, 150 and 160 °C, respectively. The oil flow rate
is 2150 + 20 kg/h. The cooling water to condense the R123 vapor
has the flow rate of 1765 + 20 kg/h. The piston pump frequencies

Table 2
Parameters of main components.

Instruments Parameters

Rated flow rate: 2.5 m3/h

Rated speed: 720 r/min

Heat transfer area: 5.53 m?

Heat transfer area: 6.08 m?

Heating capacity: 100 kW
Temperature control precision: +1 °C
Cooling capacity: 73 kW

Piston pump
Evaporator
Condenser

Heat conducting oil boiler

Cooling tower

are in the range of 7—16 Hz. The expander torques are in the range
of 2.95—-29.7 Nm.

3. Results and discussion
3.1. Match between pump and expander

Various pumps exist commercially. The most used pumps are
multistage pump and reciprocating pump (see Table 1). For

Table 3
Major parameters, instruments and uncertainties.

Parameters Instruments Uncertainties
Temperature WRNK-191 +0.5°C
Pressure Rosemount 3051 0.1%

Mass flow rate DMF-1-5-A 0.2%

Torque & rotation speed JN-338-100A 0.1%

Shaft power NY 6000 +1W
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Table 4
Running cases of the experiment.
Parameter Value
Toit,i (°C) 140, 150, 160
Moit (kg h™") 2150 + 20
me (kg h™1) 1765 + 20
f(Hz) 7,8,9,10,11,12, 14, 16
Mexp (Nm) 2.95-29.7

multistage pump, flow rate is dependent on rotating speed of pump
and pressure at pump outlet. Reciprocating pump includes dia-
phragm pump and piston pump. For normal operation of recipro-
cating pump, flow rate is only dependent on rotating speed or
piston displacement, but it is not relied on pressure. The piston
pump used in this study has the rated flow rate of 2.5 m?/h and
pressure of 6.3 MPa. Because a set of experiments including su-
percritical pressure ORCs with high pressures will be performed in
the future, a high pressure of 6.3 MPa for the pump is selected. The
pump pressure does not influence the subcritical pressure ORC
experimental results.

Fig. 3a shows the dynamic volume flow rate in a full cycle. The
non-dimensional flow rate is defined as q;/qrave, Where g aye is the
average volume flow rate. It is found that the minimum and
maximum values are 0.907 and 1.047 times of the average value.
Fig. 3b shows a linear relationship between volume flow rate and
pumping frequency. The maximum flow rate is 2.5 m>/h at the
rotating speed of 720 r/min, corresponding to the 50 Hz frequency.

The ORC external load influences the pump operation. Fig. 4
shows mass flow rates of the pump and expander torque versus
time. The conductive oil temperature entering the ORC evaporator
is 150 °C and the pump frequency is f = 9 Hz. During the long time
operation (more than three hours), the expander torque is
increased step by step. Flow rates are almost not changed at low
expander torques. Such flow rate is about 650 kg/h. However, when
the expander torque exceeds 15.54 Nm, flow rates are decreased
and oscillating. The phenomenon is more obvious at the expander
torque of 29.61 Nm. The oscillating amplitude attains about +50 kg/
h at extremely high expander torque. Fig. 4 demonstrates the match
between flow rates and expander torques.

3.2. The operation at the oil temperature of 140 °C

This section describes the ORC operation at Tyj; = 140 °C. The
match between pump and expander is focused. The effect of heat
source temperature will be described in the next section.

The pumping behavior: Fig. 5a shows flow rates at various fre-
quencies and expander torques. The curves are classified as three
groups in terms of f= 7, 8 and 12 Hz. For each group of f, the dashed
line represents the ideal flow rate, and the dynamic curve indicates
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Fig. 4. Dynamic flow rates by the step increase of the expander torque during ORC
operation.
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Fig. 5. Dynamic flow rates by step increases of expander torques at various pump
frequencies (a) and flow rate ratios dependent on pump frequencies and expander
torques (b).

the measured values. At f = 7 Hz, mass flow rates are quite stable
and approach the ideal value, except when the expander torque is
significant large (black curves). Beyond Mexp = 22.53 Nm, mass flow
rates are decreased and oscillating. When the pump frequency is

3.0

Piston pump rated parameter:
231 720 timin, 50 Hz, 2.5 m¥h
2.0

1.54 /

1.04

0.51 /

001 (b)
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Fig. 3. Piston pump flow rates in one cycle (a) and ideal average flow rate versus pump frequencies (b).
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increased, the transition from stable to unstable flow rates is shifted
to lower expander torques. For example, flow rates at f = 8 Hz
begins to decrease and oscillate at Mexp = 15.51 Nm (red curves (in
the web version)). The blue curves (in the web version) at f= 12 Hz
show significant deviation of measured flow rates from ideal value,
even at low torques. The flow rate decrease and oscillation are
apparent at Mexp = 2.96 Nm, indicating the poor match of pump
frequency and expander torque.

The flow rate coefficient is defined as § = m/m.;, where m;; is
the ideal flow rate. Solid symbols having § > 0.9 represent NFRO
(Normal Flow Rate Operation), and open symbols with § < 0.9
indicate DFRO (Deviated Flow Rate Operation). Fig. 5b summarizes
results at f= 7, 8,10 and 12 Hz. Most of data points at f= 7 and 8 Hz
are in the NFRO regime except one data point for Meyp > 18.91 Nm.
The pump frequencies of 10 and 12 Hz behave sharp decrease of

and most of data points are in the DFRO regime. Thus, the high
pump frequency is not suitable for the present ORC.

Fig. 6 plots pump inlet pressure (P;3), outlet pressure (P;4) and
pump inlet liquid subcooling (4T, 3). The pump inlet pressures
are decreased and outlet pressures are increased with increases in
expander torques (see Fig. 6a and d). An exception is found for
f = 12 Hz, in which pump inlet pressures are not sensitive to
expander torques (see blue (in the web version) curve in Fig. 6a).
The pump inlet liquid subcooling is important for the pump oper-
ation. The nearly saturation liquid at pump inlet causes cavitation
to decrease and oscillate flow rates (see Fig. 6¢), which should be
avoided. Fig. 6b shows decreased liquid subcooling versus expander
torques. The solid symbols represent NFRO, which can be satisfied if
ATgyp 3 > 20.7 °C. All data points at f = 12 Hz belong to DFRO, caused
by 4Tsp 3 < 20.7 °C.
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Fig. 7a—b shows measured pump powers (W) and efficiencies
(np) dependent on pump frequencies and expander torques,
showing increased W), and 7, with increases of f and Mexp. The
effect of expander torques on W), and 7, becomes weak at f= 12 Hz.
The maximum pump efficiency is 29.91%, occurring at f = 8 Hz and
Mexp = 18.91 Nm. The 7, values do not change versus Mexp and are
about 26% at f = 12 Hz.

The pump isentropic efficiency (7ps) is important to charac-
terize pump performance (see Fig. 7c). The solid and open symbols
represent NFRO and DFRO, respectively. It is found that nps is
increased with increases in Mexp for NFRO, indicating the improved
pump performance. Once DFRO occurs, 1, s is decreased, showing
the deteriorated performance. For normal operation, nps can be
60—72%.

The pump mechanical efficiency characterizes the pump me-
chanical performance. Fig. 7d shows the increased mechanical ef-
ficiencies with increases in pump frequencies and expander
torques. The increase of expander torque increases the system
pressure, while the increase of pump frequency raises the flow rate.
The maximum mechanical efficiency is 51%.

Pump is an important component, which is still in developing
stage for ORC. This paper explores the effect of pump performance
on ORC. The piston pump having a wide range of flow rates is
selected. Besides, the practical flow rate is difficult to approach the
rated value. Thus, an oversized pump with higher rated flow rate is
used in this study. Due to similar reason, other studies such as
Refs. [13,33] also used the oversized pumps. Zhou et al. [13] used
the practical flow rates which are 30% of the rated value. Alterna-
tively, Wang et al. [33] used the practical flow rates which are
10—44% of the rated value.

The equilibrium thermodynamic analysis assumes nearly satu-
rated liquid at pump inlet, which is not suitable for ORC operation.
A specific liquid subcooling is necessary, due to the non-
equilibrium energy conversion in the pump. Fig. 8 shows flow
rate coefficients smaller than 0.9 for liquid subcooling less than
20.7 °C. Flow rates are oscillating and cavitation occurs in the
pump. Noise and vibration are detected at such states. However,
flow rate coefficients can be up to 0.95 without cavitation, when
liquid subcooling is beyond 20.7 °C.

Cavitation widely happens in pumps and rotating machines. The
phenomenon is caused by dynamic variations of pressures and
temperatures in the pump. During the liquid suction stage, liquid
pressure is instantaneously decreased to approach the saturation
pressure corresponding to the liquid temperature. Miniature bub-
bles appear during the pressure decrease stage. During the liquid
discharge stage, the pressure is sharply increased. Miniature bub-
bles are collapsed and disappear. In a full pumping cycle, the bubble

formation and collapse cause shock wave. The shock wave is
harmful and shortens the pump lifetime. It also causes unstable
flow rates.

Cavitation is more serious for organic fluid pumps. This is
because most organic liquids have significantly lower evaporation
temperature and smaller latent heat of evaporation compared with
water. In other words, miniature bubbles are more easily to be
formed in organic fluid pumps.

There are fewer investigations regarding cavitation in organic
fluid pumps. Lakew and Bolland [24] used the zeotropic mixture of
R245fa/R365mfc as the working fluid. The liquid subcooling at
pump inlet was 13 °C. Quoilin et al. [52] used the diaphragm pump
in the ORC loop. They suggested the liquid subcooling at pump inlet
in the range of 20—44 °C. Reid [53] reported experimental studies
on ORC. A centrifugal pump was used. The maximum pump effi-
ciency was only 7%. The liquid subcooling was not reported in his
paper.

The measure to avoid cavitation is to increase liquid subcooling
at pump inlet, such as reported in the present paper. An alternative
way is to increase static hydraulic pressure head at pump inlet,
corresponding to rise of the liquid subcooling.

The left issue is the pump efficiency. The isentropic efficiency,
mechanical efficiency and overall efficiency are recorded as 7y,
Npm and 7p respectively. They have the following relationship:
Np = NpsNpm- The maximum isentropic efficiency is up to 72.9%,
which is not low compared with other studies. The assumed isen-
tropic efficiency covers the range of 65—85% in Ref. [50]. However,
the mechanical efficiency is not considered in the literature. The
present study obtains 7,y in the range of 35-51% (see Fig. 7d).
Physically, the mechanical efficiency represents how much of the
electricity can be converted to the useful power for fluid enthalpy
increment. Various destructions exist such as heat transferred from
pump to environment, friction loss between static part and moving
part of the pump. The mechanical efficiency is relatively low for
small scale ORC. It can be increased if one increases the ORC ca-
pacity. The relatively low mechanical efficiency yields lower overall
pump efficiencies of 17—30% (see Fig. 7b).

Very few studies reported overall pump efficiencies. Quoilin
et al. [52] reported the measured pump efficiency of 15%. Reid [53]
measured the pump efficiency of 7%. Our measured pump effi-
ciencies are apparently larger than those reported in Refs. [52,53].

The expander behavior: When expander torques are increased,
pressures (P;1) are increased, but vapor temperatures (T;1) and
superheatings (4Ts,p 1) are decreased, at the expander inlet (see
Fig. 9). At f = 12 Hz, 4T is quite small corresponding to near
saturation vapor at the expander inlet (see Fig. 9c). The vapor
superheating at the expander inlet is an important parameter to
influence ORC performance. Fig. 10 plots measured expander
powers versus vapor superheating degrees. Expander powers show
parabola shape versus vapor superheating degrees. The maximum
expander power appears at 4Tg,,; = 17 °C at f = 7 Hz, and
ATgyp 1 = 13 °C at f= 8 Hz. The measurements significantly deviate
from equilibrium thermodynamic analysis, which notes the
maximum power occurring at the inlet saturation vapor.

Non-equilibrium evaporation heat transfer in the evaporator
explains the reason [54]. During the convective evaporation heat
transfer in the tube, liquid films exist on tube wall. Shear-stress on
the liquid—vapor interface entrains liquid droplets in the vapor. The
vapor has the saturation temperature but liquid droplets have
lower temperature than the vapor. The temperature difference
between vapor and liquid droplets is called the thermal non-
equilibrium effect. When liquid droplets enter the expander, they
attack the expander blade. The shock wave is created in a very short
period of time (10~% s scale [55]) during the droplet attacking
process. A strong mechanical force is formed for such attacking. The
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Fig. 9. Expander inlet pressures (a), temperatures (b) and vapor superheating degrees (c and d).

droplet induced shock wave and mechanical force disturb the
normal flow field in the expander. Thus, the expander power
cannot reach the maximum value. Such phenomenon also shortens
the expander lifetime.

Fewer studies investigated vapor superheatings. Gao et al. [35]
used the scroll expander with R245fa as the working fluid. They
found the maximum expander power at the vapor superheating of
28 °C. Lee et al. [45] used the screw expander and plate heat ex-
changers. The system was unstable and thermal efficiency was low
for vapor superheatings lower than 10 °C.

The useful way to avoid the droplet attacking process is to in-
crease the vapor superheating degrees, under which apparent heat
transfer takes place between superheated vapor and liquid drop-
lets. Thus, liquid droplets can be completely evaporated to achieve a
pure vapor at the expander inlet, explaining why a vapor super-
heating of 13 °C is necessary to have the maximum expander po-
wer. An alternative way to avoid liquid droplet is to set a two-phase
separator, in which liquid droplets can be removed.

Fig. 11 shows decreased pressures, temperatures and vapor
superheating degrees at expander outlet. The effect of expander
torques on the parameters at the expander outlet becomes weak at
f = 12 Hz. The expansion ratio ¢ is defined as expander inlet
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Fig. 10. Measured expander powers versus vapor superheating degrees at the
expander inlet.

pressure divided by outlet pressure, i.e. ¢ = P1/Pr2. The increase of
Mexp increases expansion ratios (see Fig. 12a), but decreases
expander rotating speeds (see Fig. 12b). The measured expander
powers (Wexp) have parabola distribution versus expander torques
(see Fig. 12c). Larger expander powers happen with Mey, in the
range of 12—19 Nm.

Fig. 12d shows measured expander power (Wexp) divided by
enthalpy difference decided value (Wexpca)) showing parabola
shape versus Mexp. The better cases have Wexp/Wexp,cal of 0.8—0.9.
Fig. 12e shows expander efficiencies versus expander torques. The
measured expander efficiencies (7exp) are apparently smaller than
the isentropic efficiencies (7exp,s). The isentropic efficiencies (7exp,s)
reach 0.60—0.88. It cannot reflect real expander working state. The
enthalpy difference across expander may not completely convert to
useful power. Part of the enthalpy difference is consumed by energy
dissipation. The measured expander efficiencies are 40—60%.

One may be interested in pumping power divided by expander
power (Wp/Wexp, see Fig. 12f). The measured Wy/Weyp, and enthalpy
decided Wy cafWexp,cal are shown. The measured Wp/Weyp covers
the range of 13—30%. The calculated Wy cal/Wexp,cal covers the range
of 3.5—7.5%.

The system behavior: Attention is paid to net power (Whpet),
which is defined as expander power subtracting pumping power
(see Eq. (2)). Net thermal efficiency is defined as net power divided
by heat received from the heat source (see Eq. (3)). We saw the
parabola distribution of net powers versus expander torques (see
Fig. 13a). The maximum net power reaches 18813 W at
Mexp = 15.51 Nm.

Fig. 13b shows thermal efficiencies versus expander torques. The
solid and dashed curves represent measured (see Eq. (3)) and
calculated efficiencies (see Eq. (12)). The calculated thermal effi-
ciencies are increased with increases in Mexp, with the maximum
value of 8.25%. The measured thermal efficiencies show the
parabola shape versus Mexp, with the maximum value of 5.78% at
Mexp = 15.51 Nm.

Three points of a, b and c are marked in Fig. 13a, having the vapor
superheating degrees of 33.4 °C, 12.7 °C and 0 °C, respectively. The
T-s curves are shown in Fig. 14. Fig. 10 told us that the expander
power attains maximum at the vapor superheating degree of 13 °C
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(point b). Deviation from the vapor superheating degree of 13 °C
decreases expander powers, which is the main reason to cause the
parabola distribution of Whyet versus Mey, (see Fig. 13a). The net
power is also influenced by the heat received from the heat source,
which is 38.4 kW, 35.2 kW and 28.1 kW at point a, b and c. The
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lower net power at point c is partially due to the lower heat
received from the heat source.

Due to decreased vapor superheating degrees, calculated ther-
mal efficiencies are increased from point a to c (see dashed curves
13b),

in Fig. which is consistent with the equilibrium
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thermodynamic analysis. Measured thermal efficiencies attain
maximum at point b for which the vapor superheating degree is
13 °C (see solid curves in Fig. 13b). This does not support the
equilibrium thermodynamic analysis. The saturation vapor at the
expander inlet causes disturbed flow field due to liquid droplet
induced shock wave in the expander. The varied expander effi-
ciency (nexp) is caused by the varied pressure and temperature
distribution in the expander. The highest expander efficiency is
60.54% at the vapor superheating degree of 13 °C (see Fig. 14b).
However, 7exp is decreased to 43.13% at point ¢ (saturation vapor
inlet, see Fig. 14c). In summary, saturation vapor at expander inlet
worsens the expander and system performance.

3.3. The effect of heat source temperatures

Fig. 15 summarizes results for the oil inlet temperatures of 140,
150 and 160 °C. The R123 flow rates, pumping powers, expander
powers and thermal efficiencies are the measured ones. The pa-
rameters dependent on pump frequencies and expander torques
are similar for all the three oil temperatures. Mass flow rates,
pumping powers and expander powers achieve significant increase
with increase of heat source temperatures. Fig. 15c shows expander
powers versus expander torques. The maximum expander power is
2160 W at Ty = 140 °C, but it is 3082 W at f = 11 Hg,
Mexp = 22.70 Nm and Tyj; = 160 °C. Thermal efficiencies are
intercrossed with the three heat source temperatures. They are
higher for low heat source temperatures and low expander torques
(Mexp < 15.51 Nm), but they are higher for high heat source tem-
peratures and large expander torques (see Fig. 15d). The increased
heat source temperatures should have larger expander torques to
have better performance. The increased heat source temperatures
also need higher pump frequencies. The higher pump frequency of
f= 11 Hz is not suitable for the heat source temperature of 140 °C,
but it is suitable for the 160 °C oil temperature. The optimal pump
frequencies and expander torques are f < 10 Hz and
Mexp = 11.95—18.91 Nm at Ty ; = 140 °C. When Ty, equals to 160 °C,
the optimal pump frequency is f = 11 Hz and expander torques are
Mexp = 19.15—26.15 Nm, respectively.

Fig. 16 shows effect of heat source temperatures on measured
expander efficiencies. The curves display parabola shapes, which
are similar to each other for three heat source temperatures. The
maximum expander efficiency attains 60.6%, which is almost
highest compared with measured values in the literature (see
Table 1). Low expander torques yield ultra high vapor superheating
degrees at expander inlet to have small expander efficiencies.
Expander efficiencies are increased with increases in expander

0.6 60.6 % —
—
0.5 o
N T,,=160°C, /=11 Hz
§ 0.4+ o
T,,=140°C, f=8 Hz
0.3+ Solid symbols for NFRO,
o open symbols for DFRO.
T,,=150°C, f=9 Hz
0.2 T T T T T

0 5 10 15 20 25 30
M__ (N'm)

exp

Fig. 16. Expander efficiency versus expander torques for different heat source
temperatures.

torques (or decreases in vapor superheatings at expander inlet),
until maximum is reached, beyond which the vapor superheating
becomes small to reach the saturation vapor. The liquid droplets
entrained in vapor not only decrease expander efficiencies, but also
shorten expander lifetime, explaining the parabola distribution of
expander efficiencies versus expander torques.

3.4. Comparison with other studies

Many equilibrium thermodynamic analyses have been reported
in the literature [6,7,16,26]. The analysis does not consider the
vapor—liquid flow and heat transfer in various components. The
assumptions are the near saturation liquid at pump inlet and
saturation vapor at expander inlet. Other assumptions include
isentropic efficiencies of pump in the range of 65—85% [50] and of
the expander in the range of 75—87% [25,31,32]. The present
measurements note that saturation liquid at pump inlet and satu-
ration vapor at expander inlet may not be suitable for practical ORC
design and operation. The ORC development behaves multidisci-
plinary principle.

The present paper investigates the match between pump and
expander. The adjusting parameters are pump frequencies (f) and
expander torques (Mexp). The pump frequencies of 7 and 8 Hz adapt
the whole range of expander torques. High pump frequencies
(f > 10 Hz) adapt low expander torques only.

Pump frequencies and expander torques affect flow rates,
pressures and temperatures. Low pump frequencies of 7 and 8 Hz
yield stable flow without cavitation. Flow rates are decreased and
oscillating at high pump frequencies (f > 10 Hz), under which pump
cavitation appears. Ultra-low expander torques generate suffi-
ciently high vapor superheatings to decrease expander efficiencies,
consistent with the equilibrium thermodynamic analysis. Ultra-
high expander torques achieve saturation vapor at expander inlet,
involving liquid droplets induced shock wave to decrease expander
powers and efficiencies, which cannot be treated by the equilib-
rium thermodynamics. For the 140 °C oil temperature, the optimal
expander torque is about 15 Nm. The range of 10—25 Nm is
acceptable.

Fig. 8 shows flow rate coefficients versus liquid subcoolings. A
liquid subcooling of 20 °C is necessary to avoid the shock wave
caused cavitation in the pump. The expander powers show
parabola shape versus vapor superheatings at expander inlet. The
optimal vapor superheating is about 13 °C, beyond which decreases
the expander power (see Fig. 10). The measured expander effi-
ciencies also display the parabola distribution versus expander
toques (see Fig. 16). The mechanisms and measures to avoid cavi-
tation in pumps and expanders are discussed.

There are fewer experimental studies on the match between
pump and expander (see Table 1). The heat source temperatures are
in the range of 41—485 °C [13,18,35—47]. The organic fluids are
R123, R245fa and others [13,35—39]. Most ORCs have ~1 kKW ca-
pacity [37—43]. Very few studies report ~10 KW power output or
larger [45—47]. The isentropic efficiencies of pumps are less re-
ported. The overall pump efficiencies are 7—25% [49,52,53]. This
study measured overall pump efficiencies of 16.88—29.91%, slightly
larger than 7—25% in Refs. [49,52,53].

The isentropic efficiencies of the expander are reported in the
range of 4.55—85% in Refs. [39—43,56]. The measured expander
efficiencies are not reported. The measured expander efficiencies
are 24.03—64.88% in this study.

The ORC performances versus liquid subcoolings at pump inlet
and vapor superheatings at expander inlet are thoroughly investi-
gated in this paper. Such relationship is not seen in the literature.
Lakew and Bolland [24] used the liquid subcooling at pump inlet of
13 °C. Quoilin et al. [52] suggested the liquid subcooling at pump



X. Yang et al. / Energy 90 (2015) 864—878 877

inlet of 20—44 °C. Gao et al. [35] used the scroll expander and found
the maximum expander power at the vapor superheating of 28 °C.
Lee et al. [45] used the screw expander and found the unstable
system and low system thermal efficiency when the vapor super-
heating was smaller than 10 °C.

In summary, the equilibrium thermodynamics overestimate the
ORC performance. A set of assumptions should be relied on the
measured values for practical ORC design and operation. The flow,
heat transfer and energy conversion should be investigated in heat
exchangers, pumps and expanders. The cavitation in pumps and
expanders for organic fluids should be paid great attention. The
available studies on cavitation are for water-vapor system. The
problem becomes serious for organic liquid—vapor systems.

4. Conclusions
The new findings are summarized as follows:

e The match between pump and expander is investigated. Pump
frequencies and expander torques are adjusting parameters.
Lower pump frequencies (f < 10 Hz) adapt the whole range of
expander torques. Higher pump frequencies (f > 10 Hz) adapt
low expander torques only.
Lower pump frequencies (f < 10 Hz) yield stable flow. Higher
pump frequencies cause unstable flow with cavitation.
Ultra-low expander torques generate sufficiently high vapor
superheatings to decrease expander efficiencies. Ultra-high
expander torques achieve saturation vapor at expander inlet,
involving liquid droplets induced shock wave to worsen
expander performance. An optimal range of expander torques
exists to have better expander performance.

A liquid subcooling of 20 °C is necessary to avoid pump cavita-

tion. Expander powers and efficiencies show parabola shapes

versus expander torques, or vapor superheatings at expander
inlet. The optimal vapor superheating is 13 °C.

e The increase of heat source temperatures enlarges suitable
ranges of pump frequencies and expander torques.

e For pumps and expanders, the cavitation mechanisms are
analyzed and measures to avoid cavitation are discussed.

e This paper notes the overestimation of ORC efficiencies by
equilibrium thermodynamic analysis. Assumptions should be
dependent on experiments. Future studies are suggested on
organic fluid flow, heat transfer and energy conversion in
various components.
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