Energy 134 (2017) 35—49

Contents lists available at ScienceDirect -
Energy
journal homepage: www.elsevier.com/locate/energy o

Experimental and modeling investigation of an organic Rankine cycle @CmssMark
system based on the scroll expander

Zheng Miao, Jinliang Xu', Kai Zhang

The Beijing Key Laboratory of Multiphase Flow and Heat Transfer for Low Grade Energy Utilization, North China Electric Power University, Beijing, 102206,

PR China

ARTICLE INFO

ABSTRACT

Article history:

Received 20 January 2017
Received in revised form

11 May 2017

Accepted 1 June 2017
Available online 1 June 2017

Keywords:

Organic Rankine cycle
Scroll expander
Experimental
Modeling
Optimization

A comprehensive model for organic Rankine cycle (ORC) was presented in this work. Several sub-models
were included. Fewer empirical coefficients were needed in the improved expander model than the
previous one as several parameters were obtained directly from the actual structure parameters of
scrolls. The Dalton's law was used to simulate the pressure in the liquid tank, consisting of partial
pressures of non-condensable gas and saturated vapor. A spray cooling tower model was built to take
account of the influence of environment temperature and humidity on the ORC operation and perfor-
mance. The simulations agree well with the tested data. Then, the model was used to analyze the
mismatch among components of the cycle and evaluated the potential optimizations to the ORC pro-
totype. For the present ORC system, the model predicts that the output power can be doubled after the
optimization measures are taken. The environment temperature and humidity apparently influence the
system performance. The effect of humidity becomes significant at high environment temperature. The
expander power can be decreased by one third when the humidity is increased from 50% to 90% in
summer season. The present work provides the guidance for design and operation of the ORC system.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Energy shortage and environment protection are leading to
rapidly growing interest in the utilization of low grade energy,
especially for the heat sources with temperature below 250 °C. The
steam based Rankine cycle is not applicable for low grade energy
conversion due to its high boiling temperature. However, organic
Rankine cycle (ORC) is regarded as the promising technology to
convert low grade heat into work [1-3].

During the past two decades, ORC has been widely investigated
experimentally and theoretically. Regarding the experimental
studies, Yamanoto et al. [4] experimentally studied an ORC system
based on a micro-turbine with R123 as the working fluid. Li et al. [5]
analyzed the effect of mass flow rate of the working fluid on the
thermal efficiency of a regenerative ORC. The achieved thermal
efficiency was 7.98% at the heat source temperature of 130 °C. In
Refs. [6—8], a kW-scale ORC with a specially designed turbine was
tested, and the maximum expander isentropic efficiency of 65% and
the cycle thermal efficiency of 6.8% were obtained. Bracco et al. [9]
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developed a domestic-scale ORC with R245fa as the working fluid.
The electric efficiency was about 8% at the expander inlet temper-
ature ranging from 120 to 150 °C. Minea [10] tested a 50kWe ORC
prototype using a twin screw expander. The electric efficiency was
6.62—7.57% at the heat source temperature from 85 to 116 °C. Wang
et al. [11-13] experimentally studied a solar recuperative ORC
system using R245fa and zeotropic mixtures. They tested the per-
formance of a kW-scale rolling-piston expander. The thermal effi-
ciency was 5—6%. Li et al. [ 14] tested a kW-scale ORC system with a
turbo-expander and claimed that both the heat source temperature
and pump speed were important parameters in determining sys-
tem thermal efficiency and the component operations. Uusitalo
et al. [15] conducted an experimental investigation of a ORC system
driven by heat from the diesel engine exhaust. No power was
extracted from the system as an expansion valve is used instead of a
real expander. The effective removal of non-condensable gases
during the operation was pointed out to be a challenge in achieving
the targeted power output. In our previous work, we developed an
ORC prototype based on a 4 kW scroll expander [16—18]. Both
steady and dynamic operation characteristics were provided at the
heat source temperature from 140 to 160 °C. It is found that the
obtained shaft powers significantly deviated from calculated ones,
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which are calculated based on the enthalpies under measured va-
por temperatures and pressures at the expander inlet and outlet. In
summary, the available experimental investigations of ORCs
focused on small scale power output. Few developed ORCs were
optimized due to the lack of knowledge on the mismatch among
components of the cycle and the difficulty in modifying the tested
prototype.

Reliable mathematical model is a powerful and economical tool
to investigate the ORC system, and it can be used to study the
mismatch among components and evaluate potential optimiza-
tions to the system. In nowadays, most theoretical analysis of the
ORC is based on the thermodynamic analysis which is quite
different from the modeling. In the thermodynamic analysis, the
first and second laws of thermodynamics are used to analyze the
operation parameters and performance of ORCs [1,19—28]. Such
analysis is carried out at the system level, aiming at the “design” of
a new system, and does not consider the influence of heat transfer
or heat-power conversion process in the practical equipments.
Thus, the analysis is relatively idealized. Alternatively, in the
mathematical models, both the system level and the detailed pro-
cesses of heat transfer and heat-power conversion are included,
focusing on the “operation” analysis and optimization under the
constraints of practical equipments. So far, the mathematical
models have seldom been reported in the literature for ORCs. Wei
et al. [29] proposed a dynamic mathematical model of an ORC
system, using the moving boundary model for heat exchangers and
empirical model for pump and expander. Lemort et al. [30—32]
integrated an open-drive oil-free scroll expander into an ORC sys-
tem. The simulation results revealed that the heat loss, internal
leakage and mechanical induced exergy destructions mainly
accounted for the deteriorated expander performance. Benoto et al.
[33] performed an analysis of hot spots in boilers of ORC units
during transient operation. The heat exchanger model used a
distributed cross-flow physical topology and local correlations for
single- and two-phase heat transfer coefficients. Proctor et al. [34]
proposed a dynamic modeling of a commercial scale geothermal
ORC power plant using the process simulation software VMGSim.
The model was expected to test potential improvements to the
system. Dong et al. [35] presented a semi-empirical model to
optimize the experimental system and obtain an optimum design
method of ORC system. Two experimental systems were built up;
one was for providing data to the semi-empirical model and the
other was for model validation. Recently, Ziviani et al. [36] per-
formed a test of an ORC system with a single-screw expander and a
control-oriented steady-state model of the system to optimized the
operation of the ORC unit. The frequency of the pump is used as
controlled variable to adjust the superheating level for different
working conditions. It is noted that these models should be further
improved to reflect the practical operation of the ORC system. For
example, the non-condensable gas was observed in test [17,30], but
it was not included in the modeling. Furthermore, the influence of
the environment conditions on ORC operation and performance is
rarely studied [37].

The objective of this paper is to provide a comprehensive nu-
merical model based on practical situations. Several sub-models
were included. New models were proposed for the liquid tank
and the spray cooling tower to evaluate the influences of non-
condensable gas and environment conditions. The heat transfer
model of evaporator and condenser is a three-zone model (sub-
cooled liquid, two-phase and superheated vapor). Different heat
transfer correlations are used for different zones. An expander
model was developed based on the model of Lemort et al. [30] but
using fewer empirical parameters. The numerical results matched
the measured data of the ORC system. For the present built ORC
system, the predicted shaft power by this model can be doubled

after the system optimization. The environment temperature and
humidity apparently influence the system performance.

2. The tested ORC system
2.1. System description

Fig. 1 shows the design chart of the ORC system, the T-s diagram
of the cycle at the design point and photos of the prototype in this
study. It consists of five subunits: the conductive oil circuit (red
lines), the working fluid R123 circuit (brown lines), the cooling
water circuit (blue lines), the lubricant oil circuit (green lines) and
the AC dynamometer unit. The detailed information about this
system can be found in our former work [17]. The T-s diagram in
Fig.1(b) represent the design point of the ORC prototype. The points
1 and 2 refer to the start and end of the expansion process,
respectively. The isentropic efficiency of the expander was ex-
pected to be 0.7. Thus, the expander power is 3.85 kW under the
enthalpy difference between points 1 and 2, and the corresponding
mass flow rate of the organic fluid is 680 kg/h. The efficiency of the
pump was expected to be 0.5. In this condition, the evaporator load
is about 37.3 kW.

The conductive oil is used to simulate the low grade heat source.
The heat flux absorbed by R123 in the evaporator is given as:
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Fig. 1. (a) Design of the ORC system, (b) T-s diagram of the cycle, and (c) photos of the
experimental setup.
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Q= m(Heva,out - Heva‘in) W

The expander in this prototype is modified from a scroll
compressor originally used in the bus air conditioning system by
removing the one-way valve at the discharge port of the fixed
scroll. An AC dynamometer unit is adopted to measure and control
the rotating speed and shaft torque of the expander. Thus, the
output power of the expander is

Wt me = Nt x T¢/9.55 (2)

The working fluid is circulated by a piston pump. The power
consumed by the pump can be obtained from the frequency con-
verter which controls the pump. In such a way, the measured
output power and thermal efficiency are

Wme = Wt‘me - Wp,me (3)

W - W,
Tme = t,me a p,me (4)

The location of sensors in the present ORC system can be found
in Fig. 1(b). The detailed information of the tested ORC system,
sensors and error analysis can be found in our former work [17].

2.2. Testing procedure

The operation of the ORC system is specified by two accessible
and independent parameters: the R123 mass flow rate and the
external load of the expander (the shaft torque or the rotating
speed). These two parameters were adjusted through two fre-
quency converters, one for the fluid pump and the other for the
expander. Performance at the conductive oil temperatures of
150 °Cwas tested. Table 1 shows the main operation parameters. At
each R123 mass flow rate, the shaft torque of the expander is
changed while the mass flow rate and temperature of conductive
oil as well as the mass flow rate of cooling water are kept constant.

3. Mathematical model

In this section, models of components in the ORC loop, corre-
sponding to the tested prototype in section 2, are introduced. As-
sumptions adopted in the mathematical model are given as
followed:

(1) During the phase change in the heat exchanger, the liquid
and vapor phases are at the thermodynamic equilibrium
state.

(2) In the two-phase zone of the heat exchangers, the liquid and
vapor phases have the same velocity.

(3) The non-condensable gas and vapor of working fluid in the
tank are both treated as the ideal gas. And the amount of
non-condensable gas in the tank is constant.

Table 1

Major operating parameters in the test.
Operating parameters Value
Air temperature 0-10°C
Temperature of the conductive oil 150 °C
Mass flow rate of the conductive oil 2005—2035 kg/h
Temperature of the cooling water 13.7-25.7 °C

Mass flow rate of the cooling water
shaft torque
R123 pumping frequency

2580—2610 kg/h
10%—70% of the maximum value
7.0—-11.0 Hz

(4) The pressure drops in evaporator and condenser are rela-
tively small, and are treated as constant values of 20 kPa and
10 kPa, respectively. The pressure drop in pipes between
different components is neglected.

3.1. Model of the tank

A 0.08 m° tank is installed between the condenser and the R123
pump as a buffer unit. It is found in the test that the pressure in the
tank is significantly higher than the saturated pressure corre-
sponding to the liquid temperature. Thus, the effect of non-
condensable gas in the loop should be considered. It is assumed
that the amount of non-condensable gas in the tank is constant. So
the pressure in the tank can be calculated by the classical Dalton's
law:

Piank = Psat + NgasRT / (Vtank - Vliquid) (5)

where ng;s is obtained from the tested data. During the calculation,
the variation of Vjiq,iq is derived from the model of exchangers by
calculating the liquid volume in the evaporator and condenser.

3.2. Model of the closed spray cooling tower

The closed spray cooling tower is used to release heat to the
environment. There are ten rows of tubes in the tower, and each
row has eighteen tubes. The cooling water flows in the tube. The
deluge water is sprayed from the top to the tube bundle while the
air flows on the opposite direction. Considering the computational
time, each row of tubes is treated as a block. Thus, the heat release
process in the cooling tower can be calculated by a one-
dimensional model considering the heat transfer from the cooling
water in the tube to the deluge water out the tube, from the deluge
water to the air, and during the evaporation of the deluge water.
The heat transfer from the cooling water to the deluge water in a
certain row can be expressed as:

QCW = mcwcp’cw (Tcw,in - TCW,OUt)i - AI(l(TCW - TdW)l l - 110
(6)

The heat transfer from the deluge water to the air in each row
can be written as [38]:

Qair = hA(Tgw — Tair)i + ivhgA(ws — w); (7)

where the first term on the right of Eq. (7) represents the convec-
tive heat transfer from the deluge water to the air and is given as:

hA(wa - Tair)i = maircp,air (Tairiout - Tair,in)i (8)

The second term on the right of Eq. (7) denotes heat transfer
during the evaporation of the deluge water. The mass flux due to
the evaporation of the deluge water is calculated by:

hgA(ws — w); = My (Wout — Win); (9)

Parameters and other correlations used in the above equations
are given in Table 2 [38—40].

3.3. Model of the scroll expander

The scroll expander model is developed based on a semi-
empirical model proposed by Lemort et al. [30]. Several parame-
ters used in this model should be identified by the experimental
data. We modified the model based on the practical structure of the
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Table 2
Parameters used in the model of cooling tower.
Parameters Unit Expressions
Overall heat transfer coefficient 2
W/(m) %=hl‘%j+ri‘f,—f+%ln(z—j>+ro+,}fo
In-tube convective heat transfer coefficient W/(m2K) h; = 0.023 %EReo.s pro3
Out-tube convective heat transfer coefficient W/(m2K)

Mass transfer coefficient

Lewis factor

Saturated pressure corresponding to the dry-bulb temperature
Moisture content

Enthalpy of the moist air

1/3
ho = 704(1.39 + 0.022Ty) (%)

kg/m2 hg = 0.049(;2'305
Le= h/(cp.airhd) =1

P T
) Py = 61120 rei)
2 0.01H;P,
% w= OBZIQmﬁm
W/ke Hair = 1.01T4 + (2500 + 1.84Ty)w

expander used in our test, mainly in 3 aspects. Firstly, as the scroll
expander is refitted from a compressor, the evolution of refrigerant
through the expansion process is modified according to the
expander structure and shown in Fig. 2(a):

step1: supply cooling-down (su-sul), representing the heat loss
of R123 vapor from the supply pipe line to suction port on the
scroll;

step2: supply pressure drop (sul-su2), representing the pres-

step4: adiabatic expansion under the exhaust pressure (v),
considering the discharge of R123 at the end of expansion and
the process of under-/over-expansion;

step5: mixing of the leakage flow to the mainstream (ex2-ex1);
step6: exhaust heat transfer (ex1-ex), representing the heating
or cooling of R123 vapor from the discharge chamber to pipe
line.

Secondly, the heat transfer shown in Fig. 2(a) is treated as a

sure drop of R123 vapor flowing through the suction port on the
scroll;

step3: isentropic expansion according to the built-in volume
ratio (s);

process having definite physical meaning, and includes two as-
pects: one is the heat transfer between the expander shell and the
ambient, the other is that inside the expander. The temperature
distribution of expander is divided into two zones based on the

su ex
= Queak £ >
Qem!uu y Qamb_out
sul1” Woes
Vsu2 2 = ¥ ‘
\ ex2 .
" exT

outlet

(b)

Fig. 2. (a) Scheme of the expander model, (b) temperature zones of the expander and (c) representation of the scrolls.
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fluid temperature, which can be seen in Fig. 2(b). The bottom of the
fixed scroll is the dividing line between the two zones. The high
temperature zone is near to the inlet. The heat loss from the shell to
the ambient can be treated as the natural convection or mixed
convection heat transfer.

Qamb,h = Ahhamb(TSu - Tamb) (10)

Qamb,1 = Athamb (Text — Tamb) (11)

The heat transfer inside the expander from the high tempera-
ture zone to the low temperature zone is related to the heat transfer
between the scrolls and fluid. It can be described as:

Qreak = Ahin (Tsu — Tex1) (12)

Ahy, = Em08 (13)

Thirdly, we obtain the built-in volume ratio rexp and the swept
volume Vs based on the geometry of the scrolls, shown in Fig. 2(c).
Through the three modifications above, the number of empirical
parameters which need to be identified by the tested data can be
reduced from 9 to 5. Parameters used in the expander model are
given in Table 3.

Corresponding to evolution steps of the refrigerant during the
expansion, the expander model is described as follows.

At step 1: supply cooling-down (su-sul) and step 6 exhaust heat
transfer (ex1-ex), we get

Hsy1 = Hsu — Qambh - Qleak (14)

Hex = Hexl + Qleak + Wloss - Qamb,l (15)

where W, is the loss of shaft power caused by friction in the
expander and can be calculated by:

Wigss = 27-N-Tjgss (16)

At step 2: supply pressure drop (sul-su2), the process of fluid
flowing through the suction port is treated as the isentropic flow
through a converging nozzle. It is described as:

2
mv
Hau = Hu1 — (A—) / 2 (17)

The same treatment is applied to the calculation of the leakage
mass flow rate:

Table 3
Parameters used in the model of scroll expander.

Parameters

Geometry parameters
Scroll turns 2.5

Height of the scroll profile 50 mm
Thickness of the scroll profile 4.8 mm
Pitch of the scroll profile 26.5 mm
Radius of the expander 170 mm
Length of the expander 281 mm

Built-in volume ratio rexp 2.27

Swept volume Vj 1.19 x 10~4m3
Empirical parameters identified by tested data

Supply port area Agy 6.1 x 1075m?
Leakage area Ajex 7.0 x 10-6m?
Heat transfer coefficient with the ambient h,, 19W/(m2K)

Coefficient £ related with Ah;, 0.24
Mechanical loss torque Tjyss 5.5N-m

Aleak

Myeak = " 2(Hsuz - Hleak) (18)

leak
The internal mass flow rate is calculated based on the swept
volume of the expander:

My = Vs (19)
Vsu2

And m = my, + My is the convergence criterion of the
expander model.

At step 3: isentropic expansion according to the built-in volume
ratio and step 4: adiabatic expansion under the exhaust pressure,
same to the assumption in Lemort's work [30] on treating under- or
over-expansion, the energy balance is given as follows,

MexalUexy — Mipllag = (Mexp — Min)Hexo (20)

V.4 is expressed as
VadN = Mipvaq = MexaVex2 (21)

Substituting Eq. (21) into Eq. (20), the specific enthalpy Hey; is
derived as:

Hexz = Hag — vad(Pad — Pex2) (22)

Accordingly, the expander shaft power and isentropic efficiency
can be got as:

Wexp = Min(Hsyz — Hex2) — Wigss (23)

Wexp

77exp = m(HSU _ HEX,S) (24)

At step 5: mixing of the leakage flow to the mainstream, the
energy balance is given as:

MHex1 = MinHexz + MieakHieak (25)

Herein, the temperature Tey; is determined by the specific
enthalpy Heyx; and the pressure peys.

3.4. Models of the heat exchangers

Two heat exchangers are simulated in the present model. The
evaporator is a double-pipe heat exchanger and the condenser is a
plate heat exchanger. In the heat exchanger model, the heat
transfer process is divided into three zones: the liquid zone, the
two-phase zone and the vapor zone. Then, each zone is further
subdivided into small sections, shown in Fig. 3. The arrangement of
those two heat exchangers is counter flow. And the heat transfer in
each zone is calculated by a one-dimensional model.

3.4.1. Evaporator

For the heat transfer in single phase zone in the evaporator,
including the preheating zone and the superheating zone, the same
correlation of convective heat transfer coefficient is adopted for
both the working fluid side and the oil side. In the form of Nusselt
number Nu, it is given as the classical Gnielinski correlation [41]:

~ (f/8)(Re — 1000)Pr 4\??
u_1+12.7M(Pr2/3—1) {14— (1) :|Ct (26)
f =(1.82IgRe — 1.64)2 27)

For the heat transfer in two-phase zone, the convective heat
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Fig. 3. Scheme of zones and meshing of the heat exchanger model.

transfer coefficient is calculated from correlations proposed by

Gungor and Winterton [42—44]:

htp = Ehy + Shyp

hy = 0.023Re8prd4 (%)
i

hyp = 55p%12(—0.4343 In p;) %M ~0-5¢067

(28)

(29)

(30)

Parameters used in Gungor and Winterton's model are given in

Table 4.

3.4.2. Condenser

At the cooling water side, the convective heat transfer coeffi-
cient in the form of Nusselt number Nu is given as [45]:

Nuy, = 0.2121Re%8Pry/?

(31)

At the R123 side, the convective heat transfer coefficients in the
liquid zone [46] and vapor zone are calculated by Eq. (32) and Eq.

(33), respectively.

Nu = 0.317Re®793pr1/3

Nu = 0.2267Re%631p1/3

(32)

(33)

The condensation heat transfer coefficient is estimated by the

correlations below [45]:

Nu = 4.118Re;'Pr'/3

(34)

Table 4
Parameters used in Gungor and Winterton's model.
Parameters Expression
Boiling number Bo = -4
mhyg
Martinelli parameter 09 05 0.1
%= () (x) (&)
X n Hg
Liquid Reynolds number Re, — m(1-x)d;
My
Liquid Prandtl number Pr; = Gt
L
The liquid Froude number Frp = ﬂ;gd
7gdi

The two-phase convection multiplier

The boiling suppression factor
Multiplier to E
Multiplier to S

0.86
E =1+ 24000Bo" ' +1.37 (%)

S =[1+0.00000115E2Re} 7]~
E, — Fr](_O.]—ZFr._)

Sy = FrdS

Reeq — Zea%h (35)
My
o\ /2
\4

where the equivalent mass flux Geq was proposed by Akers et al.
[47], and is a function of the fluid mass flux, mean quality and
densities at the saturated condition.

3.5. Model of the R123 pump

The working fluid is circulated by a piston pump, which is
controlled by a frequency converter. The frequency of 50 Hz cor-
responds to the volume flow rate of 2000 I/h. The mass flow rate of
R123 in the present prototype is below 1000 kg/h. Thus, the pump
works far from its design point. The pump efficiency varies with the
mass flow rate and pressure difference. Consequently, an expres-
sion of the pump efficiency is proposed here, which sets the effi-
ciency at the design flow rate of the pump as a reference value:

m n
—r
Pump d my
Herein, nqg = 0.84 and n = 0.341 are identified by the tested
data. It is noted that 74 is not the “design efficiency” of the pump
but reference value identified by the tested data. Thus, the error of
Eq. (37) will be larger if it is used at a R123 mass flow rate higher
than 1000 kg/h. The consumed power by the pump can be calcu-
lated by

(37)

Wpump = Wh / NPump (38)
where Wy is the enthalpy-determined power consumed by the
pump.

3.6. Model of the global cycle

By interconnecting the models of different components above,
we get the global model of the cycle corresponding to the prototype
introduced in section 2. Fig. 4 shows the block diagram of the global
model. The program is developed in the Matlab environment, and
the properties of the working fluid are obtained from REFPROP
database software. Two parameters (in green) are the control var-
iables of the model, the R123 mass flow rate and the expander
rotating speed. Parameters in red are the performance of the sys-
tem, shaft power of the expander, power consumed by the pump
and heat fluxes in the evaporator and condenser. So the thermal
efficiency of the cycle can be derived from



Z. Miao et al. / Energy 134 (2017) 35—49 41

expander evaporator ~ pump tank condenser cooling
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T_out r» T_in T_out —‘ P_in
green parameters for control red performance
black input parameters blue output parameters

Fig. 4. Block diagram of the global ORC model.

7 = (Wexp — Wpump)/Qevp. Parameters in black and blue are the
variables transferred between different sub-models. The calcula-
tion of the model can start from any sub-model. In the present
work, we start from the tank model by assuming the temperature at
the tank inlet. The characteristics of heat carrier and cooling source
are not shown in Fig. 3, and their information is given to the
evaporator model and the condenser model.

A plate heat exchanger is installed in the prototype as a regen-
erator. However, in the present work, it only functions as the vapor
phase flow channel because it is bypassed for the liquid phase,
shown in Fig. 1. In this condition, the resistance to vapor flow from
the expander outlet to the condenser inlet is considered in term of
the pressure drop:

AP =2.55G7 /(2pyy) (39)
m

The pressure drops in evaporator and condenser are relatively
small, and are treated as constant values of 20 kPa and 10 kPa,
respectively. The pressure drop in pipes is neglected.

4. Results and discussion
4.1. Tested cycle performance

The operation characteristics and performance of the prototype
in section 2 are tested at the oil temperature of 150 °C. Fig. 5 shows
the trends of shaft power and thermal efficiency varying with
expander rotating speed. The largest shaft power of 2645 W is
obtained at the R123 mass flow rate of 550 kg/h. At the lower mass
flow rate, 505 kg/h, the vapor cannot offer enough shaft torque for
the expander, so the shaft power is also lower. The higher mass flow
rate of R123 leads to the rapid decrease in the degree of superheat
at the expander inlet. As mentioned in our former work, the liquid
entrainment will occur at a relatively low degree of superheat. And
the shaft power is also reduced. Compared to the design point in
Fig. 1(b), it is seen that the real operation performance deviates
from the designed thermodynamic performance. The irreversible
losses caused by the friction in the expander, over- or under-
expansion of the expander, heat loss from the expander wall to
the environment, and pressure drop from the pipe to the expander
chamber account for such deviation. On the one hand, the results in

Fig. 5(a) indicate that the area of the evaporator should be increased
for the operation of the prototype at a larger R123 mass flow rate.
On the other hand, the match between the built-in volume ratio
and the external pressure ratio should be analyzed and optimized.
The trends of shaft power in Fig. 5(a) result in the gradual decrease
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in the thermal efficiency in Fig. 5(b) as the heat flux in the evapo-
rator and the power consumed by the pump increase rapidly with
the increase in R123 mass flow rate. A small part of the tested data
is used to identify the empirical parameters in the tank model, the
pump model and especially the expander model. The others are
adopted to validate the models.

4.2. Verification of the mathematical model

The inlet temperature and pressure of the tank at one tested
point is used to identify the amount of non-condensable gas in the
tank. ngas = 2.17mol is obtained. Then, Eq. (5) is applied to predict
the tank pressure under other conditions. Fig. 6(a) shows the
validation of the tank model. The maximum deviation between the
tested pressures and the predictions by the model is 5.5%.

The cooling tower model is quite important in the present work
to take account of the environment effect on the performance of the
cycle. The validation of the cooling tower model is given in Fig. 6(b).
All the points are calculated at a constant air humidity of 50%,
which is the average value during the day we perform the test. The
outlet temperatures of the cooling tower (temperature of cooling
water at the condenser inlet) at most points are predicted with a
maximum absolute error of 1 K. A few points have the error of 2 K.
Compared to the air temperature variation of tens of degrees, this
model is accurate enough.

The evaporator in the prototype is a double-pipe heat
exchanger. Temperatures of conductive oil and R123 along the pipe
are tested. Fig. 6(c) shows that the predictions by the model agree
well with the tested temperature profile. The typical three heat
transfer zones: the liquid zone, the two-phase zone and the vapor
zone are well predicted. Due to the gradual change of the oil
properties and the heat flux at different location along the pipe, the
temperature profile is not linear.

Perform the simulation under the same conditions of the test,
the comparison of the modeled and the tested shaft power is given
in Fig. 6(d). During the simulation, errors transfer between different
sub-models, accumulate or offset in the cycle. As a result, the
maximum deviation is about 10%. Additionally, we also provide a
comparison of the tested and modeled results in Table 5 for tem-
peratures and pressures at different locations of the loop as well as
the shaft power of the expander. The comparisons prove that the
model is accurate enough for extended simulations of the proto-
type under other operation conditions. In the followed sections,
this model is used to analyze the sensitivity of the operation pa-
rameters and the potential of optimization measures.

4.3. Effect of operation conditions on cycle performance

Four parameters are defined to represent the operation condi-
tions: the temperature and mass flow rate of the conductive oil, the
temperature and humidity of the environment (typically air).
Although the tested data show that the liquid entrainment reduces
the shaft power at low superheat degrees, for a model work, several
works [4,31] have proved that the saturated vapor at the expander
inlet would give the best performance. Thus, the fluid is also
controlled at the saturated state in the present simulation in order
to facilitate the comparison of cycle performance under different
operation parameters. In this case, the mass flow rate of the
working fluid is the only controlled variable.

4.3.1. Temperature and mass flow rate of the conductive oil

Fig. 7 shows the effect of the conductive oil temperature on
cycle performance. In Fig. 7(a), it is seen that the increase in the
mass flow rate leads to the increase in the expander rotating
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Table 5
Comparison of tested and modeled results.

Parameters Value

m (kg/h) Control 656 653 653 650 650 650 648 648

Nt (rpm) Control 2569 2156 1782 1498 1215 1075 940 831

Texpin (°C) tested 142.93 141.14 137.79 13247 124.65 1216 1203 121.29
modeled 143.54 141.75 136.46 131.90 124.62 120.40 119.63 124.08

Pexpin (kPa) tested 781.92 848.33 928.53 1008.27 1091.58 113333 1168.26 121258
modeled 750.00 820.00 910.00 1000.00 1100.00 1150.00 1180.00 1290.00

Texp.out (°C) tested 1195 1125 1053 96.43 86.17 81 746 66.7
modeled 118.68 112.60 103.45 95.78 85.04 78.86 69.98 72.98

Pexp.out (kPa) tested 251.29 248.33 246.33 243.22 238.7 236.97 233.95 232.01
modeled 254.66 251.17 247.59 243.60 240.09 237.76 23415 234.45

Teonout (°C) tested 18.15 18.25 18.23 17.84 17.91 18.01 17.3 17.27
modeled 19.74 19.55 19.29 19.06 18.98 18.86 18.61 18.55

Pcon,out (kPa) tested 144.01 143.61 142.16 140.51 139.53 139.44 137.93 137.84
modeled 149.90 147.53 145.14 142.47 140.66 139.40 137.91 137.21

Toupin (°C) tested 19.43 20.13 20.09 19.9 19.74 19.91 19.48 19.07
modeled 20.74 20.55 20.29 20.06 19.98 19.86 19.61 19.55

Peyp.in (kPa) tested 799.64 866.54 940.77 1019.29 1100.63 1140.80 1180.36 1219.52
modeled 770.00 840.00 930.00 1020.00 1120.00 1170.00 1200.00 1320.00

Wexp (W) tested 1395 2036 2414 2650 2651 2553 2399 2297
modeled 1474.05 1975.97 2325.36 2505.24 2572.49 2552.13 2407.45 2465.35

speed for a specified oil temperature. This is because a higher
rotating speed is required to balance the larger R123 vol flow
rate. Fig. 7(b) shows that the expander shaft power also becomes
higher due to the increase in the expander rotating speed, and
reaches the maximum value at an optimum mass flow rate. Then,
it decreases with the further growth in expander rotating speed
because the higher R123 mass flow rate makes the vapor at the
expander inlet saturated at a much lower shaft torque. As the oil
temperature goes up, the heat transfer in the evaporator is
enhanced. For a specified expander rotating speed, the outlet
vapor reaches the saturated state at a larger mass flow rate.
Consequently, the pressure and temperature at the expander
inlet both become higher. The performance of the expander is
improved. The maximum shaft power increases from 1453 W at
oil temperature of 130 °C to 3926 W at 170 °C, nearly 2.7 times
higher. Due to the increase in the evaporator heat flux and power
consumed by the fluid pump, the thermal efficiency exhibits a
gradual increase with the oil temperature, as shown in Fig. 7(c).

Fig. 8 shows the effect of the mass flow rate of conductive oil on
the cycle performance. It is found that the effect of increasing the oil
mass flow rate is similar to that of increasing the oil temperature.
The higher oil mass flow rate reduces the temperature drop of oil
from the inlet to the outlet. Thus, the higher fluid pressure and
temperature at the expander inlet can be obtained. When the oil
mass flow rate is below 3000 kg/h, the increase in the oil mass flow
rate can significantly improve the cycle performance. Compara-
tively, the performance of the cycle is less sensitive to the variation
of the oil mass flow rate when it is increased from 3000 kg/h to
5000 kg/h. This indicates the variation of the oil temperature drop
becomes gentle with the further increase in the oil mass flow rate.
Generally speaking, a larger oil mass flow rate leads to a better cycle
performance. The maximum shaft power increases from 2017W at
1500 kg/h to 3870 W at 5000 kg/h, nearly 1.9 times higher. The
maximum system thermal efficiency gradually increases from
4.56% to 5.25%.

4.3.2. Temperature and humidity of the air

In this section, the air humidity is kept at 50% when simulating
the effect of air temperature. In turn, the air temperature of 5 °Cis
maintained when model the effect of air humidity. The values of
50% and 5 °C are the measured environment conditions during the
test. Fig. 9 shows the effect of air temperature on the system

performance. The heat transfer in the condenser is weakened by
the increasing air temperature. Thus, the backpressure of the
expander becomes higher. It can be seen in Fig. 9(a) that the
external pressure ratio is reduced with the increase in air temper-
ature for a specified R123 mass flow rate. Reflected in Fig. 9(b), the
shaft power exhibits a gradual decrease from 2630 W to 2459 W
with air temperature increasing from —5 °C to 35 °C. The air tem-
perature has quite limited effect on the system thermal efficiency
because the heat flux in the evaporator also decreases with the
rising air temperature. Fig. 10 shows the effect of air humidity on
the system performance. It is found that the effect of humidity is
even weaker than that of the air temperature. This is because two
mechanisms contribute to the heat release in the closed cooling
tower. One is the single-phase convective heat transfer between the
deluge water film and the air; the other is the evaporation of the
deluge water. When the air temperature is low, the heat release is
primarily attributed to the single-phase convective heat transfer.
Consequently, the variation of the air humidity has limited effect on
the operation and performance of the cycle.

It is noted that the insensitivity of the cycle performance to the
air temperature and humidity indicates the mismatch among the
components in the prototype: the too small built-in volume ratio of
the expander and the high expander backpressure. The small built-
in volume ratio makes the expander mainly work at the under-
expansion state, reducing its capacity for doing work. The high
expander backpressure is due to the non-condensable gas in the
tank and the resistance of vapor flowing through the regenerator,
especially the latter, attributing most of the expander backpressure.
It results in the insensitivity of the cycle performance to the air
temperature and humidity as these two factors mainly affect the
pressure in the tank.

4.4. Effect of optimization measures on cycle performance

The results and analysis in section 4.1 and 4.3 indicate that the
design of the present prototype can be improved by optimizing the
weak links in the loop, mainly on three aspects: (1) Reducing the
backpressure of the expander; (2) Increasing the built-in volume
ratio of the expander; (3) Increasing the heat transfer area of the
evaporator. Effects of the above optimization measures are evalu-
ated by the present model in sequence. It means that the simulation
of “Increasing the built-in volume ratio of the expander” is
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Fig. 7. Effect of the conductive oil temperature on system performance.

performed based on the results of “Reducing the backpressure of
the expander”. And the simulation of “Increasing the heat transfer
area of the evaporator” gives the optimum cycle design.

4.4.1. Reducing the backpressure of the expander

The effect of expander backpressure on system performance is
evaluated and shown in Fig. 11. In the present prototype, the non-
condensable gas in the tank and the flow of R123 vapor through
the regenerator are closely related to the backpressure of the
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Fig. 8. Effect of the conductive oil mass flow rate on system performance.

expander. It is seen that decreasing the amount of non-
condensable gas in the tank can improve the system perfor-
mance. The shaft power and thermal efficiency both become
higher. If a bypass for the vapor phase is installed on the regen-
erator, represented by the blue line in Fig. 11, the shaft power and
thermal efficiency could be further optimized. For the variation of
R123 mass flow rate in the test, the pressure drop in the regen-
erator is about 70 kPa—130 kPa. By decreasing the backpressure of
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the expander, the maximum shaft power increase from 2623 W to
3626 W, about 38% higher. The maximum system thermal effi-
ciency increases from 4.86% to 6.74%. Besides, Fig. 11(a) shows that
reducing the backpressure of the expander has quite limited effect
on the rotating speed. This will benefit the control of the cycle.

4.4.2. Increasing the built-in volume ratio of the expander

Fig. 12 shows the effect of the optimization measure 2:
increasing the built-in volume ratio on the cycle operation and
performance. It can be seen in Fig. 12(a) that the external pressure
ratio varies from 6 to 13. The built-in volume ratio of the expander
in test is 2.27. It indicates that the expander works at the under-
expansion state. The too small built-in volume ratio weakens
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the expander's capacity to do work. Thus, choosing an expander
with a larger built-in volume ratio can improve the system per-
formance. For the scroll expander, the built-in volume ratio is
generally below 7. In the present model, the effect of varying built-
in volume ratio from 2.27 to 6 is evaluated while other parameters
of the expander remain unchanged. Fig. 12(b) shows that the shaft
power can be further improved by a larger built-in volume ratio,
compared with Fig. 11(b). The maximum shaft power of 5078 W is
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Fig. 11. Effect of the optimization measure 1: back pressure, on system performance.

obtained at the built-in volume ratio of 6. The isentropic efficiency
of the expander is calculated by Eq. (24) and plotted in Fig. 12(b). It
is seen that the expander's capacity of doing work is improved
with the increase in the expander built-in volume ratio. The
largest achieved isentropic efficiency of the expander is 66% at the
built-in volume ratio of 6, compared to 48% at the built-in volume
ratio of 2.27. The system thermal efficiency also increases with the
increasing built-in volume ratio as the heat flux in evaporator is
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Fig. 12. Effect of the optimization measure 2: built-in volume ratio on system
performance.

not sensitive with the variation of the built-in volume ratio. The
maximum thermal efficiency is about 10.42%. Similar to trends in
Fig. 11(a), the variation of the built-in volume ratio has quite
limited effect on the trend of rotating speed vs. R123 mass flow
rate shown in Fig. 12(a).

4.4.3. Increasing the heat transfer area of the evaporator

Based on the analysis of tested data in section 4.1 and modeled
results in section 4.3, the evaporator area should be increased to
operate the ORC system at a larger flow rate than the designed
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value. Increasing the area of evaporator can supply enough vapor
with higher temperature and pressure to the expander. Reflected in
Fig. 13(a), the expander rotating speed becomes lower with the
increase in the evaporator area for a specified R123 mass flow rate.
It indicates that the larger shaft torque can be obtained, and the
performance of the expander can be improved.

It is noted that the increase in the evaporator area also means
the increase in the investment. Considering both the performance
and the economics of the ORC system, we set the criterion as that
the pinch temperature of heat transfer process in the evaporator
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Fig. 14. Influence of the air temperature and humidity on system performance and
operation of the optimum design (the red star point). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this
article.)

should be higher than 5 °C. Accordingly, the maximum area is
evaluated to be 10.8 m? in the present model. Fig. 13(b) shows that
the final optimized shaft power is 6049 W, about 2.3 times higher
than the initial value of 2623 W. The corresponding system thermal
efficiency is 10.24%, about 2.2 times higher than the initial value of
4.67%. Due to the increase in the heat flux, the system thermal
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efficiency only exhibits a gradual increase with R123 mass flow
rate, shown in Fig. 13(b). The maximum thermal efficiency is
10.70%.

4.5. Effect of the environment on the optimum cycle design

Based on the three optimization measures above, the optimum
cycle design is achieved with the performance: expander shaft
power of 6049 W and corresponding system thermal efficiency of
10.24%. The two control variables at the optimum point are set as
900 kg/h and 1680 rpm. In this section, the effect of environment
conditions, represented by the air temperature and humidity, on
the operation and performance of the optimum system design is
discussed. This is closely related to the long-time operation char-
acteristics of the ORC system. Corresponding to the weather in
Beijing, the variation of the air temperature and humidity in the
present model is set from —10 °C to 40 °C and from 10% to 90%,
respectively. As the constant rotating speed mode is the common
adopted control mode for the ORC system. In the present simula-
tion, the expander rotating speed is kept at 1680 rpm. The fluid
state at the expander inlet is kept saturated by adjusting the R123
mass flow rate. And the minimum step is 5 kg/h, corresponding
about 0.1 Hz on the frequency converter. The overheating degree
below 0.5 °C or the mass fraction of liquid phase less than 0.5% is
allowed.

Fig. 14 shows the effect of air temperature and humidity on the
expander shaft power, system thermal efficiency and R123 mass
flow rate. The red star represents the optimum cycle design ach-
ieved in section 4.4. It can be seen in Fig. 14(a) and (b) that the shaft
power and thermal efficiency decrease significantly with the in-
crease in air temperature and humidity. At the air humidity of 50%,
the expander shaft power is reduced from 6343.4 W to 4446.3 W by
the increasing air temperature from —10 °C to 40 °C. This result
agrees well with the tested data in Dong's work [35] for the ORC
operating in winter and summer.

It is very interesting that all the curves representing shaft power
or thermal efficiency converge at one point at the air temperature
of —10 °C. This means the effect of air humidity on the cycle per-
formance could be neglected when the air temperature is
below —10 °C. Conversely, the air humidity becomes more effective
with the increase in the air temperature. At the air temperature of
40 °C, the shaft power decreases from 4446.3 W to 2961.5 W with
the air humidity rising from 50% to 90%. The system thermal effi-
ciency is reduced from 7.79% to 5.07%. Thus, the performance of the
ORC system will be significantly reduced with the season shift from
winter to summer.

Fig. 14(c) shows that the environment parameters have quite
limited effect on the R123 mass flow rate. The mass flow rate is
900 kg/h for the air temperature below zero, and is adjusted to
905 kg/h only when the air temperature is higher than 10 °C or the
air humidity higher than 70%. Results in Fig. 14(c) indicate that the
operation of the present optimized ORC system under the constant
rotating speed mode is quite simple. If the cycle and expander have
a little greater tolerance for the overheating and liquid entrainment
at the expander inlet, the control scheme could have only one
variable: the expander rotating speed.

5. Conclusions

This paper presents the experimental and modeling investiga-
tion of an Organic Rankine Cycle (ORC) based on a scroll expander.
The main findings are summarized as follows:

(1) The tested prototype can offer a maximum shaft power of
2.65 kW. And the corresponding system thermal efficiency is
5.64%. The small built-in volume ratio and higher back
pressure of the expander results in the insensitivity of the
prototype performance to the variation of environment
temperature and humidity.

(2) The system performance can be significantly improved by
optimizing the match among different components. The
maximum model predicted shaft power obtained from the
optimum cycle design is 6.05 kW, more than double the
prototype level. The corresponding thermal efficiency is
10.7%, about 1.9 times higher than the prototype level.

(3) Performance of the optimum cycle design is quite sensitive to
the environment conditions. The effect of air humidity can be
neglected at the air temperatures below —10 °C. Conversely,
the expander shaft power decreases by more than one third
from winter to summer. It is suggested to evaluate the cycle
performance at extreme environment conditions when
designing an ORC system.
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Nomenclature

List of symbols

A: area, m?

Bo: boiling number

d: hydraulic diameter, m

h: heat transfer coefficient, W/(m?K)

hg: mass transfer coefficient, kg/m2
H: specific enthalpy, ]/kg

i: enthalpy of vaporization, J/kg

k: thermal conductivity, W/(mK)
m: mass flow rate, kg/h

M: molecular weight, g/mol

N: rotating speed, rpm

Nu: Nusselt number exp expander
pr: ratio of the saturation pressure to the critical pressure
P: pressure, Pa

Pr: Prandtl number

Q: heat transfer rate, W

r: ratio

Re: Reynolds number

s: specific entropy, J/(kgK)

T: shaft torque, N-m

T: temperature, °C

v: specific volume, m3 /kg

V: volume, m3

W: power, W

Greek letters

n: efficiency

A: thermal conductivity

p: density, kg/m3

: Moisture content

&: coefficient considering the effect of m on Ahy,, J/(kg K)

Subscripts

ad: adiabatic

air: air

amb: ambient

cw: cooling water
d: design

dw: deluge water
eva: evaporator

ex: exit

gas: non-condensable gas
h: high temperature
in: inlet, inside

I: low temperature
L: liquid phase

me: measured

nb: nucleate boiling
Out: outlet

p: pressure

s: isentropic process
sat: saturated state
su: suction

t: turbine, expander
tp: two phase

w: water, wall
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