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ABSTRACT

A carbon dioxide (CO,) based mixture was investigated as a promising solution to improve system performance
and expand the condensation temperature range of a CO, transcritical Rankine cycle (C-TRC). An experimental
study of TRC using CO»/R134a mixtures was performed to recover waste heat of engine coolant and exhaust gas
from a heavy-duty diesel engine. The main purpose of this study was to investigate experimentally the effect of
the composition ratio of CO,/R134a mixtures on system performance. Four CO,/R134a mixtures with mass
composition ratios of 0.85/0.15, 0.7/0.3, 0.6/0.4 and 0.4/0.6 were selected. The high temperature working fluid
was expanded through an expansion valve and then no power was produced. Thus, current research focused on
the analysis of measured operating parameters and heat exchanger performance. Heat transfer coefficients of
various heat exchangers using supercritical CO,/R134a mixtures were provided and discussed. These data may
provide useful reference for cycle optimization and heat exchanger design in application of CO, mixtures.
Finally, the potential of power output was estimated numerically. Assuming an expander efficiency of 0.7, the
maximum estimations of net power output using CO,/R134a (0.85/0.15), CO»/R134a (0.7/0.3), CO,/R134a
(0.6/0.4) and CO,/R134a (0.4/0.6) are 5.07 kW, 5.45 kW, 5.30 kW, and 4.41 kW, respectively. Along with the
increase of R134a composition, the estimation of net power output, thermal efficiency and exergy efficiency
increased at first and then decreased. CO»/R134a (0.7/0.3) achieved the maximum net power output at a high
expansion inlet pressure, while CO,/R134a (0.6/0.4) behaves better at low pressure.

1. Introduction

waste heat recovery from heavy-duty diesel (HDD) engines [3-5]. Re-
cently, several researchers and vehicle manufacturers have developed

Heavy-duty trucks are one of the main consumers of fossil fuel. In
China, heavy trucks, which account for 13.9% of vehicles, consume
49.2% of the total fuel consumed by transport. It is expected that by
2040, heavy-duty trucks will become the largest contributor of carbon
dioxide (CO3) emissions in the transport sector [1]. China and United
States are the two largest markets for commercial vehicles in the world.
In 2017, China and the United States jointly launched a five-year re-
search in the field of commercial trucks. This program aims to de-
monstrate technical solutions that could achieve a goal of increasing
truck efficiency by 50% over a 2016 baseline. In this program, waste
heat recovery (WHR) technology by means of thermodynamic cycles,
including Organic Rankine cycle (ORC) and non-organic power cycle, is
considered as a promising solution to achieve this goal [2].

Extensive theoretical studies have been involved in ORC-WHR for
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ORC prototypes, which have been tested in the laboratory and on-road
vehicles [6-8]. Alshammari et al. [6] evaluated the potential of fuel
efficiency improvement of an ORC prototype for an HDD engine using
R245fa and Fluid A as working fluids. Guillaume et al. [9] experi-
mentally discussed the possibility of R1233ze as substitute of R245fa
for ORC-WHR on truck applications. AVL [10] presented the results of
ORC-WHR for a long-haul truck from test bench and public road testing
and indicated that fuel consumption benefits for different real-life cy-
cles in the United States and Europe reach between 2.5% and 3.4%.
Cummins [7] has installed an ORC prototype (R245fa as working fluid)
on a heavy-duty truck, and the test results showed that brake thermal
efficiency of diesel engine increased by 3.6%. Although refrigerants as
working fluids of ORC is promising in terms of fuel efficiency im-
provement, there are still some drawbacks for them in high-
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Nomenclature HP High pressure
is Isentropic
A Area (m?) in Inlet
[ Specific heat (kJ/kW K) LP Low pressure
E Exergy flow rate (kW) max Maximum
h Enthalpy (kJ/kg) net Net power
HTC Heat transfer coefficient (W/m? °C) out Outlet
I Exergy destruction (kW) P Pump
m Mass flow rate (kg/s) pre Preheater
P Pressure (MPa) reg Regenerator
s Entropy (kJ/kg K) t Turbine
Q Heat flow rate (kW) th Thermal
T Temperature (°C) wf Working fluid
w Power output (kW)
n Efficiency (%) Abbreviations
ATy, Log mean temperature difference (°C)
cw Cooling water
Subscripts C-TRC  CO, Transcritical Rankine Cycle
EC Engine coolant
1-8 State point EG Exhaust gas
ave Average GH Gas heater
con Condenser ICE Internal combustion engine
w Cooling water side PRE Preheater
eg Exhaust gas side REG Regenerator
ex Exergy RD Relative difference
exp Expansion process R-TRC  Regenerative Transcritical Rankine Cycle
est Estimate TRC Transcritical Rankine Cycle
gh Gas heater WHR Waste heat recovery

temperature ORC field, including low thermal decomposition tem-
perature, unsatisfied thermo-economic performance and relatively high
ozone depletion potential (ODP) and global warming potential (GWP).

Compared with subcritical Rankine cycle (SRC), transcritical
Rankine cycle (TRC) has been proven to achieve better thermal
matching and exergy efficiency [3,11]. Previous studies by our group
[3] compared the SRC and TRC for diesel engine waste heat recovery,
concluding that TRC could obtains a 5.4% increase in thermal effi-
ciency. Yang et al. [12,13] proposed a TRC to recover waste heat from
marine diesel engine and compared economic performance of TRCs
using various working fluid. Yagl et al. [14] designed SRC and TRC for
waste heat recovery from biogas fueled combined heat and power en-
gine, indicating that the net power output of TRC is higher than that of
SRC by 2.9%.

Nowadays, CO, transcritical Rankine cycle (C-TRC) has been
drawing more and more attention as an application in the waste heat
recovery field. The main advantages of using CO, as working fluid are
desirable thermodynamic performance [15], small size with compact
heat exchangers [16,17] and turbines [18], and outstanding environ-
mental performance with zero ODP and extremely low GWP. Specific to
WHR from a diesel engine, C-TRC is also beneficial for simultaneous
utilization of high and low temperature waste heat sources [19] and
presents a good dynamic characteristic [20]. Several prior research
studies have discussed and demonstrated the potential of C-TRC for
diesel engine [21-23]. Shu’s group [24] has proposed a C-TRC proto-
type to recover exhaust gas and engine coolant waste heat from a heavy
duty diesel engine. Experimental results indicated that thermal effi-
ciency of the studied diesel engine could be increased from 39.4% to
41.4% by such WHR system. However, due to low critical temperature
of CO,, the application of C-TRC, especially for WHR from diesel en-
gine, faced the challenge of low-temperature condensation. In addition,
the cycle efficiency of C-TRC is relatively low due to its high expansion
outlet pressure.

To overcome these disadvantages, CO, based mixtures, composed of
CO, and a chemical with high critical temperature, were investigated in

solar plants [25,26], geothermal plants [27,28] and WHR plants
[29,30]. Manzolini et al. [25] discussed the potential of a CO, mixture
in improving thermodynamic and thermo-economic performance for a
solar power plant, indicating that the CO, mixture outperformed pure
CO,, in conversion efficiency by 2%. Dai et al. [31] studied several CO,
mixtures in TRC for low temperature heat conversion, demonstrating
that CO, mixtures are capable of improving thermal efficiency and
decreasing operating pressure. Shu et al. [29] considered CO, mixtures
as working fluid in TRC for diesel engine WHR and concluded that CO,
mixtures can help expand condensation pressure range. The same
conclusions were also drawn in Wu et al. [27].

Identifying a proper mixture composition ratio is essential to opti-
mize the thermodynamic performance of a power system. Thus, the
effect of composition ratio was fully considered and discussed in pre-
vious theoretical research studies. The majority of previous studies
looked at the optimal composition ratio of mixtures using thermo-
dynamic analysis with various criterions, such as net power output
[32], exergy performance [30] and economic performance [29,33].
Generally, mixtures only with an appropriate composition ratio behave
better than their pure-component counterparts [34,35]. Optimization
methods, including generic algorithms [36], sequential quadratic pro-
gramming [37], mixed-integer nonlinear programming [38] and sto-
chastic optimization [39] also were adopted to determine the optimal
composition ratio. computer-aided molecular design (CAMD) also has
been used to design and identify the composition ratio of mixture [40].

Indeed, these theoretical analysis can help gain a preliminary un-
derstanding of the effect of composition ratio on cycle performance, but
the conclusive results still need to be obtained by experiment [34].
Published experimental data relating to power cycle using mixtures are
extremely rare. A few mixtures, including R234fa/R123 [41], R245fa/
R134a [42], R245fa/R152a [43], R245fa/R365mfc [44], R245fa/
R600a [45] and R600a/R601a [46], have been investigated by ex-
periment. Existing publications focused on the performance comparison
between the mixture and its pure component counterpart. Only one
publication by Wang et al. [46] discussed the effect of mixture
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composition on cycle performance by experiment. However, the mix-
tures outlined above were designed for low-temperature application;
the application of CO, mixtures in high-temperature applications has
not yet been experimentally investigated. Furthermore, there are al-
most no experimental results on the heat transfer coefficient for mix-
tures within the temperature range of a power cycle [34,35].

Thus, this paper presents the detailed experimental results in a TRC
system using CO»/R134a mixtures with various composition ratios. A
regenerative TRC test bench based on an expansion valve was used to
recover waste heat of engine coolant and exhaust gas from a heavy-duty
diesel engine. With the measured experimental data, the potential of
power output was estimated numerically. The main unique contribu-
tion of this paper lies in three aspects:

1. Effect of composition ratio of CO,/R134a mixtures on system per-
formance was investigated by experiment for the first time.

2. Heat transfer coefficients of various heat exchangers using super-
critical CO5/R134a mixtures are provided and discussed, which may
give reference for cycle optimization and heat exchanger design for
CO, mixtures application.

3. Optimal composition ratio of CO,/R134a mixtures for the maximum
net power output, thermal efficiency and exergy efficiency were
determined by experiment.

2. COy/R134a mixture

Carbon dioxide, as the working fluid for TRC system, is difficult to
be condensed at ambient temperature cold source due to its low critical
temperature. Hence, CO,-based mixture is supposed to have a relatively
high critical temperature to overcome that issue. Additionally, a CO,-
based mixture should be environmentally friendly and safe, with good
thermodynamic performance. R134a is a non-toxic and non-flammable
hydrofluorocarbon with insignificant ozone depletion potential (ODP)
and a somewhat lower global warming potential (GWP). It is widely
used as a replacement to R12. Moreover, R134a is regarded as a high-
temperature refrigerant in automobile air conditioners, which also de-
monstrates the feasibility of using it in an automotive application.
Theoretical results in our previous publication [29] showed that CO,/
R134a mixture has moderate temperature glide and could achieve
better thermodynamic performance than CO,/R1234yf and CO,/
R1234ze. Experimental studies have confirmed that a CO,/R134a
mixture can improve system performance and expand the condensation
pressure range of C-TRC [47]. To analyze the effect of the composition
ratio on system performance, four CO,/R134a mixtures with various
composition ratio were selected for this study. Among them, the mass
fractions of CO, were 0.85, 0.7, 0.6 and 0.4. Table 1 includes the main
thermodynamic properties of CO5, R134a and their mixtures. Note that
the thermodynamic properties of CO,/R134a mixtures were obtained
from REFPROP 9.0. Furthermore, the GWPs of mixtures were calculated
by method provided in Ref. [48].

Fig. 1 provides temperature-entropy (T-s) diagrams of selected CO»/
R134a mixtures. It shows that the CO,/R134a mixtures all can be ca-
tegorized into wet fluid. Critical temperatures of mixtures increase with
the mass fraction of R134a. However, critical pressures of CO,/R134a
mixtures are not necessarily lower than pure CO,, even when adding

Table 1
Thermodynamic properties of CO,, R134a and their mixtures.
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Fig.1. T-s diagrams of selected CO»/R134a mixtures.

refrigerant with low critical pressure.

3. Experimental facility and methodology
3.1. Experimental test bench

A typical regenerative TRC (R-TRC) test bench was built to recover
waste heat of exhaust gas and engine coolant from a diesel engine.
Fig. 2 shows the schematic diagram of the whole test bench. The waste
heat sources were provided by a six-cylinder, four-stroke heavy-duty
diesel engine, equipped with complete measuring and controlling in-
struments to ensure it operates stably at a specific condition. Its main
parameters are listed in Table 2. The cooling water was provided by a
refrigeration unit to cool the working fluid in condensers and the
working fluid tank. The mass flow rate and temperature of cooling
water could be controlled and adjusted.

The R-TRC test bench consists of several heat exchangers, an ex-
pansion valve, a plunger pump and a working fluid tank. Table 2 also
lists the specification of the main components in the R-TRC test bench.
First, CO»/R134a mixture is pressurized into a supercritical state by the
plunger pump. Then the working fluid absorbs heat from the engine
coolant, low pressure working fluid after expansion valve and exhaust
gas in the preheater, the regenerator and the gas heater, respectively.
The high temperature working fluid expands through the expansion
valve and flows through the regenerator. Finally, the working fluid is
cooled into a liquid state in the condensers. Fig. 3 presents the ther-
modynamic process of R-TRC using CO,/R134a mixture in T-s diagram.

In the R-TRC test bench, the gas heater was a self-made double-pipe
type heat exchanger, while the rest of heat exchangers were commercial
plate heat exchangers purchased from SWEP. All heat exchangers and
pipes were wrapped by thermal insulation cotton in to reduce heat loss
into the environment. The flow rate of the working fluid was controlled
and adjusted by a reciprocating plunger pump. The CO, expander
manufactured for this test bench is still in the test phase. Considering

Molecular mass/(g/mol) T. /(°C) P./(MPa) ODP GWP ASHRAE 34 safety group
CO, 44.01 31.1 7.38 0 1 Al
CO,/R134a (0.85/0.15) 48.11 41.2 7.78 0 206 -
CO,/R134a (0.7/0.3) 53.06 51.3 7.87 0 412 -
CO,/R134a (0.6/0.4) 56.97 58.3 7.80 0 549 -
CO,/R134a (0.4/0.6) 66.80 73.2 7.29 0 822 -
R134a 102.03 101.1 4.06 0 1370 Al
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Fig. 2. Diagrams of a preheating regenerative TRC (R-TRC) test bench.
Table 2 the possible damage caused by the refrigerant component in CO,/

Specification summary of the main components.

Heat source

Diesel engine Type: Inline type, 6 cylinders
Displacement: 8.424 L

Rated power: 243 kW

Bore x Stroke: 113 mm x 140 mm
Maximum torque: 1280 N-m

Rated speed: 2200 rpm

ORC system
Gas heater Area: 3.09 m?

Type: Double-pipe type (self-made)
Preheater/Regenerator/Condenser Area: 1.56 m*

Type: Brazed plate

Flow type: Counter Current

Size: 377 mm X 119.5 mm X 92 mm
Type: Needle type

Opening: 0-100%

Pump Type: Reciprocating plunger pump
Rated flow rate: 1.7 m®/h

Plunger number: 3

Bore X Stroke: 38 mm X 50 mm
Type: Vertical cylinder

Volume: 10L

Expansion Valve

Working liquid tank

Cold source
Refrigerating unit Refrigerant: R22

Temperature range: 5 °C-15 °C

g,in

Exhaust gas

T (°C)

~+- Temperature
1. giige

s (kJ/kg K)

Fig. 3. T-s diagrams of the regenerative ORC (R-TRC) using CO»/R134a mix-
ture.

R134a mixtures, a self-made expansion valve was used to control the
system pressures. For the sake of security, the maximum pressure of
system cannot exceed 11 MPa and maximum temperature cannot ex-
ceed 250 °C. Detailed descriptions and photographs of the R-TRC test
bench can be found in our previous publication [47].

3.2. Measurement devices and uncertainty

In addition to the structure of test bench, the position of each
measurement point is also indicated in Fig. 2. The thermocouple tem-
perature sensor was installed to measure the temperature of exhaust
gas, while the other measurement points used a thermal resistance
sensor. Ten pressure transmitters were installed in the test bench to
monitor pressures at each measurement point. Hastelloy alloy was used
for the pressure sensors in the exhaust side to prevent acid erosion by
the exhaust gas. The exhaust gas flow rate was obtained by measuring
the intake air flow rate and fuel consumption of the diesel engine. The
intake air flow rate was measured by a cylindrical laminar flow meter,
while the volume flow rates of the engine coolant and cooling water
were measured by a turbine flow meter. A Coriolis type mass flow meter
was applied to obtain the precise real-time mass flow rate of the
working fluid. Meanwhile, a magnetic flap type fluid level gauge was
installed on the working fluid tank to indicate the liquid height. Table 3
lists the measurement range and accuracy of each measurement device.

A data acquisition module was used to acquire and convert signals
from measurement devices, and then was connected to the computer
via a communication cable. Measured data could be automatically re-
corded and saved by the second.

After obtaining the measured data, including temperature and
pressure, the thermodynamic properties of the working fluid, was

Table 3
Measurement range and accuracy of each measurement device.

Devices Measurement range/(Accuracy)

Temperature

Thermocouple sensor

Thermal resistance sensor
Pressure

Exhaust gas side

High pressure working fluid side
Low pressure working fluid side

—60-650 “C/( = 1%)
—200-500 °C/( + 0.15%)

0-0.5 MPa/( = 0.065%)
0-14 MPa/( £ 0.065%)
0-12 MPa/( + 0.065%)

Flow rate
Working fluid 0-0.3 kg/s/( = 0.2%)
Intake air 0-1350 kg/h/( = 0.5%)

Fuel consumption
Engine coolant
Cooling water

5-2000 kg/h/( + 0.8%)
2-40 m*/h/( * 0.5%)
0-12 m®/h/( = 1%)
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calculated using the REFPROP 9.0. System uncertainty analysis was
conducted using Kline and McClintock method described in our pre-
vious publication [20]. The maximum relative uncertainties of heat
absorption amount from exhaust gas Qg wp heat transfer amount in
exhaust side Qgp exn, Nt power output Wy, and thermal efficiency #,
were 1.12%, 5.72%, 1.12% and 2.27% respectively.

3.3. Experimental methodology

The main purpose of this study was to analyze the effect of the
composition ratio of CO,/R134a mixture on R-TRC system perfor-
mance. Hence, the same external conditions, including heat source and
cold source, were imposed in comparative experiments. Previous stu-
dies showed that a heavy-duty diesel engine in an automotive appli-
cation rarely operates at a rated load [49]. Thus, the medium load point
of this diesel engine (600 N'm at 1100 rpm) was chosen. Even if the
diesel engine operates at a constant speed and torque, it is inevitable
that parameters (temperature and flow rate) of exhaust gas, as well as
engine coolant, could still fluctuate. Fig. 4 shows the parameter varia-
tions of waste heat sources during the experiment. Maximum relative
difference RD,,.y is determined by maximum difference between mea-
sured value X and average measured value X,,. for all experiments,
RDpax = (X — Xave)max/Xave- The maximum relative difference of heat
source parameters are all less than 10%. Such differences are acceptable
in the present comparison experiment.

These experiments were performed at different times with various
ambient temperature, and it was difficult to keep an accurate, constant
cooling water temperature. Hence, the cooling water temperatures for
different experiments are somewhat different. Prior experimental stu-
dies have indicated that ambient temperature has a limited impact on
system overall performance [41]. Table 4 shows the cooling source
conditions of all of the experiments.

Given a constant heat source and cold source condition, all ex-
periments were performed with a working fluid flow rate of 11.5 kg/
min. Several sub-scenarios with different pressures in the TRC system
could be created by decreasing the opening of the expansion valve. The
effect of the composition ratio of the CO»/R134a mixture on system
performance under various pressures was investigated by this experi-
mental strategy. The major indicator for steady state detection of TRC is
the expansion inlet pressure, which is a reliable indicator with high
accuracy [20]. Fig. 5 depicts the variation of pressures with time. Each
step increase of expansion inlet pressure corresponds to a change of
expansion valve opening. Several steady operating points for CO,/
R134a mixtures with various pressures were chosen for comparison.
These points were obtained after maintaining the TRC system on steady
condition for 2-3 min. Pressures of selected steady operating points are
summarized in Table 5.

4. Results and discussion

In this section, the experimental results based on the experimental
methodology outlined above are presented. The effect of the composi-
tion ratio of CO,/R134a mixture on measured operating parameters,
heat exchanger performance and cycle performance was investigated
carefully. The difference in the cycle behavior among CO,/R134a
mixtures was explained from the point of thermophysical properties.

Starting with the results of pressure variations shown in Fig. 5 and
Table 5, as the mass fraction of R134a increased, expansion outlet
pressure Ps decreased gradually. This effect can be explained by the fact
that the CO,/R134a mixture with a higher fraction of R134a has a
lower saturated vapor and liquid pressure at the constant temperature,
as shown in Fig. 6. As a direct consequence of that, CO»/R134a (0.4/
0.6) achieved the highest expansion pressure ratio, while CO,/R134a
(0.85/0.15) had the lowest pressure ratio during the expansion process.

Expansion inlet temperature T, is an important indicator of power
output ability. Fig. 7 depicts the variation of expansion inlet

Energy Conversion and Management 208 (2020) 112574

temperature with pressure. As the expansion inlet pressure increased,
expansion inlet temperature T, climbed from 200.4 °C to 204.6 °C for
CO,/R134a (0.85/0.15), while the opposite trend was presented for
CO,/R134a (0.7/0.3), with a range of 194.8 °C-189.0 °C; and for CO5/
R134a (0.6/0.4), with 183.4 °C —175.2 °C. No sensible change in the T,
was observed for CO,/R134a (0.4/0.6) with 192.4 °C-191.6 °C. One
factor affecting the behaviors of Ty is that the decrease of working fluid
flow rate, induced by throttle effect in expansion valve, resulted in the
rise of T4 for all four CO,/R134a mixtures. What’s more, the difference
of specific heat capacity among various CO,/R134a mixtures mainly
contributed to different trend of Tj.

Fig. 8 shows the variation of specific heat ¢, among the various CO,/
R134a mixtures. Before starting this discussion, it should be noted that
although there is no phase change process for the supercritical fluid,
constant-pressure specific heat would reach a peak at a certain tem-
perature under given pressure. The peak point of specific heat is the
pseudocritical point, and its corresponding temperature is the pseudo-
critical temperature. Looking back at Fig. 1, critical temperatures of
CO,/R134a mixtures increased with the mass fraction of R134a, which
also lead to the increase of pseudocritical temperature, as shown in
Fig. 8.

For the graphs in Fig. 8, the specific heat ¢, curve is divided into
three sections, corresponding to heating process in the preheater (A),
the regenerator (B) and the gas heater (C). The enclosed area bounded
by specific heat ¢, curve and X axis indicates the heat absorption
amount per mass. Affected by location change of pseudocritical point,
the enclosed area of CO,/R134a mixtures in the exhaust gas recovery
zone increases with expansion inlet pressure, indicating lower T4 would

(a) 600
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Fig. 4. Parameter variations of waste heat sources during the experiment; (a)
exhaust gas; (b) engine coolant.
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Table 4
Cooling source conditions.

Energy Conversion and Management 208 (2020) 112574

CO,/R134a(0.85/0.15) CO,/R134a(0.7/0.3) CO,/R134a(0.6/0.4) CO,/R134a(0.4/0.6)
Cooling water inlet temperature (°C) 12.8 8.6 9.4 9.2
Cooling water flow rate (m>/h) 1.98 1.94-1.95 1.91-1.92 1.95-1.96
be obtained by a higher pressure at the same heat absorption amount. Table 5
This in turn results in a decrease of expansion inlet temperature T,. Selected steady operating points for system performance analysis.
Comparing the four CO,/R134a mixtures, specific heat c, in the exhaust 1 5 3 4 5 6 7
gas recovery zone increased more in CO5/R134a (0.7/0.3) and CO,/
R134a (0.6/0.4). Thus, the combined effect of working fluid flow rate CO,/R134a mixtures (0.85/0.15)
variation and specific heat variation may explain the different T, Py/(MPa) 791 879 972 1025 1078
trends Ps/(MPa) 5.55 5.53 5.51 5.50 5.49
) CO./R134a mixtures (0.7/0.3)
P4/(MPa) 8.04 8.59 9.09 9.66 10.05 10.50
4.1. Heat exchanger performance Ps/(MPa) 4.45 4.45 4.43 4.42 4.41 4.40
CO./R134a mixtures (0.6/0.4)
, . . . P4/(MPa) 7.90 8.71 9.51 10.08 10.57
For the R-TRC system’s heating process, the worklng' fluid flows Po/(MPa) 3.99 3.08 297 397 .96
through the preheater, the regenerator and the gas heater, in sequence. CO,/R134a mixtures (0.4/0.6)
For the cooling process, the working fluid is cooled in two condensers. P,/(MPa) 7.91 8.34 8.84 9.38 9.85 10.27 10.51
The performance of these heat exchangers was observed using CO,/ Ps/(MPa) 3.85 3.84 383  3.80 3.79 3.78 3.77

R134a mixtures with different composition ratio. Before starting this
discussion, the heat balances of heating process and cooling process

were investigated.

In the heating process, the heat absorption amount of working fluid
in the preheater, the regenerator and the gas heater could be calculated
by Equations (1-3), respectively. While the total heat released by the
engine coolant, the low-pressure working fluid after expansion valve

and the exhaust gas could be obtained by Egs. (4-6), respectively. é
Qpre,wf = rityy (hy — hy) (€8] o Temperature glide

=
. [/}
Qreg,wf,HP = mwf (h3 - hz) (@3] g

o
Qghs = Tty (hy — h3) 3 —o— CO,/R134a(0.85/0.15)
. ) o CO,/R134a(0.7/0.3)
Qpre,ec = Cpmec(ch,in - ec,oul) 4 1FE o— Vapor saturation line CO,/R1344a(0.6/0.4)
3 . —e— Liquid saturation line| [ —©— CO,/R134a(0.4/0.6)
Qreg,wf.LP = Myy (hs — he) 5) 0 I 1 ! !

0 20 40 60 80

Qghg = Mg (hgin — Mg our) (6) Temperature (°C)

As for the cooling process, the heat released by the working fluid in
condenser 1 and condenser 2 can be estimated by Eq. (7) and (8), while
the amount of heat absorbed by the cooling water is calculated using

Fig. 6. Saturated vapor and liquid line of CO,/R134a mixtures.

-
a

| [CO,/R134a(0.85/0.15)| | [CO,/IR1342(0.7/0.3)| CO,/R134a(0.6/0.4)

—o—P,

Pressure (MPa)

{ |CO,/R134a(0.4/0.6)

2 17 1T 2 4 6 8

Time (min)

4 6 8 10 12 140

Fig. 5. Variations of pressures with time during the experiment.
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Fig. 7. Variation of expansion inlet temperature with expansion inlet pressure.

Eq. (9) and (10).

Qeontnf = My (hs — hy) @
Qeonzwf = Hup(hy — hg) (©)]
Qeont.aw = Mew(Pew,our — Hewm) ©)]
Quonz,ew = Mew (Rewm = how,in) (10)

Fig. 9 shows the parity plot of the heat flow rate differences between
the primary and secondary fluid sides for the heating and cooling
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the measuring error and heat loss during the heat transfer process.
However, for all cases, the discrepancies of heat flow rate are within
10% in the heating process and 6% in the cooling process. Hence, the
heat balances in both the heating and cooling processes are satisfactory,
and the measurement data are reliable. In this study, the evaluation of
heat exchanger performance and cycle performance was performed
based on the heat flow rate absorbed or released by the working fluid.

Fig. 10 depicts the heat absorption amount in the preheater, the
regenerator and the gas heater. It is clear that exhaust gas is the main
contributor to the amount of total heat absorption. By increasing the
mass fraction of R134a in the mixtures, the amount of total heat ab-
sorption declined, which was caused mainly by the decrease of the heat
absorption amount in the regenerator, as shown in Fig. 10. As men-
tioned earlier, the CO,/R134a mixture with a higher fraction of R134a
has a higher expansion ratio, leading to a lower expansion outlet
temperature. Thus, the amount of heat absorption in the regenerator
declined. A further interesting finding was that CO,/R134a (0.4/0.6)
can absorb more heat from the exhaust gas, but less heat from the en-
gine coolant in comparison with the rest of the mixtures. This could be
attributed to the difference of specific heat for various CO,/R134a
mixtures, as shown in Fig. 8.

Heat transfer performance of a supercritical fluid is a hot topic that
attracts attention from many researchers. Some experimental results
about pure CO, heat transfer performance in supercritical condition
have been reported [50,51]. However, there is little experimental data
on the heat transfer coefficient (HTC) of mixtures in the temperature
range of the power cycle [35]. Here, the heat transfer performances of
various CO»/R134a mixtures in the preheater, the regenerator and the
gas heater are presented and discussed in detail. Fig. 11 depicts the T-Q
diagram of the heating process for various CO,/R134a mixtures, based
on experimental data. The HTC is estimated as:

processes. The main reason for this disagreement may be attributed to U = Q/A/ATy, 11)
(a) 10 (b) 10
|——8MPa—9mPa 10MPa 11MPa] |—sMPa 9MPa 10MPa 11MPa
sl ‘COZ/R134a(0.85/0.15)I sl C0,/R1342a(0.7/0.3)
T, T; T, T,
T : \ ! P,~10.8MPa 6 : : P=10.5SMPa
o T ' S0 B i
M 1 1 . . x 1 1
= ! [ Heating process in: = | i Heating process in:
é&. 4t E i A: Preheater 5&_ 4k E : A: Preheater
© ! \ B: Regenerator © ! \ B: Regenerator
i C: Gas heater i \ C: Gas heater
2 i h 2 i
i i i i
Al B C Al B C
0 ! . H . . 0 ! L . .
0 50 100 150 200 0 50 100 150 200
T(°C) T C)
(c) 10 |—sMPa 9MPa 10MPa 11MPal (dy1o |—8MPa 9MPa 10MPa 11MPa
sl CO,/R1342a(0.6/0.4) sk C0,/R1342a(0.4/0.6)
T, T; T, T;
= i i P=10.6MPa — i i P,~10.5MPa
< 6— % ! 26— : :
& ! | & ! !
= i " Heating process in: = ! ; Heating process in:
5& 4t E E A: Preheater fa 4t i i A: Preheater
= ! B: Regenerator b : ) B: Regenerator
: i C: Gas heater i f C: Gas heater
2 ; i 2 i i
) 1 1
1 1 1 1
A B i C Al B i C
0 H . H L L 0 H . : . .
0 50 100 150 200 0 50 100 150 200
T °C) T (°C)

Fig. 8. Variation of specific heat capacity for various CO,/R134a mixtures: (a) CO»/R134a (0.85/0.15); (b) CO»/R134a (0.7/0.3); (c) CO»/R134a (0.6/0.4); and (d)

CO»/R134a (0.4/0.6).
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Fig. 9. Heat flow rate in (a) the heating process; (b) the cooling process.
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Fig. 10. Heat absorption amount for the various CO»/R134a mixtures.

wherein Q is the heat absorption amount by working fluid, A is the heat
transfer area of each heat exchanger provided in Table 2. ATy, is the log
mean temperature difference. Table 6 shows the overall heat transfer
coefficients in various heat exchangers. Based on experimental data in
our previous publication [47], heat transfer coefficient of pure CO,
under supercritical condition in various heat exchanger is also included
in Table 6. For CO5/R134a mixtures, the results showed that the HTCs
are in the range of 697.9-1286.7 W/m? °C for the preheater,
115.6-164.0 W/m? °C for the regenerator, and 107.6-111.7 W/m? °C
for the gas heater. The HTCs in the preheater are obviously larger than
those in the regenerator and the gas heater. These results are reason-
able, because the convection heat transfer coefficient in liquid-liquid
cases is generally larger than those in liquid-gas cases.

Different thermodynamic properties, induced by the composition
ratio in CO,/R134a mixtures, also influence the overall HTCs. For the
supercritical fluid, the specific heat reach peak at the pseudocritical
point as shown in Fig. 8, indicating that more heat could be transferred
near the pseudocritical point. Meanwhile, density, viscosity and
thermal conductivity also sharply decreased in the vicinity of the
pseudocritical point, which contributed to the increase in flow velocity.
Thus, better heat transfer performance may be achieved near the
pseudocritical point [50]. Ma et al. [52] concluded that HTCs of su-
percritical CO, side and overall heat transfer exchanger have similar
trends with specific heat for a double pipe heat exchanger. Based on

this, for the preheater, the HTC of CO,/R134a (0.85/0.15) is sig-
nificantly higher than that of CO,/R134a (0.4/0.6), while the HTC of
CO,/R134a (0.7/0.3) is similar to that of CO,/R134a (0.6/0.4). For the
regenerator, the HTC of CO,/R134a (0.4/0.6) is lower than those of
other mixtures. As for the gas heater, the difference of heat transfer
coefficient among CO2/R134a mixtures is not evident, since the con-
vection heat transfer coefficient in the exhaust gas side is much lower
than that in the working fluid side, and the overall heat transfer coef-
ficient depends on the heat transfer performance of the exhaust gas side
to a great extent.

4.2. Cycle performance

An experimental comparison of CO,/R134a mixtures with various
composition ratios was performed by discussing the net power output,
thermal efficiency and exergy efficiency. Although an expansion valve
was used instead of the expander in the test bench to control pressure, it
was still possible to estimate numerically the net power output based on
experimental results, by assuming constant isentropic expansion effi-
ciency. In the numerical analysis, the experimental data, including
expansion inlet pressure, expansion inlet temperature and expansion
outlet pressure, was used. The net power output can be estimated as:

"Vexp,est = mwf (hy — hS,ideal)nexp (12)
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Fig. 11. T-Q diagram for heating process for various CO,/R134a mixtures: (a) CO,/R134a (0.85/0.15); (b) CO»/R134a (0.7/0.3); (c) CO»/R134a (0.6/0.4); and (d)

CO,/R134a (0.4/0.6).

Table 6

Heat transfer coefficients (HTCs) of the preheater, the regenerator and the gas heater for various CO»/R134a mixtures.

Pure CO, CO,/R134a (0.85/0.15) CO»/R134a (0.7/0.3) CO>/R134a (0.6/0.4) CO>/R134a (0.4/0.6)
Expansion inlet pressure (MPa) 10.7 10.8 10.5 10.6 10.5
HTC of the preheater (W/m? °C) 868 1286.7 947.3 1012.3 697.9
HTC of the regenerator (W/m? °C) 169.9 164.0 161.1 161.4 115.9
HTC of the gas heater (W/m? °C) 101.3 109.2 107.6 109.6 111.7
(a) & (b) 8 —
% Wp N Wnel,est - _I Wexp,est
Tk
s 6 A ¢1.o7; %/20/7]
5.07
5
4

Estimation of net power output (kW)

Power (kW)

—0— CO2/R134a(0.85/0.15)
CO2/R134a(0.7/0.3)
CO2/R1344a(0.6/0.4)

—v— CO2/R134a(0.4/0.6)

Fig. 12. (a) Estimation of net power output as a function of expansion inlet pressure;

W/p = mwf(hl — hg)

"Vnet,cs[ = vVexp,cst - I’Vp

Experimental results of small-scale expanders using CO,-based
mixture are lacking. In this study, the expansion efficiency was set at

9 10
Expansion inlet pressure (MPa)

1

13

(10

5MPa) (10.6MPa)

0.3 0.4 0.6

(10.5MPa)

Mass fraction of R134a

(b) Effect of composition ratio on estimation of net power output.

70%, which is the target of the CO, turbine manufactured for the test

bench and also reasonable for currently running CO, applications [53].

(14)

Fig. 12(a) shows the estimation of net power output for various
CO,/R134a mixtures. For all cases, the estimation of net power output
increased with expansion inlet pressure, but the increase rate of COy/
R134a (0.85/0.15) was higher than those of other mixtures. This
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difference may be attributed to the increase of the expansion inlet
temperature depicted in Fig. 7. Maximum net power output was
achieved by maximizing the expansion inlet pressure in experimental
pressure range. Thus, the maximum net power outputs of CO,/R134a
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(0.85/0.15), CO»/R134a (0.7/0.3), CO5/R134a (0.6/0.4) and CO»/
R134a (0.4/0.6) are 5.07 kW, 5.45 kW, 5.30 kW, and 4.41 kW, re-
spectively.

As for the effect of composition ratio, by increasing the mass frac-
tion of R134a, the net power output increased at first and then declined.
At high expansion inlet pressure, CO5/R134a (0.7/0.3) achieved the
maximum net power output, followed by CO,/R134a (0.6/0.4), CO»/
R134a (0.85/0.15) and CO,/R134a (0.4/0.6). However, the maximum
net power output was achieved by using CO,/R134a (0.6/0.4) at a low
pressure region. This can be explained by the combination of the fol-
lowing two factors. First, the increase of the mass fraction of R134a
leads to lower condensation pressure and results in a higher expansion
pressure ratio, which contributes to an increase in expansion power, but
also results in the increase of pump power consumption (see Fig. 12(b)).
Furthermore, temperature glide in the condensation process increased
when mass fraction of R134a increased from 15% to 60%, as shown in
Fig. 6. An appropriate temperature glide is beneficial to improve the
thermal matching between the working fluid and the cold source. For
CO,/R134a (0.4/0.6), the temperature glide is too large to match the
cold source profile and may have caused undesirable fractionating,
which is responsible for the expansion power loss [54].

Based on the net power output, the thermal efficiency is defined as:

N = u./net,esl/(Q-pre,wf + Qgh,wf) (15)

As for the thermal efficiency shown in Fig. 13, CO,/R134a (0.7/0.3)
obtained the maximum thermal efficiency within a range of
8.14-10.35%, followed by CO,/R134a (0.6/0.4) with 7.84-10.14%,
CO,/R134a (0.85/0.15) with 6.47-10.09%, and CO,/R134a (0.4/0.6)
with 6.09-8.44%. This regularity is quite similar with that of the net
power output in the case of high expansion inlet pressure. Looking back
at Fig. 10, with the increase of mass fraction of R134a, the total heat
recovered from the exhaust gas and engine coolant significantly in-
creased when the expansion inlet pressure was relatively low, but it was
not obvious at high pressure. This may explain why CO,/R134a (0.85/
0.15) achieved higher thermal efficiency than CO5/R134a (0.4/0.6),
and why CO,/R134a (0.7/0.3) performed better than CO,/R134a (0.6/
0.4) at a lower pressure.

For a better understanding of thermal matching in each heat ex-
changers, exergy analysis was implemented, and that is also provided a
guideline to improve this test bench. The irreversible destructions of
various heat exchangers and exergy efficiency were calculated by:

jpre = (Eec,in - .ec,out) - (B, - Ey) (16)
I, = (Bs — E¢) — (B3 — Ey) a7
jgh = (Eg,in - Eg,ouz) — (Es — Ey) (18)
jcon1+con2 = (Ea - Es) (19)
Nex = Waet,est/Becin = Eee,out + Egin — Egoout) (20)

For the irreversible destruction of heat exchangers shown in Fig. 14,
the preheater achieved satisfactory thermal matching with exergy de-
struction in the range of 0.30-0.73 kW. The gas heater and condensers
were the main contributors to the total exergy destruction of system,
which are also the main object for modification in upcoming work. This
study put more emphasis on analyzing and comparing CO»/R134a
mixtures with various composition ratios. The peak of specific heat, as
mentioned earlier, is beneficial to achieve good thermal matching.
Based on that, CO,/R134a (0.4/0.6) had relatively lower exergy de-
struction in the gas heater. By decreasing the mass fraction of R134a,
the exergy destruction in the preheater presented a downward trend
and the thermal matching was improved, which is clearly reflected in
Fig. 11. Although the pseudocritical temperatures of CO»/R134a (0.85/
0.15), CO,/R134a (0.7/0.3) and CO,/R134a (0.6/0.4) all located in the
heating process in the regenerator (see Fig. 8), CO»/R134a (0.7/0.3)
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and CO»/R134a (0.6/0.4) had relatively lower exergy destruction in the
regenerator due to their lower heat transfer amount. Note that CO»/
R134a (0.4/0.6) has higher exergy destruction in the condenses com-
pared to the rest of the mixtures. This also validated that the tem-
perature glide of CO,/R134a (0.4/0.6) is too large to match the cold
source, resulting in undesirable irreversible destruction.

Fig. 15 shows exergy efficiencies for various CO,/R134a mixtures.
The regularity of exergy efficiency is similar to that of net power
output, which indicates that no sensible change in exergy input was
observed among CO,/R134a mixtures. Maximum exergy efficiency was
achieved by maximizing the expansion inlet pressure. Thus, the max-
imum exergy efficiencies of CO,/R134a (0.85/0.15), CO5/R134a (0.7/
0.3), CO»/R134a (0.6/0.4) and CO,/R134a (0.4/0.6) were 22.82%,
24.90%, 24.34% and 19.52%, respectively. The discussion of exergy
destruction can explain the behavior of exergy efficiency.

5. Conclusion

In order to improve cycle performance and alleviate the low-tem-
perature condensation issue encountered with CO, in transcritical
Rankine cycles (TRC), the CO,/R134a mixture was presented as
working fluid in a TRC test bench to recover waste heat of exhaust gas
and engine coolant from a heavy-duty diesel engine. Four CO»/R134a
mixtures with various mass composition ratios, CO/R134a (0.85/
0.15), CO5/R134a (0.7/0.3), CO»/R134a (0.6/0.4) and CO-,/R134a
(0.4/0.6), were investigated. The effect of the composition ratio of the
CO,/R134a mixtures on measured operating parameter, heat exchanger
performance and cycle performance were discussed. The following
conclusions were made:

(1) By increasing the mass fraction of R134a in the CO,/R134a mix-
ture, the total amount of heat absorption declined, which mainly
caused by a decrease in the amount of heat absorption in the re-
generator. CO»/R134a (0.4/0.6) absorbed more heat from the ex-
haust gas, but less heat from the engine coolant, in comparison with
the rest of the mixtures.

For the supercritical CO,/R134a mixtures, the heat transfer coef-

ficients (HTCs) are in the range of 697.9 ~ 1286.7 W/m? °C for the

preheater, 115.6 ~ 164.0 W/m? °C for the regenerator and

107.6 ~ 111.7 W/m? °C for the gas heater. As for the effect of the

composition ratio, CO,/R134a (0.85/0.15) exhibits better heat

transfer performance in the preheater, while CO5/R134a (0.4/0.6)
has poor performance in the regenerator. The difference of the HTC
in the gas heater is not evident.

(3) With the increase of mass fraction of R134a, the estimation of net
power output increases at first, and then decreases. CO,/R134a
(0.7/0.3) obtains the maximum net power output at a high ex-
pansion inlet pressure, while CO/R134a (0.6/0.4) behaves best at
low pressure.

(4) The temperature glide of CO»/R134a (0.4/0.6) is too large to match
cold source profile, leading to undesirable irreversible loss and low
exergy efficiency, which is also responsible for the expansion power
loss.
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