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ABSTRACT

DESIGN, PRODUCTION AND TESTING OF A
LABORATORY SCALE ORGANIC RANKINE CYCLE
SYSTEM

This study presents the thermodynamic design, implementation and commis-
sioning of a small scale organic Rankine cycle test rig. The objective was to design a
flexible organic Rankine cycle test rig to study performance of different working flu-
ids and cycle components. The test rig was instrumented with pressure, temperature
and flowmeter sensors to collect data from cycle operation. These data was used to
validate various thermodynamic models. During the design process; environmental,
safety and physical characteristics of 13 different fluids were studied to obtain suit-
able working fluids. Four fluids namely R134a, R141b, R245ca and R245fa were taken
into consideration for further detailed analyses. Maximum cycle efficiency and maxi-
mum net power output were considered as performance indicators. A recuperator was
integrated into the system to investigate its effect on the cycle efficiency. From the
thermodynamic analyses, R134a was adopted as the working fluid for the experimental
setup. Detailed commissioning procedures were prepared and preliminary testing were
conducted. Maximum net power output and maximum cycle efficiency were found to

be 4.13 kW and 7.64%, respectively.



OZET

LABORATUVAR OLCEKLI ORGANIK RANKINE
CEVRIM SISTEMININ TASARIMI, URETIMI VE TEST
EDILMESI

Bu calisma kiiciik olcekli organik Rankine ¢evrim test diizeneginin tasarimini,
uygulamasini ve devreye alinmasimi icermektedir. Buradaki amag, degisik ¢evrim
akigkanlarinin ve ekipmanlarin performanslarini incelemeye olanak saglayan esnek bir
deney diizenegi olusturmaktir. Bu ¢evrim diizenegi, operasyon sirasinda veri toplamak
amaciyla basing, sicaklik ve akig sensorleri ile beraber kurulmugtur. Bu veriler, degisik
termodinamik modelleri dogrulamakta kullanilmigtir. Uygun cevrim akigkanlarini bul-
mak amaciyla 13 akiskan gevresel, fiziksel ve giivenlilik karakteristikleri g6z oniine
alinarak kiyaslanmigtir. Bu kriterleri saglayan ve isimleri R134a, R141b, R245ca ve
R245fa olmak tizere dort akigkan daha detayli analiz i¢in segilmistir. Maksimum ¢evrim
verimi ve maksimum alinan gii¢ performans gostergeleri olarak secilmistir. Cevrim ver-
imine etkisi aragtirilmak tizere bir adet 1s1 geri kazanici esanjor sisteme dahil edilmigtir.
Termodinamik analizlerin sonucunda, deney diizenegi icin ¢evrim akigkani olarak R134a
secilmistir. Detayli devreye alma prosediirleri hazirlanmig ve on testler yapilmigtir.
Maksimum aliman gii¢ ve maksimum c¢evrim verimi sirasiyla 4.13 kW ve %7.64 bu-

lunmugtur.
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1. INTRODUCTION

Global primary energy demand could increase by 50% by the middle of the cen-
tury according to World Energy Council 2013 Survey [1]. This huge increase in en-
ergy demand comes mainly from the population increase and growing rate of usage
of electricity which is directly proportional to advancing technology. Therefore, this
increasing demand for energy pushes countries to take actions to maintain the welfare

of its people.

Usage of fossil fuels like natural gas, coal, and oil correspond to approximately
70% of the total electricity production and they are widely used to meet a significant
part of power demand by developing countries and /or governments that have big fossil
reserves [2]. The usage of fossil fuels that keeps increasing progressively brings some
drawbacks such as increasing carbon dioxide emission which leads to air pollution and
global warming. Other than the disadvantages above, fossil fuels are not sustainable
and their prices fluctuate substantially. In order to produce sustainable and emission-
free energy, renewable energy sources would be the solution. However, fuel-switching
does not happen in a snap. Renewable energy must be put into the consideration in

the case of extinction of fossil fuels and devastation caused by global warming.

Renewable energy sources are basically biomass, solar, wind, waste heat and
geothermal. Their total contribution to the Turkey’s national power generation is only
6.3% but have risen exponentially for the past 10 years. Turkey’s total power demand
has been increasing rapidly and it reached 264 TWh in 2015. According to the Ministry
of Energy and Natural Resources [3], electricity demand of Turkey is expected to reach
at 416 TWh in 2023. Considering Turkey’s fossil fuel potential, renewable energy

sources are expected to increase their share on total power generation.

The pie chart showing total net electricity generated by each type of energy source

in Turkey in 2015 is illustrated in Figure 1.1.
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Figure 1.1. Electricity generation by energy source in Turkey according to Republic

of Turkey Ministry of Energy and Natural Resources [3].

Solar, biomass and waste heat are considered as other renewable sources at the pie

chart. Geothermal has a share of 1.3% while other renewables have only 0.6%.

Waste Heat Recovery (WHR) is mostly used in the industrial applications. The
exhaust heat in the steel, cement, petroleum and glass industries are decently high and
for that reason, there is a big interest in waste heat recovery systems [4]. Temperatures
below 370 °C is not economically feasible and it usually becomes an exhaust. Since
WHR leads to significant fuel savings, emissions are often reduced. Therefore, WHR

enables not only electricity generation but also reduction of carbon dioxide emissions

[5].

Solar ORCs are being established gradually in kW scale in rural areas to generate
remote electricity and in MW scale in large areas of land to generate high voltage grid
power. Concentrated solar power with parabolic troughs or solar towers are used
for heating the heat transfer fluid. The most difficult problem of solar ORCs is the
unsteady heat source since the heat input fluctuates during the day and dies out after
the sunset. This means there is no constant electricity at daytime and no electricity at
nighttime. However, people need constant and sustainable energy for improving their
quality of life. That is why thermal storage is the most important consideration of a

solar power generation system.



Biomass would be a promising choice to play a role in the replacement of fossil
fuels and in the reduction of greenhouse gas emissions. Generally, ORC integrated
biomass-fired power plants are located near to biomass production sites because of
the huge available heat, such as furniture manufacturing industries, district heating
systems, biomass drying plants and pellet producers [6,7]. CHP (combined heat and
power) power plants and CCHP (trigeneration or combined cooling, heat, and power)
power plants are commercially used in biomass and waste heat applications in order to

utilize available heat as much as possible.

ORC integrated systems are able to use with geothermal sources as well. Con-
sidering Turkey’s geothermal potential, it would be a feasible solution for decreasing
dependency on foreign energy sources. 227 geothermal fields have been discovered
in Turkey since 1960. Geothermal heating applications have reached 2886 MWt and
geothermal electricity production has reached 400 MWe by a total of 17 geothermal
power plants [8].

These renewable sources such as solar, geothermal, waste heat and biomass, which
have a temperature range of 60 and 200 °C, can be considered as low-grade heat
sources [9]. Organic Rankine cycles allow utilization of heat for power generation from

heat sources, having a temperature as low as 65 °C [10].

Organic Rankine cycle (ORC) represents a powerful solution for small to medium
scale power generation applications with utilizing low-grade and renewable heat sources
like biomass, waste heat, solar or geothermal. Furthermore, it is used to increase
the plant efficiency in the industry and to desalinate of seawater. Detailed technical

information about organic Rankine cycle is indicated in the next section.



1.1. Organic Rankine Cycle

The ORC process is same of the Rankine cycle (RC) process except the work-
ing fluid. Rankine cycle uses water and conventional steam in the integrated process
while organic Rankine cycle uses organic fluids such as ammonia, carbon dioxide, flu-
orocarbons, and hydrocarbons. These working fluids have high molecular weight and
relatively low boiling point than water make them advantageous in low-grade heat

conversion.

The specific advantages of ORC technology are simplicity, robustness, availability
of its components, long service life, fast start-up and stop procedures, low maintenance
costs, and good partial load behavior. Furthermore, adopting a suitable dry organic
fluid with lower boiling point allows low-grade heat conversion into power and ensures
no erosion problem for the turbine blades because of the absence of liquid droplets

[11,12].

The usual lifetime of ORC systems is greater than twenty years [13]. Utilization of
higher density fluids results in smaller plant size compared to the conventional Rankine
cycle. Adopting dry working fluids leads to single vapor phase at the turbine outlet and
eliminates the possible problem which is the possession of liquid droplets and reduces

the capital and maintenance costs [14].

A simple ORC consists of a pump, expander, evaporator and condenser units.
The process starts with the heat transfer fluid passing through the evaporator and
changing the working fluids liquid phase into gaseous form. Pressurized and vaporized
working fluid goes into the expander where it expands and loses its enthalpy. This
enthalpy difference corresponds to the obtainable work per mass. Then, the working
fluid leaves the expander and passes through the condenser where it cools down and
change its gaseous phase into liquid. Finally, the liquid fluid flows into the inlet of the
pump and forms a closed loop system. The schematic diagram of the simple organic
Rankine cycle and temperature versus entropy (T-s) diagram of the cycle are shown in

Figures 1.2 and 1.3.
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380
360 F
'DG‘ 340
o
lé 320 F 5
o]
© | PAY
3 300
£ 280 F !
|_
260 F
240 1 | 1 | 1 | I | I |
0.8 1 1.2 1.4 1.6 1.8

Entropy (kl/kgK)

Figure 1.3. T-s diagram of R134a.

Processes of the simple cycle are indicated below:

Process 1 to 2: 1t can be considered as a non-isentropic compression process where

the working fluid is compressed at the pump. The work rate done by the pump and

pump isentropic efficiency are given as:



Wy, = 1i(has — 1) /np (1.1)
h2s - hl

= - 1.2

np hg . hl ( )

where 77 and h are the mass flow rate and enthalpy of the working fluid and 7, is the
pump isentropic efficiency.

Process 2 to 3: It can be considered as an isobaric heat addition process where the
evaporation occurs in the evaporator. The rate of heat addition via heat transfer fluid

18:

Qev = m(h3 - hZ) (13)

Process 3 to 4: Tt can be considered as an adiabatic expansion process at the expander.

The obtained power from the expander and expander isentropic efficiency are given as:

Wea: - m(h3 - h4s)nez (14)
hs — hy
exr — 1.
Mew = 3 (1.5)

where 7., is the expander isentropic efficiency.
Process 4 to 1: 1t can be considered as an isobaric heat rejection process where the

condensation occurs at the condenser. The rate of heat rejection via cooling water is:

Qc = 1ir(hy — ) (1.6)
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Figure 1.4. Schematic diagram of the recuperator integrated ORC.

Cycle thermal efficiency is defined as the ratio of the net power output to the rate of
heat input and it is indicated in Equation 1.7.
Wew — W,

Neh = T (1.7)

Regenerative ORC can be used instead of basic ORC in order to increase cycle
thermal efficiency. Here, expanded vapor at the expander outlet goes into an internal
heat exchanger called recuperator where the vapor working fluid loses its enthalpy. At
the same time, liquid working fluid at the pump outlet passes into recuperator to gain
heat and reduce the evaporators duty. The schematic of the recuperator integrated

organic Rankine cycle is shown in Figure 1.4.



1.2. Literature Review

Several authors tried various working fluids to obtain maximum cycle efficiency for
their ORC system. R123, R134a, R245fa, R245ca, isobutane, isopentane, Solkatherm
SES36 are only a couple of these fluids. G. Pei et al. [15] demonstrated a small scale
ORC with adopting R123 while Farrokhi et al. [16] conducted an experimental study
for residential buildings with adopting isopentane and S.H. Kang [17] is adopted R245fa
as the working fluid. Experimental results showed that maximum cycle efficiency was

found to be 6.8%, 1.66%, and 5.22%, respectively.

Cycle efficiency highly depends on the condenser exit temperature which is af-
fected and limited by ambient temperature. When all other variables are constant,
decreasing condenser exit temperature gives better cycle efficiency values. As a re-
sult, locations which have lower ambient temperature values are preferable for ORC

installations [5, 18].

Yamamoto et al. [9] designed an ORC system with R123 and water as the working
fluids. They used an electric heater to simulate the heat source during the experiments.
Maximum net power and cycle efficiency are found to be 150 W and 1.25%. Moreover,
they suggested that low latent heat and high density are preferable to increase mass
flow rate and if such a fluid is to be used, the saturated vapor at the turbine inlet

would give the best results.

However, H. Chen et al. [19] conducted a theoretical analysis and claimed that
high latent heat and high density give better results because the area formed by the
main points of the closed loop cycle would increase if the horizontal evaporation line
in T-s diagram elongates. Since the area is proportional that of the obtainable work,

larger power outputs can be obtained.

J.-C. Chang et al. [20] claimed that cycle and expander efficiency increase with

increasing of superheating.



However, many researchers pointed out an opposite statement which is superheating
has a deteriorating effect on cycle efficiency and the saturation point of the working

fluid at the turbine inlet would give the best efficiency results [5,19,21-24].

A brief review of electricity generation techniques from low-temperature heat
sources is presented by N. Galanis et al. [25]. They pointed out that net work does not
depend on the effectiveness of the recuperator; however, it highly depends on the cycle
efficiency which increases as the recuperator effectiveness improves. Also, maximum
cycle efficiency and maximum power output do not correspond to the same pressure

and temperature values at the turbine inlet.

1.2.1. Geothermal applications

Geothermal heat sources vary in temperature between 50 - 350 °C. The reservoir
could be dry steam, steam and water mixture or only liquid water [26]. Generally, there
are three types of geothermal water utilization processes namely dry steam systems,
flash steam systems and binary cycles. Dry and flash steam systems use geothermal
reservoir directly in the main cycle while in binary cycles, hot reservoir heats a sec-
ondary fluid which is vaporized and drives the turbine. The difference between dry
and flash steam systems is that dry ones use steam directly in the main cycle; however,
flash steam cycles use the effect of pressure relief to convert high-pressure hot water
into steam. Cycle efficiencies are around 5-9% for low-temperature geothermal sources

utilization and in case of medium temperatures, efficiencies are around 10-15% [26].

Meyer et al. [27] introduced a 1 kW ORC system which utilizes geothermal
sources. HFC-MI1, which is a mix of 50% R245fa and 50% R365mfc, was selected
to be used as the working fluid mostly for its ease of availability in New Zeland. An
automotive turbocharger as a radial turbine and a scroll expander will be used in the
future experiments for the expansion device. Theoretical cycle efficiency is 5.7% with

a pressure ratio of 3.5 and max. pressure of 13.8 bar.
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M. Li et al. [28] constructed a low-temperature regenerative ORC test bed with
a power output of 6 kW. Geothermal source temperature is fixed at 130 °C. A single
stage axial flow turbine was used in this experiments and a regenerative cycle efficiency

of 7.98% was found, which is higher than that of the simple cycle by 1.83%.

Nikolskiy et al. [29] presented a binary ORC power plant of 2.5 MWe power
output was installed in Kamchatka, Russia. The heat source is waste geothermal brine

with a temperature of 120 °C.

M. Astolfi et al. [24] modeled a geothermal ORC considering the heat source tem-
perature varying from 120 to 180 °C. They defined two variables namely turbine inlet
pressure and the difference between turbine inlet temperature and the inlet tempera-
ture of the geothermal brine for optimization. The results showed that organic fluids
with critical temperatures slightly lower than the geothermal brine gave 6 % higher

efficiency values than fluids with higher critical temperatures for supercritical cycles.

R.S. El-Emam and I. Dincer [30] analyzed a binary ORC considering geothermal
water source and brine reinjection temperature difference was around 38 °C. For a 5
MWe power output, plant efficiency was found to be 16.37% when adopting isobutane

as the working fluid.

1.2.2. Waste heat recovery applications

Waste Heat Recovery is one of the widely used heat sources in the literature
of organic Rankine cycle applications. There is a big interest of waste heat recovery
especially on the industrial side since exhaust heat in the cement, steel, petroleum and

glass industries are very high.

N. Zhou et al. [31] constructed an experimental test bed and used an LPG (liq-
uefied petroleum gas) stove to simulate industrial waste heat. Results showed that
increasing evaporating pressure has a positive effect on both cycle efficiency and power

output.
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Maximum cycle efficiency and max. net power output are obtained 8.5% and 645 W,

respectively.

Wei et al. [18] performed an analysis and optimization of an ORC system using
R245fa as the working fluid for a waste heat recovery application. They reported that
in order to keep system efficiency and net work at their peaks, the utilization of exhaust
heat should be maximized and the degree of subcooling in the condenser should be in

the range of 0.5-0.6 K. Y.

Dai et al. [22] performed a parametric optimization and comparative study with
10 different fluids for utilizing waste heat sources. They found that under their waste
heat configurations, using a recuperator would not improve the cycle efficiency. Ad-
ditionally, it is shown that there is an optimum operating pressure at the expander
inlet where the net power output reaches its peak and then it reduces dramatically.
Azeotropic mixtures are defined as the mixtures of liquids which boil at constant tem-

perature and retain same composition in vapor as well as in liquid phase.

S. Quoilin et al. [12] investigated R245fa, R123, n-butane, n-pentane, R1234yf
and Solkatherm SES36, which is an azeotropic mixture, working fluids with respect to
economic optimization parameters for recovering waste heat. Results indicated that
maximum work output does not correspond to that of minimum specific investment

cost.

1.2.3. Solar applications

Concentrating Solar Power (CSP) technologies use mirrors to focus the energy of
sunlight and convert it into heat. There are two types of CSP systems namely parabolic
trough collector and solar tower. Parabolic trough systems use U-shaped reflectors to
focus the energy towards the focal point where receiver tubes are positioned. Solar
tower systems use a central receiver system, which allows for higher operating temper-
atures. Flat mirrors focus solar energy towards a solar tower. The focused energy is

used to heat a transfer fluid likewise parabolic trough.
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G. Cohen et al. [32] presented a parabolic trough solar ORC power plant in
Arizona, USA. This 1 MWe solar ORC, for a solar field size of 10340 m?, showed solar

to electric efficiency of 7.5% with using n-pentane as the working fluid.

S. Quoilin et al. [33] conducted a performance analysis and design optimization
for a low-cost solar ORC installed in Lesotho for rural power generation. Different
working fluids such as R134a, R245fa, Solkatherm SES36, and n-pentane are studied

and overall efficiencies are found in a range of 3.6 to 7.9%, respectively.

Tchanche et al. [34] examined twenty organic fluids with respect to first and
second law efficiencies, mass and volume flow rates, pressure ratio of the turbine,
ODP, GDP, flammability and toxicity for a low-temperature solar ORC. Second law
efficiency, is also known as exergy efficiency, deals with the entropy which is used to
define unavailable energy in a system. Their examination showed that R134a appeared
to have the most favorable characteristics with a heat source temperature below 90
°C. Moreover, they suggested that ambient temperature and condenser temperature

difference should be taken in the range of 5-15 °C.

Twomey et al. [35] carried out a dynamic performance analysis of a small-scale
solar CHP with integrated an ORC system. A scroll expander is modeled and simula-
tion results showed that the maximum cycle and expander efficiencies are 3.47% and

59%, respectively.

Saitoh et al. [36] constructed a solar ORC with a scroll expander and tested for
cogeneration application. Maximum cycle, total cogeneration, and expander efficiencies

are obtained 7%, 42%, and 63%, respectively.
1.2.4. Biomass applications
Biomass applications are generally used in CHP and CCHP power plants rather

than only power generation systems. By this way, district heating is utilized with

higher efficiencies.
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If the net electrical power output of a CHP plant is less than 100 kW, it is considered
as small scale; the power output is less than 15 kW than it is considered a micro scale

CHP plant [37].

I. Obernberger et al. [13] introduced a decentralized biomass-fired CHP plant
with an integrated ORC system located in Lienz, Austria. It had a nominal electricity
capacity of 1 MWe and a nominal thermal capacity of 4.4 MWth with an electrical
efficiency of 15% and total efficiency (heat and electricity) of 80%. Again, the same
author presented 400 kWe biomass-fired power plant in Admont, Austria. At nominal

load, net electric efficiency 17.7% was obtained with silicon oil used as the working

fluid [38].

C. Perilhon et al. [39] compared two different capacities of biomass-fired CHP
plants: a 2 MW and a 10MW. Former one had an integrated ORC which its electrical
efficiency of 16.2% and cogeneration efficiency of 80% while latter had a steam cycle

with an electrical efficiency of 19% and cogeneration efficiency of 51%.

Y. Huang et al. [40] conducted an economic analysis of trigeneration system in-
tegrated with an ORC and using biomass as the heat source. The waste heat from
ORC used for space heating with supplying hot water and for cooling with driving an
absorption chiller. Simulation results showed that 11.1% for maximum electrical effi-
ciency, 85% for maximum cogeneration efficiency and 71.7% for maximum trigeneration

efficiency.

Since the heat input is constant for any cases, cogeneration efficiency is higher
than that of trigeneration efficiency due to higher losses in cooling process when com-
paring with heating process. In order to construct an economically feasible biomass

ORC, more than 5 MWe power output is needed [41].

A. Algieri and P. Morrone [11] analyzed the energetic performance of a biomass-
fired ORC in Italy with three working fluids namely toluene, decane, and cyclohexane

with three operating conditions: saturated, superheated, and transcritical cycle.
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For saturated cycle conditions, toluene gave the best cycle efficiency which was 14.6%;
for superheated cycle conditions, the largest cycle efficiency 20% was found when cyclo-
hexane was used; and for transcritical conditions are applied, maximum cycle efficiency

21.7% was found when decane was used as the working fluid.

1.2.5. Other applications

Another ORC integrated application is the reverse osmosis desalination. The
access to water is a basic need and it can be a challenge especially in rural areas. This
technology can be the most energy-efficient technology for seawater within the small

to medium power output range [42].

D. Manolakos et al. [43] presented an experimental evaluation of a low-temperature
ORC for reverse osmosis desalination system. They simulated solar collectors with an
electric heater of 100 kW and considered a fix pressure difference of 13 bar through
the expansion process. Obtained results with adopting R134a as the working fluid are:
2 kW maximum power output and 4% maximum overall system efficiency when using

an expander which had an overall efficiency of 65%.

Tchanche et al. [44] presented a relatively new approach called OTEC (Ocean
Thermal Energy Conversion). An OTEC system utilizes very low-grade energy and
that leads a very lower efficiency output of about 3-5%. Therefore, instead of gen-
erating electricity, it could be used in other areas such as fresh water production, air

conditioning and refrigeration, cold water agriculture, etc.

There are several worldwide ORC manufacturers namely ORMAT [45], which is
the most representative one in U.S, Turboden [46] and Exergy [47] in Europe, especially
active in biomass and geothermal heat sources utilization. However, plants generating
lower power outputs are still at the prototype stage mainly due to the lack of suitable

expander or turbine [41].
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1.2.6. Expander applications

Expander is the most critical part of the ORC system. It directly affects the
efficiency and net power output of the plant. Expanders can be categorized into two
main groups that are turbo-machines (also called velocity type expanders) and positive
displacement types. Former one consists of axial turbines and radial turbines while the
latter consists of scroll expanders, screw expanders, rotary vane expanders and piston
expanders [48]. Axial and radial turbines are usually used in the large capacity systems.
Within the positive displacement types, screw and reciprocating piston expanders can
also be adopted for relatively high power output, which generally denotes medium-
sized systems. The power output of scroll and rotary vane expanders are relatively

low; therefore, they are adopted for small or micro ORC systems [49].

Usually in small scale ORC applications, scroll expanders are preferred. Since the
scroll compressor types had been used in air-conditioning and refrigeration industry, it
could be considered as a proven technology. A scroll type expander is a good candidate
for the ORC applications, because of its reliability and reduced number of moving parts.
Scroll type expanders have higher pressure ratios, lower flow rates, lower rotational
speeds and proportionally fewer windage losses than radial or axial turbines. These
machines can tolerate two-phase conditions, which can be crucial because of the fact
that the expander outlet may have liquid drops and can harm the machinery [50, 51].
Moreover, the usage of scroll expanders is very feasible for small scale ORCs since
turbines with low power outputs have relatively higher gap losses. On the other hand,
for larger scale applications, radial and axial turbines are preferable since the gap losses

are reduced by using higher mass flow rates [52].

Internal leakages, mechanical losses, and the supply pressure drop are the main
losses deteriorating the expanders performance [50]. Various actions could be taken
to increase the expander efficiency such as improved lubrication and better sealing.
Also, there exists a rotational speed that maximizes the expander effectiveness. When
the rotational speed exceeds a specific point; friction losses, internal leakages, and the

supply pressure drop effects are more dominant on expander efficiency [53].
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J.-C. Chang et al. [20] investigated an experimental study with using hot water as
a dummy waste heat source and adopting R245fa as the working fluid. The expander
used in this research was modified from an oil-free scroll type air compressor with a
volume ratio of 4.05. Obtained maximum power output, expander efficiency and cycle

efficiency was found 2.3 kW, 73%, and 9.43%, respectively.

K. Rahbar et al. [14] presented a modeling and optimization of an ORC where
dynamic efficiency approach was used for the radial inflow turbine instead of a constant
turbine efficiency, which is used for a wide range of ORC models. Six organic fluids
were compared and the results showed that maximum turbine efficiency was obtained
for isobutane which was 76.36%, while maximum cycle efficiency was obtained for n-
pentane which was 11.55%. Table 1.1 shows the experimental results of small-scale
ORCs from literature.

Table 1.1. Experimental results of small-scale organic Rankine cycles from literature.

Authors Heat source Working fluid Expander type Performance indicator W pet Teycle

Net power and
Yamamoto et al. [9]  Electric heater R123 Radial turbine 150 W 1.25%

cycle thermal efficiency

Net power and
Chang et al. [20] Electric heater R245fa Scroll expander 2.3 kW 9.43%

cycle thermal efficiency

Net power and ‘
Peris et al. [4] Ceramic furnace R245fa Volumetric expander 18.51 kW 10.94%

cycle thermal efficiency

Net power,

Zhou et al. [31] LPG stove R123 Scroll expander cycle thermal efficiency, and 645 W 8.5%

exergetic efficiency

Net power and N
Li et al. [28] Electric heater R123 Axial turbine 6 kW 7.98%

cycle thermal efficiency

Net power and
Manolakos et al. [43]  Electric heater R134a Scroll expander 2.05 kW 4%

cycle thermal efficiency

Lemort et al. [50] Boiler R123 Scroll expander Net power 1.82 kW No information
Quoilin et al. [53] Boiler R123 Scroll expander Cycle thermal efficiency No information 7.4%
Pei et al. [15] No information R123 Radial turbine Cycle thermal efficiency 1 kW 6.8%

Net power and
S..H. Kang [17] Gas-fired boiler R245fa Radial turbine 32.7 kW 5.22%

cycle thermal efficiency

Net power and
Farrokki et al. [16]  Gas-fired boiler  Isopentane Vane expander W 1.66%

cycle thermal efficiency

Nguyen et al. [54] Boiler N-pentane Radial turbine Capital cost 1.44 kW 4.3%
Net power,
Torique et al. [55] Electric heater R134a Scroll expander cycle thermal efficiency, and 920 W 8.5%

exergetic efficiency
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Although small scale ORC systems have significant potential for power genera-
tion, desalination, cogeneration, and trigeneration applications; the utilization of re-
newable sources with integrated ORC units have not become widespread at the present
time. However; uncertainty in the availability of fossil fuel reserves, government incen-
tives for the utilization of renewable sources to create sustainable energy and more strict
carbon dioxide emission regulations will make ORC systems more popular. Waste heat
recovery systems will become more interesting especially in steel, cement, petroleum
and glass industries where the exhaust temperatures are relatively high. Similarly,
biomass-fired ORC systems will draw the attention of industries like furniture man-
ufacturers, pellet producers, district heating suppliers, biomass drying plant owners.
Solar ORCs, on the other hand, can be one of the most feasible implementations in
rural areas to generate remote electricity in small to medium scale as well as generat-
ing high voltage grid power if enough large areas and solar collectors can be provided.
Geothermal ORCs can be implemented if only geothermal sources exist as one can
imagine and in this case, Turkey has a big potential to establish geothermal power
generation systems. Finally, there are other applications such as water desalination

and ocean thermal energy conversion systems which are still at the development stage.

The motivation of this study is to establish a fully-instrumented laboratory scale
organic Rankine cycle system that enables to test various working fluids and to test
different expanders with installed expander simulator unit. In order to achieve the aim,
thermodynamic analysis is conducted, suitable equipment is selected or designed, a test
rig is build, a complete data acquisition system is installed, and preliminary testing is
conducted. The most suitable state points of the cycle are investigated as they were

argued in the previous literature and results are discussed.

In Chapter 2, thermodynamic analysis is conducted. Optimum state points are
identified in terms of simple and regenerative ORC. Theoretical cycle efficiency and net
power output values are indicated. In Chapter 3, ORC test rig is presented. Technical
data of selected and/or designed equipment is indicated. Piping and instrumentation
diagram and 3D model of ORC test rig are created. Finally, in Chapter 4, commis-

sioning procedures are prepared and preliminary testing is conducted.



18

2. THERMODYNAMIC ANALYSIS

Organic Rankine cycle in BURET (Bogazici University Renewable Energy Tech-
nologies Laboratory) differs from the simple cycle with two specific equipment. Former
one is the recuperator which is surrounded with ball valves. The recuperator enables
testing the cycle with both simple and regenerative conditions. Latter one is the ex-
pander simulator which consists of two throttle valves and an additional heat exchanger
called pre-cooler. The expander simulator enables commissioning process without using

the expander, hence protect the expander from potential damage due to liquid drops.

Thermodynamic analysis of the ORC was conducted by using Aspen Plus by
AspenTech software to determine pressure and temperatures of each state, mass flow
rate of the fluids, exchanger duties, net power output and cycle efficiency values. REF-
PROP from National Institute of Standards and Technology is used to determine fluids
thermodynamic properties [56]. Pipe lengths and angles are given for each pipeline to
check the pressure drops. Flow diagram of the proposed ORC is given in Figure 2.1.
Red lines show heat transfer fluid circuit while blue and black lines indicate cooling

water and working fluid circuit, respectively.
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Figure 2.1. Flow diagram of the proposed ORC.
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Peng-Robinson Equation of State (PR EOS) is chosen as property calculation
method to specify each state of the closed loop cycle. The reason for that is PR
approach gives better results near to the critical region for ideal gas [57]. The PR
EOS [58] can be written as

RT a(T)

P:V—b_l/(y+b)—|—b(l/—b)

(2.1)

where P is pressure, R is the universal gas constant, 7" is temperature and v is molar

volume. The PR EOS parameters a and b can be expressed as

RT,
P

(-]

where T, is critical temperature and P, is critical pressure. PR parameter at the critical

b= 0.07780

(2.2)

2

a(T) = a (2.3)

temperature, a. and intermediate function in PR, m which is defined by the acentric

factor, w are also indicated below.

2T2
0o = 04572471 (2.4)
P.
m = 0.37464 4 1.54226w — 0.26992w> (2.5)

Thus far the flow diagram is created and the EOS method is determined. The
next step is to find the most suitable working fluid for the proposed ORC system.
Various fluids are selected and analyzed with respect to numerous selection criteria

which is explained in the following section.
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2.1. Investigation of Working Fluids

Working fluids play a vital role in organic Rankine cycle applications. As it
mentioned above, the only difference between conventional Rankine cycle and organic
Rankine cycle is that ORC adopts organic fluids instead of water and steam which are
used in the RC systems. There are three types of fluids with respect to the slope of
the saturation vapor curve on the temperature-entropy diagram such as dry, wet and
isentropic. The inverse of the slope of the saturation vapor curve is commonly used to

express the fluid type and denoted by the symbol &.
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Figure 2.2. T-s diagrams of each fluid types.

From the equation 2.6, if the value of ¢ > 0, it is a dry fluid; if £ < 0 : wet fluid
and £ = 0 : isentropic fluid. Figure 2.2 shows the T-s curves of each fluid types.
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These three types of fluids have different characteristics which have a substantial
effect on the working fluid selection. Dry and isentropic fluids are usually preferred
over wet fluids in ORC setups. The reason for that is the expansion process ends in the
vapor region, hence the superheating is not required for these types of fluids. However,
wet fluids with a small need of superheat are also used in ORC applications. Required

qualifications of a working fluid for an organic Rankine cycle are [44,59-61]:

e High enthalpy drop during the expansion
e Easy to handle at ambient temperature
e Large heat conductivity

e Large vaporization latent heat

e High molecular weight

e Low viscosity

e Good chemical and thermal stability

e Low environmental impacts

e Good safety characteristics

e Good compatibility

e Good availability and low cost

Working fluids should have high enthalpy difference during the expansion process
since higher enthalpy difference gives higher power outputs. They should be easy to
handle at the ambient temperature because the condensing temperature is generally
close to the ambient temperature. Large heat conductivity and large vaporization latent
heat correspond smaller heat exchanger areas mainly at the evaporator and condenser.
High molecular weight increases the mass flow rate for the same size of expander. It
also reveals fewer expander losses, hence gives better expander efficiency values. Low
viscosity corresponds to lower power consumption at the process pump. Good chemical
and thermal stability prohibit these fluids suffering from chemical deterioration and
decomposition at high temperatures. Low environmental impacts stand for low or zero

global warming potential (GWP) and ozone depletion potential (ODP).
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Kyoto protocol limits the usage of some fluids which have high GWP and Montreal
Protocol limits the usage of some fluids which have high ODP values. Good safety char-
acteristics correspond to low or non-toxicity and low or non-flammability. ASHRAE
Standard 34 is used for the security classification of refrigerants [62]. Compatibility of
the fluid with another mechanical equipment prevents corrosion, therefore it is vital for
chemical systems. Finally, being available and cost effective are important parameters
for a working fluid when looking from the financial aspect. 13 fluids are analyzed with
respect to physical, safety, environmental and numerical data and indicated in Table

2.1.

Table 2.1 shows that maximum simple and maximum regenerative cycle efficien-
cies are achieved when isobutane is adopted as the working fluid. Detailed analysis is
not conducted at this stage, only heat duties and power outputs are taken into con-
sideration. Even though fluids that include benzene, butane and pentane give better
efficiency values rather than refrigerants, they require strict safety supervision before

the operation.

Environmental and safety characteristics are prioritized to determine the working
fluid selection criteria; therefore, four fluids are taken into consideration for further

detailed analyses namely R134a, R141b, R245ca and R245fa which are shown good

environmental and safety characteristics.

In this proposed ORC system, R134a is selected as the working fluid because of
its superior performance in small heat inputs, zero ODP value, low GWP value which
is 1300 relative to CO,, non-flammability and non-toxicity, high molecular weight,
good chemical and thermal stability [63], broad availability, and cost-effectiveness. On
the other hand, Renolin Therm 320 heat transfer oil is selected as the heat transfer
oil because of its low viscosity, large heat conductivity, good availability and good

compatibility.
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2.2. Cycle Analyses

In the beginning of the cycle analyses, capacity of the heat source needs to be
determined. In this laboratory scale ORC test rig, a heater with 100 kW maximum ca-
pacity is taken into consideration. With regard to the cooling unit, likewise, maximum
capacity of 100 kW chiller unit is selected. Isentropic efficiencies of the expander and
pump are assumed as 0.7 and 0.75, respectively. A recuperator is integrated into the
system to decrease the heat duty of the evaporator. Thermodynamic analyses are con-
ducted to calculate net power output and cycle efficiency values. In the calculations,
pressure ratio of the expander, expander inlet pressure and the degree of superheating
at the evaporator are varied for both simple and regenerative ORC. Maximum cycle
pressure is selected 30 bar as a laboratory safety precaution. Conducted analyses re-
garding the effect of pressure ratio, expander inlet pressure and degree of superheat
at the evaporator on specific net power output and cycle efficiency are summarized in
Table 2.2.

Table 2.2. Net power output and cycle efficiency variation with respect to different

variables and constants.

Sets of analysis Constants State points

Saturated liquid at pump inlet
Set 1. Specific net power output vs expander pressure ratio Teona = 30 °C

Saturated vapor at expander inlet

m = 0.25 kg/s Saturated liquid at pump inlet
Set 2. Net power output vs expander inlet pressure

PR=3 Saturated vapor at expander inlet

Qin = 60 kW Saturated liquid at pump inlet
Set 3. Cycle efficiency vs expander inlet pressure

PR =3 Saturated vapor at expander inlet

m = 0.25 kg/s

Set 4. Net power output vs degree of superheat at the evaporator PR =3 Saturated liquid at pump inlet
EIP = *
Qpn = 60 kW
Set 5. Cycle efficiency vs degree of superheat at the evaporator PR =3 Saturated liquid at pump inlet
EIP = **

Teond : Condenser temperature, PR : Pressure ratio,

EIP : Expander inlet pressure, DSE : Degree of superheat at the evaporator.
*: Pressure that gives best result in the net power output vs DSE analysis.
** ;. Pressure that gives best result in the cycle efficiency vs DSE analysis.

*HX ey and 1, are assumed as 0.7 and 0.75.
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2.2.1. The effect of expander pressure ratio

As the starting point of the analyses, condenser temperature (minimum cycle
temperature) is selected as 30 °C which is approximately 5 °C above the ambient tem-
perature and minimum cycle pressure is determined from the corresponding saturation
point of the working fluid. Minimum cycle temperature selection is made to avoid
negative gage pressure at the condenser. Table 2.3 shows the saturation pressures for

each working fluid when the minimum cycle temperature is 30 °C.

Table 2.3. Saturation pressures of different fluids at 30 °C.

Working fluid | Saturation pressure (bar)
R134a 7.70
R141b 0.94
R245ca 1.21
R245fa 1.78
PR— ]]j—”t 2.7)

Pressure ratio of the expander is the expander inlet pressure divided by the outlet
pressure as shown in Equation (2.7). Thermodynamic calculations show that specific
net power output and cycle efficiency are affected strongly from the change in the

pressure ratio.

Pressure ratio of the expander is varied in the range between 1.5 to 4.5 to obtain
the effect of pressure ratio on the net power output hence the cycle efficiency since the
heat input rate is constant. Lowest pressure ratio is chosen as 1.5 because obtainable
work from expander is significantly low at lower values. On the other hand, highest
pressure ratio is chosen as 4.5 since higher values are really hard to reach when single

stage expansion machines are considered.
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Figure 2.3. Specific net power output variation for different condensation

temperatures depending on the pressure ratio of the expander.

Figure 2.3 shows the effect of the pressure ratio on the specific net power output
for various working fluids namely R134a, R141b, R245ca and R245fa. It can be seen
that increasing pressure ratio improves specific net power output of the cycle for all
working fluids. The reason is the increment of the enthalpy difference between expander

inlet and outlet.

In order to continue cycle analyses, pressure ratio of the expander needs to be
decided. As mentioned before, to be able to obtain higher power outputs, higher
pressure ratios are needed. However, higher pressure ratios than 4 are not feasible for

single stage expanders.

The pressure ratio of the expander is selected as 3, which can be found suitable

for a single stage expander unit for the future analyses.
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2.2.2. The effect of expander inlet pressure

Expander inlet pressure is an essential parameter to determine the design points
of the cycle. Expander inlet pressure is varied in the range between 3, which is mini-
mum expander inlet pressure to avoid negative gage pressures at the condenser since
the pressure ratio is selected as 3, to 30 bar, which is the maximum allowable pres-
sure for the proposed ORC system. Net power output and cycle efficiency variation
depending on the expander inlet pressure are analyzed. Saturated liquid at pump inlet
and saturated vapor at expander inlet are considered for all working fluids. Figure 2.4
shows the expander inlet pressure effect on the net power output for each fluid. Heat
input rate is varied to supply constant mass flow rate which is 0.25 kg/s. Regenerative
ORC is not taken into consideration in the net power output analysis since it only

affects the cycle efficiency.

5
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Figure 2.4. Net power output variation depending on the expander inlet pressure.

As shown in Figure 2.4, there is a single expander inlet pressure where the net
power output is maximized. Net power output increases until this single point and then
it starts to decrease. The enthalpy difference between the expander inlet and outlet is

the reason for the change in net power output since mass flow rate is kept constant.
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Figure 2.5. T-s diagram for R134a with different pressure states.

When the range is considered, lower expander inlet pressures with a constant
pressure ratio give higher enthalpy differences and therefore, they give higher net power

outputs.

As shown in Figure 2.5, when the pressure increases, the area enclosed with two
different consecutive pressure states are becoming smaller. This means more enthalpy

difference can be obtained when operating lower pressures with the same pressure ratio.

As indicated in Figure 2.6, if the expander inlet pressure increases, required heat
input rate decreases almost linearly. This means the enthalpy difference between evap-
orator inlet and outlet is decreased since the mass flow rate is constant. As a result
of this, as it is shown in Figures 2.7 and 2.8, when the heat input rate is fixed at
a predetermined heat source capacity above the required heat input rate, mass flow
rate is expected to increase since the enthalpy difference for the same conditions stays
constant. Figures 2.9 to 2.12 show the expander inlet pressure effect on cycle efficiency

for each fluid for simple and regenerative ORC.
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Figure 2.6. Heat input rate variation depending on the expander inlet pressure.
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Figure 2.7. Mass flow rate variation depending on the expander inlet pressure for

simple ORC.
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Figure 2.8. Mass flow rate variation depending on the expander inlet pressure for

regenerative ORC.
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Figure 2.9. Cycle efficiency variation depending on the expander inlet pressure for

R245fa.
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Figure 2.10. Cycle efficiency variation depending on the expander inlet pressure for

R245ca.
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Figure 2.11. Cycle efficiency variation depending on the expander inlet pressure for

R141b.
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Figure 2.12. Cycle efficiency variation depending on the expander inlet pressure for

R134a.

As it shown in Figures 2.9 to 2.12, regenerative ORC improves the cycle efficiency
mostly at the mid-level expander inlet pressures when the minimum is 3 and the max-
imum is 30. At lower and higher expander inlet pressures, the temperature difference
between cold fluid outlet and hot fluid inlet at the recuperator is relatively low. This
leads to lower heat transfer rates at the recuperator; thus, regenerative effect would be
negligible. However, at the middle expander inlet pressures, cold fluid outlet and hot
fluid inlet temperature difference at the recuperator is relatively high. Higher temper-
ature difference brings higher heat transfer rates at the recuperator, so regenerative

effect would be remarkable.

As a summary, at low or high expander inlet pressures, the change is too small
for any further consideration. It can be said that regenerative ORCs are not feasible

for extremely low or extremely high pressure operations.
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2.2.3. The effect of superheating

Degree of superheat at the evaporator is an important variable to determine the
state points of the cycle. Superheating is varied in the range between 0 to 15 °C. Net
power output and cycle efficiency variation depending on the degree of superheat at
the evaporator are analyzed. Pressure ratio is selected 3 as pre-determined before.

Saturation liquid at the pump inlet is considered for all working fluids.

As shown in Figure 2.13, superheating effect on the net power output for each
fluid. Heat input rate is varied to supply constant mass flow rate which is 0.25 kg/s.
Again, regenerative ORC is not taken into consideration in the net power output anal-

ysis since it only affects the cycle efficiency.

5
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Figure 2.13. Net power output variation depending on the degree of superheat.
As indicated in Figure 2.13, superheating linearly increases the net power output.

It is logical since the enthalpy of the working fluid is increasing with the increasing

temperature at the evaporator.
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Figure 2.15. Heat input rate variation depending on the degree of superheat for

simple ORC.
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T-s diagram of R245fa is indicated in Figure 2.14. Since the net power output
is the enclosed area of the two pressure curves in T-s diagram, superheating effect
increases the obtainable power by the shaded area. The dashed area indicates the net
power output increase when the degree of superheat is 10 °C. Required heat input rate

with respect to degree of superheat at the evaporator is given in Figure 2.15.

As it shown in Figure 2.15, if the degree of superheat is increased, required heat
input rate is increased linearly. As a result of this, when the heat input rate is fixed
at a predetermined heat source capacity, mass flow rate is slightly decreased with the
increasing of superheat. Figures 2.16 and 2.17 indicate the mass flow rate variation
for both simple and regenerative ORC when the heat input rate is fixed at 60 kW. In
contrast to simple ORC, mass flow rate stays nearly constant for regenerative ORC
because the heat transfer in the recuperator has a detrimental effect on the heat input

rate. Calculations up to 4 °C superheat is trivial for R134a since it is a wet fluid.
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Figure 2.16. Mass flow rate variation depending on the degree of superheat for simple

ORC.
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Figure 2.17. Mass flow rate variation depending on the degree of superheat for

regenerative ORC.

—-Simple ORC -i4-Regenerative ORC

Cycle efficiency (%)
~J

6 1 1 1 1 1 1 1 1
0 3 6 9 12 15

Degree of superheat at the evaporator (°C)

Figure 2.18. Cycle efficiency variation depending on the degree of superheat for
R245fa.
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Figure 2.19. Cycle efficiency variation depending on the degree of superheat for
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Figure 2.21. Cycle efficiency variation depending on the degree of superheat for
R134a.

As it is shown in the Figures 2.18 to 2.21, regenerative ORC improves the net
power output mostly when highest superheating is conducted. The reason is; recupera-
tor into the system is designed to supply constant 5 °C temperature difference between
cold fluid outlet and hot fluid inlet temperatures. When superheating increases, hot
fluid inlet temperature increases, too. Thus, cold fluid outlet temperature increases

and heat duty of the recuperator is improved.

Additionally, if R134a is adopted, the change of the cycle efficiency is too small
for any further consideration up to the degree of superheat is 4 °C. The reason for that
R134a is a wet fluid and it needed to be superheated around 4 °C in order to be still

at vapor phase at the expander outlet.

T-s diagram of R134a is indicated in Figure 2.22. Here, both isentropic and

non-isentropic expansion show why R134a is needed to be superheated.



39

130

100
[€)
o
© 70
3
=
[
.
(<))
Q 40 Non-isentropic expansion
OEJ 6 bar with required superheat
=t I

Non-isentropic expansion
10 F Isentropic expansion
_20 L L
1.6 1.8 2

Entropy (kJ/kgK)

Figure 2.22. T-s diagram of R134a with two different pressure and two different

temperature states.

If R134a is operated with the saturation vapor at expander inlet, the expander
outlet will be liquid-vapor mixture. Therefore, it requires a superheat which is defined

by the operating pressure.

2.2.4. Selection of state points

From the net power output and cycle efficiency graphics, it can be seen that
maximum net power output and maximum cycle efficiency does not correspond to the
same expander inlet pressure. There is an optimum operating pressure at the expander
inlet where the net power output reaches its peak and then it reduces dramatically.
Likewise, regarding cycle efficiency, it improves with the increasing expander inlet
pressure for all investigated working fluids at some point between 4 to 30 bar expander

inlet pressure and then it starts to decrease.
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On one hand, net power output improves with increasing the degree of superheat
at the evaporator. The reason is that the area enclosed by cycle state points in the
T-s diagram increases with the increasing superheating. On the other hand, that is
not the same case for cycle efficiency which shows various trends for different working
fluid types. For wet fluids, in that case R134a, it keeps constant with increasing the
degree of superheat; however, for dry fluids namely R245ca and R245fa, cycle efficiency
reaches their maximum at the saturation points in terms of simple ORC. For isentropic

fluids such as R141b, superheating does not have a big impact on the cycle efficiency.

Table 2.4. Max. net power output and cycle efficiency conditions for simple ORC.

Fluid Type Max. Net Power Output Conditions Max. Cycle Efficiency Conditions
Expander inlet pressure: 8 bar Expander inlet pressure: 18 bar
R134a Degree of superheating: 15°C Degree of superheating: 15°C
Required heat input: 59.28 kW Required heat input: 60 kW
Mass flow rate: 0.25 kg/s Mass flow rate: 0.274 kg/s
Expander inlet pressure: 9 bar Expander inlet pressure: 17 bar
R141b Degree of superheating: 15°C Degree of superheating: 15°C
Required heat input: 62.61 kW Required heat input: 60 kW
Mass flow rate: 0.25 kg/s Mass flow rate: 0.251 kg/s
Expander inlet pressure: 8 bar Expander inlet pressure: 13 bar
Ro45ca Degree of superheating: 15°C Degree of superheating: 0°C
Required heat input: 59.35 kW Required heat input: 60 kW
Mass flow rate: 0.25 kg/s Mass flow rate: 0.282 kg/s
Expander inlet pressure: 7 bar Expander inlet pressure: 13 bar
R94Efa Degree of superheating: 15°C Degree of superheating: 0°C
Required heat input: 56.80 kW Required heat input: 60 kW
Mass flow rate: 0.25 kg/s Mass flow rate: 0.298 kg/s

When considering regenerative ORC, cycle efficiency improves with the degree of
superheat for all investigated fluids. The reason is that the recuperator is identified as
there will be 5 °C difference between the hot fluid inlet temperature and the cold fluid
outlet temperature. Depend on the fixed temperature difference, the heat duty of the
recuperator is kept increasing; therefore, the heat duty of the evaporator is decreased.

Since the net power output is constant, the cycle efficiency is increased gradually.



41

Table 2.5. Max. net power output and cycle efficiency conditions for regenerative

ORC.
Fluid Type Max. Net Power Output Conditions Max. Cycle Efficiency Conditions
Expander inlet pressure: 8 bar Expander inlet pressure: 18 bar
R134a Degree of superheating: 15°C Degree of superheating: 15°C
Required heat input: 56.27 kW Required heat input: 60 kW
Mass flow rate: 0.25 kg/s Mass flow rate: 0.291 kg/s
Expander inlet pressure: 9 bar Expander inlet pressure: 19 bar
R141b Degree of superheating: 15°C Degree of superheating: 15°C
Required heat input: 57.25 kW Required heat input: 60 kW
Mass flow rate: 0.25 kg/s Mass flow rate: 0.283 kg/s
Expander inlet pressure: 8 bar Expander inlet pressure: 18 bar
R94Pca Degree of superheating: 15°C Degree of superheating: 15°C
Required heat input: 52.24 kW Required heat input: 60 kW
Mass flow rate: 0.25 kg/s Mass flow rate: 0.313 kg/s
Expander inlet pressure: 7 bar Expander inlet pressure: 17 bar
R945fa Degree of superheating: 15°C Degree of superheating: 15°C
Required heat input: 50.87 kW Required heat input: 60 kW
Mass flow rate: 0.25 kg/s Mass flow rate: 0.324 kg/s

Design points of the simple and regenerative ORC for each working fluid is indi-

cated in Tables 2.4 and 2.5. It can be seen that max. net power output conditions are

the same for simple and regenerative ORC. Regeneration does not affect the obtainable

power but only cycle efficiency. They all need highest superheating as explained be-

fore. Regarding these four fluids, R245fa needs lowest maximum cycle pressure, which

is 7 bar, to provide maximum power output condition. R134a and R245ca need 8 bar

pressure while R141b needs 9 at the expander.

However, maximum cycle efficiency conditions are different considering simple

and regenerative ORC. Generally, in regenerative ORC, these fluids need higher max-

imum cycle pressure values. R245fa and R245ca need 13 bar maximum cycle pressure

while R141b needs 17 and R134a needs 18 bar for simple ORC.
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Regarding regenerative ORC, R245a has a maximum cycle pressure of 17 bar while
R134a and R245ca have 18 and R141b has 19. Additionally, superheating effect im-

proves the regenerative cycle efficiency because of the recuperator design.

Maximum net power output and maximum cycle efficiency values for all investi-

gated fluids are indicated in Table 2.6 for both simple and regenerative ORC.

Table 2.6. Max. net power output and maximum cycle efficiency values for each

working fluid.

Max. Net Power Out. Max. Cycle Eff. Max. Cycle Eff.
Fluid Type
for simp. and reg. ORC (kW) for simple ORC (%) for regenerative ORC (%)
R134a 4.13 7.18 7.64
R141b 4.52 7.34 8.19
R245ca 3.84 6.63 7.66
R245fa 3.68 6.64 7.55

When looking at the maximum efficiency values, recuperator contributes slightly
on the cycle performance; therefore, it seems that it may not be used for this application
especially for R134a. However, for a better judgement, a recuperator is integrated into

the test rig to compare the difference in the experimental investigation.

As it mentioned before, R134a is selected as the working fluid for experimental
investigation. It must be emphasized that R134a is a wet fluid and it should be
superheated in order to obtain vapor phase at the expander outlet. To be able to do
that, instead of saturation point at the expander inlet pressure, minimum degree of
superheat at the evaporator is considered just enough to obtain vapor refrigerant at

the expander outlet.
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3. HEAT EXCHANGER DESIGN

This proposed ORC system consists of four heat exchangers as evaporator, con-
denser, recuperator and pre-cooler. The evaporator is used to vaporize the liquid
working fluid while absorbing heat from the heater via heat transfer fluid before it
enters the expander. Condenser, on the other hand, is used to cool down and condense
the expanded working fluid at the expander outlet via cooling water before it enters

the pump.

A recuperator is integrated into the system to decrease the heat duty of the
evaporator; hence increasing the cycle efficiency since the power output is constant.
One inlet port of the recuperator is occupied by expanded vapor at the expander outlet,
the other one is occupied by pressurized working fluid at the pump outlet. Pressurized
working fluid absorbs the heat of the expanded vapor and therefore decreases the

required enthalpy difference at the evaporator.

Pre-cooler is a part of the expander simulator which enables to bypass the ex-
pander in the commissioning process. When operating the cycle with expander sim-
ulator, throttle valves use to decrease the pressure of the working fluid likewise the
expander; however, the enthalpy of the fluid stays the same since the process is isen-
thalpic. In that case, pre-cooler is used to cool down the vaporized fluid and then, it

enters the condenser in order to condense.

As mentioned earlier, heat duties of the heat exchangers are predetermined in
Aspen Plus cycle simulation. However, to select the proper heat exchangers, heat ex-
changer design and rating with respect to exchanger geometry is also necessary. In
order to achieve a proper design and rating of heat exchangers, heat transfer and pres-
sure drop calculations must be performed. Aspen Exchanger Design and Rating (EDR)
module is used to determine the exchanger performance and geometries. Since the de-
sign temperature and pressure values are relatively low comparing to the industrial

processes, plate type heat exchangers are adopted for the proposed ORC test rig.
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Since heat duties and the temperature differences are determined, effective heat
transfer area needs to be specified with using the heat transfer calculations. In order
to achieve this, a plate geometry must be defined. At the final stage, required effective
heat transfer area and therefore required plate number can be calculated. In the case
of the evaporator, when considering the working fluid side, mass flow rate and the
temperature difference between inlet and outlet ports are defined. Heat transfer fluid
side, on the other hand, mass flow rate and only the inlet temperature is defined.
By using the heat balance equation, outlet temperature of the heat transfer fluid is
determined. With respect to condenser, same steps are followed only, this time, the
other fluid is water rather than heat transfer oil. However, in case of recuperator, since
the outlet temperatures of both sides are not known, pinch point approach is used to
calculate heat duty for predetermined temperature difference. Then, required effective
heat transfer area and required plate number can be calculated. As for the pre-cooler,

expander outlet temperature is considered as the hot side outlet temperature.
3.1. Heat Transfer Calculations
Heat transfer calculations are mainly included heat duty, heat transfer coeffi-

cients, and heat transfer area. Heat duty of an exchanger can be expressed for both

hot and cold sides as:

Qh = mhcp,h(Th,in - Th,out) (31&)

Qc = mccp,c(Tc,out - Tc,in) (31b)
and through a phase change:

Quh = mAh,, (3.1¢)
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Also, the amount of transferred heat can be expressed with respect to overall heat
transfer coefficient, effective surface area and logarithmic mean temperature difference

as follows:

Q = UsA AT, (3.2)

The overall heat transfer coefficient under fouling conditions and logarithmic mean

temperature difference can be written as:

U, = (3.3)
+ Ry + Rye

Th,in - Tc,out) - (Th,out - Tc,in)
I Th,in - Tc,out
n _—
Th,Out - Tc,in

Nusselt Number depends on the heat transfer coefficient, hydraulic diameter and ther-

Anm:(

mal conductivity of fluid and it can be defined by:
Nu=—— (3.5)

Nusselt number is also a function of Reynolds number, Prandtl number and dynamic

viscosity and can be expressed by:

Nu = CRe"Pr'/3 (i)‘l” (3.6)
How

where constants of C and n are indicated in Table 3.1 depending on the Re and chevron

angles(/3). Chevron angle is defined as the angle of the triangular pattern of the heat

transfer area. By using Eq.(3.5) and Eq.(3.6), heat transfer coefficient is obtained and

given in Eq.(3.7) for single phase heat transfer.
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1 1\
a= <D_h) C'Re"Pr'/3 (M_) (3.7)

Reynolds number gives the information about if the flow is laminar or turbulent. Lam-
inar flow occurs at low Reynolds numbers which mean the flow is relatively regular
compared to turbulent flow, occurs at high Reynolds numbers. The Prandtl number,
on the other hand, is a dimensionless number and depend on the type and state of the

fluid. Reynolds and Prandtl number can be obtained from:

D
Re:(%ih (3.8)
pr= 2k (3.9)

where G, is the channel mass velocity, Dy, is the hydraulic diameter, p is the dynamic
viscosity and ¢, is the specific heat. The channel mass velocity and the hydraulic

diameter are expressed as:

m
.= 1
Ge = §oLo (3.10)
44, 4bL,, 2b

Dy, = ~ = (3.11)

P, 20+ Ly,9) ¢

where N, is the number of channel per pass, b is the mean channel spacing, L, is
the summation of the port distance and port diameter obtained from the exchanger
geometry, A, is the channel flow area, P, is the wetted surface and ¢ is the surface
enlargement factor which is specified by the manufacturer to calculate effective flow

path. The number of channel per pass is defined as:

N, —1
Ny = 5N

p

(3.12)
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where N; and N, are the total number of plates and the number of passes. Mean
channel spacing is directly affects the Reynolds number, therefore it is important. It

is given by:

|3

(3.13)

where p denotes the plate pitch and t denotes the plate thickness. Plate pitch also is
given by:
L
=— 3.14
P=N, (3.14)
where L. is the distance between the head plates. On the other hand, in order to find
the hydraulic diameter, the surface enlargement factor must be known. The surface

enlargement factor is defined by:

= 3.15
i (3.15)

¢

where A; is the actual effective area which is usually given by the manufacturer and

Ay, is the projected plate area and it can be written as:

Ay =1L, L, (3.16)
and L, and L,, can be written as:

L,~L,—D, (3.17)

L,~L,+ D, (3.18)

Parameters with regard to exchanger geometry are indicated in Figure 3.1.
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Figure 3.1. Section drawing of a plate type heat exchanger [64].

However, there is a phase changing process at the evaporator and condenser
and therefore, two-phase flow calculations should be taken into account. Yan and
Lin correlations [65,66] are given in Eq.(3.19) and Eq.(3.20) in order to calculate

evaporation and condensation heat transfer.

Reeq PT1/3BOS(']3]{‘1
o, = 1.926 <R60'5) ( Dr (3.19)

Re2A Pri/3g,
o, =4.118—4 (3.20)
Dy,
where;
GegD
Repy = —0 (3.21)

Hi



49

Boeq = (322)

Gy =G, [(1 —2) + (ﬂ)%] (3.23)

3.2. Pressure Drop Calculations

There are two main parts namely channels and ports where pressure drops occur
in a plate type heat exchanger. A two-phase pressure drop calculation is necessary
with regard to exchanger channels since phase-change occurs at the evaporator and

condenser models. Channel pressure drop is calculated by:

L,N, G2 o
Ap. =4 =525 (Mi) (3.24)

where f is the friction factor that includes enlargement factor ¢ and given by:

il (3.25)

F= Re™

The density of the fluid in two-phase flow can be calculated from:
p=>10=X)p+Xp, (3.26)

where X is the vapor quality of the fluid. The constants of K, and m are the functions

of Re and chevron angles and they are given in Table 3.1.

Port pressure drop is given by:

Ap, = 1.4N, (—p> (3.27)
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where;

m
G,= 3.28
p 7TDp2 ( )
4
On the other hand, the total pressure drop can be calculated by:
Apy = Ap. + Ap, (3.29)

Table 3.1. Heat transfer and pressure drop equation constants [64].

Heat Transfer Pressure Loss
Chevron Angle
Reynolds Number C n Reynolds Number K, m
(degree)
<10 0.718 0.349 10 50 1
<30

>10 0.348 0.663 10-100 19.4  0.589

<10 0.718 0.349 <15 47 1
45 10-100 0.4 0.598 15-300 18.29 0.652
>100 0.3 0.663 >300 1.441 0.206

<20 0.63 0.333 <20 34 1
50 20-300 0.291 0.591 20-300 11.25 0.631
>300 0.13  0.732 >300 0.772 0.161

<20 0.562 0.326 <40 24 1
60 20-400 0.306 0.529 40-400 3.24 0457
>400 0.108 0.703 >40 0.76 0.215

<20 0.562 0.326 50 24 1
> 65 20-500 0.331 0.503 50-500 2.8 0.451
>500 0.087 0.718 >500 0.639 0.213
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4. ORC Test Rig

The ORC test rig at the BURET Laboratory consists of both on-skid and off-
skid equipment. On-skid equipment consists of two pumps, four heat exchangers,
two throttle valves, a liquid collector, complete with interconnection piping, valves
and instrumentation. Off-skid equipment mainly consists of a scroll type expander,
a chiller, an electric heater, an expansion vessel and a fluid recovery heat exchanger.

Components of the system are listed below:

e Scroll type expander
e Process pumps
(i) Feed pump
(ii) Heat transfer oil pump
e Heat exchangers
(i) Evaporator
(ii) Condenser
(iii) Recuperator
(iv) Pre-cooler
e Throttle valves
e Heater
e Chiller
e Dynamometer
e Pressure vessels
(i) Liquid collector
(ii) Expansion vessel
e Fluid recovery heat exchanger

e Sensors
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Figure 4.1. P&ID of the ORC.
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Components of the system are divided into three groups namely main equipment,
balance of plant, and sensors & data acquisition. After performance analyses of the pro-
posed ORC and heat exchangers are completed, piping and instrumentation diagram
(P& ID) of the cycle is drawn and indicated in Figure 4.1. Here, the process starts with
the feed pump that pressurizes the liquid working fluid and transfers it to the evapo-
rator. At the evaporator, liquid working fluid turns into vapor and goes into expander
in order to expand and lose its enthalpy. A expander simulator, which consists of two
throttle valves and a heat exchanger called pre-cooler, is designed and implemented on
the skid to simulate the expander. Expanded vapor goes into the condenser to create

a liquid phase at the pump suction and forms a closed-loop system.

4.1. Main Equipment

Main equipment basically consists of a scroll expander, a feed pump, throttle

valves and heat exchangers such as evaporator, condenser, recuperator and pre-cooler.

4.1.1. Scroll expander

A scroll expander is a positive displacement machine that expansion is achieved
by relative contact between two spiral curves. The gap between two curves starts to
decrease as one curve moves relative to the other. As it mentioned before, scroll type
expanders are widely used in small scale power generation cycles, because of its lower
rotational speed, lower flow rate, proportionally less windage loss, and potentially lower

cost due to the availability.

E25H074A-SH coded semi-hermetic oil-free scroll expander is purchased from a
company named Air Squared, Inc. in the United States. Specifications of the scroll
type expander are given in Table 4.1. Installed scroll type expander is shown in Figure

4.2 and section drawing of the expander is given in Appendix A.
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Table 4.1. Specifications of the scroll type expander.

Fluid Type Working Fluid
Mass Flow Rate (kg/s) 0.45
Maximum Pressure (bar) 10
Maximum Temperature (°C) 160
Vapor Quality (inlet/outlet) 1/1
Maximum Shaft Speed (rpm) 2600
Nominal Power Output (kW) 10
Volume Ratio (Outlet/Inlet) 2
Displacement (cm?/rev.) 420
Nominal Sound Level (dB(A)) 65

Figure 4.2. Installed scroll type expander on ORC test rig.

4.1.2. Feed pump

Feed pump pressurizes and transfers the working fluid from the condenser outlet
to the evaporator inlet through a pipe structure. Speck Pumpen SK 2007-LL model side
channel pump is selected for this closed-loop cycle. Side channel pump is a combination
of positive displacement and centrifugal types that enables to pressurize both liquids
and little amount of gasses. At the start-up process, the pump acts like a positive
displacement pump because of its self-priming capability; however, then it shows the

characteristics of a centrifugal pump when the channels are filled with liquid.
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The advantage of the side channel pump is that it can transfer both gas and
fluid without damaging the bearings due to dry running, which makes them favorable.
Although they can transfer both phases of a fluid from a particular time, liquid collector
is designed and mounted on the pump suction pipeline to prevent damage due to dry

running for a long time.

A by-pass line with a globe valve is added at the discharge of the pump to adjust
the mass flow rate. Additionally, a frequency converter is installed on the cycles control
panel to be able to vary the rotational speed by varying the AC motor input frequency
for possible future experiments. Specifications and the image of the installed side
channel pump is given in Table 4.2 and Figure 4.3. Section drawing of the side channel

pump is given in Appendix B.

Table 4.2. Specifications of the feed pump.

Fluid Type R134a
Mass Flow Rate (kg/s) 0.45
Operational Pressure (bar) 19

Operational Temperature (°C) 14

Vapor Quality (inlet/outlet) 0/0
Required Shaft Speed (rpm) 1450
Nominal Power (kW) 1.8
Total Efficiency (%) 23
NPSH (m) 1.6

Figure 4.3. Installed side channel pump on ORC test rig.
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4.1.3. Evaporator

Evaporator is a basic heat exchanger that enables heat transfer one medium to
another in order to change the liquid phase into gaseous of a fluid. Plate type heat
exchanger is used to evaporate the working fluid in this proposed ORC. They are
formed of thin plates which are made of sheet metals with flow channels and widely
used in low operating pressure and temperature applications. Besides high availability
and economic to purchase, the most important factor for taking into consideration of a

plate type heat exchanger is that they supply more heat transfer area than the others.

MB-09-80-H coded brazed type heat exchanger is acquired for this process. It
has 80 plates which correspond to 7.4 m? total heat transfer area. One region of the
evaporator is the working fluid side where the working fluid is heated and vaporized. On
the other hand, another region is the heat transfer fluid side where the heat transfer
oil is cooled down. Counter-flow is selected as the flow type to increase exchanger
efficiency. Specifications of the evaporator for simple ORC are listed below in Table
4.3. Image of the installed brazed type heat exchangers is shown in Figure 4.5 and

section drawing of the acquired heat exchangers is shown in Appendix D.
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Figure 4.4. T-Q curves of the evaporator.
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Table 4.3. Evaporator performance and geometry results.

Hot Side Cold Side

(Inlet-Outlet) (Inlet-Outlet)
Total mass flow rate (kg/s) 1.6 0.25
Vapor mass flow rate (kg/s) 0 0 0 0.25
Liquid mass flow rate (kg/s) 1.6 1.6 0.25 0
Vapor mass quality 0 0 0 1
Temperature (°C) 86 70.9 19.5 67.5
Pressure (bar) 2 1.90 18 17.99
Heat transfer coeff. (mean) (W/m?K) 654.5 1301.6
Overall coeff. (dirty/clean) (W/m?K) 374.4 / 429.7
Prandtl Numbers 141.48 21526  3.61 1.05
Reynolds Numbers 4719  29.84 270.63 3894.56
Fouling resistance (m?K/W) 0.00017 0.00017
Velocity (Port/Plate) (m/s) 0.99 / 0.14 1.42 /0.2
Wall shear stress (mean) (N/m?) 22.34 0.14
Port Pressure drop (bar) 0.0055 0.00067
Channel Pressure drop (bar) 0.0966 0.00307
Total Pressure drop (bar) 0.1021 0.00374
Residence volume (m?) 0.0064 0.0065
Residence time (s) 3.33 4.37
Total heat exchanged (kW) 53
Effective surface area (m?) 7.4
Effective MTD (°C) 19.18
Total plate number 80
Plate length / width (mm) 615 / 188
Plate pitch / thickness (mm) 24/05
Port diameter (mm) 50 50
Chevron angle (Degrees) 30 30

4.1.4. Condenser

Condenser is a heat exchanger that enables heat transfer one medium to another
in order to change the gaseous phase into liquid phase of the working fluid. Similarly

to evaporator, plate type heat exchanger is used to condensate the working fluid.
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Figure 4.5. Installed brazed type heat exchanger on ORC test rig.

MB-09-66-H coded brazed type heat exchanger is selected to condense the ex-
panded vapor at the expander outlet. It has 66 plates which correspond to 6.1 m?
total heat transfer area. Cooling water mass flow rate is specified as 3 kg/s with the
temperature difference of 6.5 °C. One region is the working fluid side where working
fluid is cooled and condensed, on the other hand, another region is the cooling water
side where cooling water is heated up. Counter-flow is selected as the flow type to
increase exchanger efficiency. Specifications of the condenser for simple ORC are listed

below in Table 4.4.
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Figure 4.6. T-Q curves of the condenser.



Table 4.4. Condenser performance and geometry results.

Hot Side Cold Side
(Inlet-Outlet) (Inlet-Outlet)
Total mass flow rate (kg/s) 0.25 2.7
Vapor mass flow rate (kg/s) 0.25 0 0 0
Liquid mass flow rate (kg/s) 0 025 2.7 2.7
Vapor mass quality 1 0 0 0

Temperature (°C)

Pressure (bar)

Heat transfer coeff. (mean) (W/m?K)
Overall coeff. (dirty/clean) (W/m?K)

Prandtl Numbers

Reynolds Numbers

Fouling resistance (m?*K/W)
Velocity (Port/Plate) (m/s)

Wall shear stress (mean) (N/m?)

Port Pressure drop (bar)
Channel Pressure drop (bar)
Total Pressure drop (bar)
Residence volume (m?)
Residence time (s)

Total heat exchanged (kW)
Effective surface area (m?)
Effective MTD (°C)

Total plate number

Plate length / width (mm)
Plate pitch / thickness (mm)
Port diameter (mm)

Chevron angle (Degrees)

22 188 115 15.37
6 599 2 185
1946.5 7749.7
973.4/ 1481.3
084 367 9.69 872
5999.1 3354 609.6 670.5

0.00018 0.00018
445 /076 1.37/0.23
5.3 25.9
0.00189 0.01238
0.0104 0.13883
0.01229 0.15121
0.0053 0.0054
1.18 2.01
473
6.1
8.03
66
615 / 188
24/05
50 50
30 30

29
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4.1.5. Recuperator

A recuperator is used to increase the efficiency of the cycle by decreasing evapo-
rators heat duty. At first, the working fluid is pressurized by the feed pump as usual.
Then, before it gets into the evaporator, working fluid is preheated by the waste heat
of the expanded vapor. The expanded vapor is cooled by losing its enthalpy. Besides,
the recuperator increases the cycle performance, it also decreases the heat duty of the

condenser as well.

MB-09-66-H coded brazed type heat exchanger with 66 plates, which correspond
to 6.08 m? total heat transfer area, is acquired likewise condenser. Specifications of the

recuperator are listed below in Table 4.5.

The cold fluid inlet and the hot fluid outlet are closed to each other for two
reasons. Former one is that hot fluid has vapor phase while cold fluid has liquid phase.
Latter one is that the recuperator is designed to supply 5 °C temperature difference

between cold fluid outlet and hot fluid inlet.
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Figure 4.7. T-Q curves of the recuperator.



Table 4.5. Recuperator performance and geometry results.

Hot Side Cold Side

(Inlet-Outlet)  (Inlet-Outlet)
Total mass flow rate (kg/s) 0.25 0.25
Vapor mass flow rate (kg/s) 0.25 0.25 0 0
Liquid mass flow rate (kg/s) 0 0 0.25  0.25
Vapor mass quality 1 1 0 0
Temperature (°C) 30 19.5 19 25.5
Pressure (bar) 6 597 18  17.99
Heat transfer coeff. (mean) (W/m?K) 414.1 502.9
Overall coeff. (dirty/clean) (W/m?K) 208.9 / 225.5
Prandtl Numbers 0.83 0.84 3.62 3.55
Reynolds Numbers 5854.8 6045.1 326  353.2
Fouling resistance (m?K/W) 0.00018 0.00018
Velocity (Port/Plate) (m/s) 4.63 / 0.8 0.11 / 0.02
Wall shear stress (mean) (N/m?) 5.6 0.2
Port Pressure drop (bar) 0.00376 0.00009
Channel Pressure drop (bar) 0.02895 0.00112
Total Pressure drop (bar) 0.03271 0.00121
Residence volume (m?) 0.0053 0.0054
Residence time (s) 0.6 26.3
Total heat exchanged (kW) 2.3
Effective surface area (m?) 6.1
Effective MTD (°C) 1.85
Total plate number 66
Plate length / width (mm) 615 / 188
Plate pitch / thickness (mm) 24/0.5
Port diameter (mm) 50 50

Chevron angle (Degrees) 30 30

61
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4.1.6. Expander simulator

A expander simulator which consists of two throttle valves and a pre-cooler is
designed and implemented to the cycle to simulate the expander in the commissioning

process and to protect expander from running with vapor and liquid states together.

Figure 4.8. Installed throttle valve on ORC test rig.

Throttles are pressure regulating valves that reduce the pressure of a fluid re-
gardless of changing the mass flow rate and/or varying inlet pressure. Pressure drop
through a throttle valve is an isenthalpic process since the enthalpy difference between
inlet and outlet is the same and there is no work done on the control volume. Two
different models in terms of pressure grades (high pressure to middle pressure and mid-
dle pressure to low pressure) are used to regulate the pressure before the working fluid
goes into pre-cooler, hence controlling the pressure drop without any oscillation would
be accomplished. Depend on the desired outlet pressure, they can be used together or

separately. The image of a throttle valve is shown in Figure 4.8.

Pre-cooler is used to cool the working fluid only in case of the throttles are
operating. Outlet nozzle of the pre-cooler is attached to the inlet nozzle of the condenser

where the condensation process occurs.
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Table 4.6. Pre-cooler performance and geometry results.

Hot Side Cold Side
(Inlet-Outlet)  (Inlet-Outlet)

Total mass flow rate (kg/s) 0.25 0.02
Vapor mass flow rate (kg/s) 0.25 0.25 0 0
Liquid mass flow rate (kg/s) 0 0 0.02  0.02
Vapor mass quality 1 1 0 0
Temperature (°C) 30 225 115 299
Pressure (bar) 6 5.95 2 1.99
Heat transfer coeff. (mean) (W/m?K) 524 540.6
Overall coeff. (dirty/clean) (W/m?K) 241.4/ 263.8
Prandtl Numbers 0.83 0.84 9.69 6.05
Reynolds Numbers 7806.4 7985.6 5.9 9.1
Fouling resistance (m?K/W) 0.00018 0.00018
Velocity (Port/Plate) (m/s) 4.63 / 1.06 0.01 / 0.01
Wall shear stress (mean) (N/m?) 9.4 0.1
Port Pressure drop (bar) 0.00357 0
Channel Pressure drop (bar) 0.04907 0.00011
Total Pressure drop (bar) 0.05263 0.00011
Residence volume (m?) 0.004 0.004
Residence time (s) 0.44 203.9
Total heat exchanged (kW) 1.7
Effective surface area (m?) 4.6
Effective MTD (°C) 1.53
Total plate number 50
Plate length / width (mm) 615 / 188
Plate pitch / thickness (mm) 24/0.5
Port diameter (mm) 50 50
Chevron angle (Degrees) 30 30

MB-09-50-H coded brazed type heat exchanger with 50 plates which correspond to 4.6
m? total heat transfer area is selected for application. Specifications of the pre-cooler

are listed below in Table 4.6.
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Figure 4.9. T-Q curves of the pre-cooler.
4.2. Balance of Plant
4.2.1. Heater

The cycle needs a heat source to increase the temperature of the liquid working
fluid above its boiling point for corresponding pressure. Generally, in organic Rankine
cycle applications; solar, waste heat, biomass or geothermal sources are used for heating
up the medium through a heat exchanger unit. Although a parabolic trough collector
is established in the BURET Laboratory’s open front area, an electric heater is used

as the heat source for the commissioning process.

The electric heater on the ORC setup has a maximum capacity of 107 kW. It
consists of a boiler vessel which has ‘U’ shape stainless steel rods inside covered with
baffles. The heat transfer fluid runs through the boiler vessel and heats up via these
rods. A K-type thermocouple and a relief valve were located on the pre-decided shell
surface. To control the heater system, three-phase power unit with PID control is
integrated. The image of the heater is shown in Figure 4.10. Datasheet of the heater

and section drawing of the designed boiler vessel are indicated in Appendix E and F.
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Figure 4.10. Installed heater on ORC test rig.

4.2.2. Heat transfer oil pump

Heat transfer oil pump is used for transferring heat transfer oil from the electrical
heater towards the evaporator. King Integral CC-2214 model gear pump is selected for

circulating the oil at a specified constant pressure.

Gear pumps are positive displacement rotary pumps that transport liquids using
rotating gears. They consist of a couple of external and internal spur gears to move
constant amount of fluid for each revolution. Gear pumps are compact and high-
pressure pumps which provide a steady and pulseless flow. They are generally used
with high viscosity fluids. Specifications of the internal gear pump are given in Table
4.7. Tmage of the installed internal gear pump is given in Figure 4.11 and the section

drawing of the internal gear pump is given in Appendix C.
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Table 4.7. Specifications of the internal gear pump.

Fluid Type Heat Transfer Oil
Mass Flow Rate (kg/s) 1
Operational Pressure (bar) 2
Operational Temperature (°C) 155

Vapor Quality (inlet/outlet) 0/0
Required Shaft Speed (rpm) 1140
Nominal Power (kW) 0.6
Isentropic Efficiency (%) 93
Mechanical Efficiency (%) 32

NPSH (m) 1.85

Figure 4.11. Installed internal gear pump on ORC test rig.

4.2.3. Expansion Vessel

An expansion vessel is installed on the heat transfer oil process line to take the
expansion of hot oil caused by the temperature increase between start-up and steady-
state conditions. It protects the pipelines and components from being failed by over
pressurization. A level gauge is installed to monitor the expanded heat transfer oil
amount. The tank is filled with nitrogen with approximately 4 bar pressure. A pressure
switch is also installed to control the pressure inside the tank. If the pressure exceeds
the design pressure which is 5 bar, pressure switch will be activated, hence the heater

and the heat transfer oil pump will be turned off as a safety precaution.
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The image of the expansion vessel is given in Figure 4.12 and section drawing of the

expansion vessel is indicated in Appendix H.

Figure 4.12. Installed expansion vessel on ORC test rig.

4.2.4. Chiller

Vaporization and condensation of the working fluids are indispensable for ORCs.
The cycle needs a cooling source to reject the heat of the expanded vapor, therefore,
supply liquid for the feed pump so it can operate properly. An air cooled chiller which
had two hermetic scroll-type compressors inside was integrated into the system to

supply cooled water for both condenser and pre-cooler.

A chiller with a maximum heat load of 107 kW is selected based on the thermo-
dynamic analysis. Specifications of the chiller are listed below in Table 4.8 and the

image of the chiller alone is shown in Figure 4.13.



Table 4.8. Specifications of the chiller.

Maximum cooling capacity (kW) 107
Compressor type Hermetic scroll
Number of compressors 2
Evaporator type Shell & tube
Water volumetric flow rate in evaporator (m?/h) 18.5
Power supply 400 V/3 phz/50 Hz
Number of fans 2
Air volumetric flow rate at fans (m?/h) 34500
Pump nominal power (kW) 4
Water tank volume (lt) 350

Figure 4.13. Installed chiller on ORC test rig.

4.2.5. Dynamometer

68

A dynamometer is used for measuring the obtainable power from expander with

simultaneous torque and angular velocity data processing from installed sensors. Dy-

namometer and expander are connected via magnetic coupling. Since the power equals

to torque times angular velocity, net power output can be found.
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With a software integrated into the expander & dynamometer control unit, rotational
speed can be adjusted constantly. The image of the dynamometer is shown in Figure

4.14.

Figure 4.14. Installed dynamometer on ORC test rig.

4.2.6. Liquid collector

A liquid collector is designed to prevent gaseous phase at the suction line of the
feed pump. Even the side channel type feed pump can work with relatively low vapor
and liquid mixtures, it is better to use liquid collector to extend the impellers operating
life. Additionally, a vibronic type level switch is installed on the liquid collector to
shut down the feed pump if any vapor phase is occurred. Section drawing of the liquid

collector is indicated in Appendix G.

Figure 4.15. Installed liquid collector on ORC test rig.
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4.2.7. Fluid recovery exchanger

Fluid recovery exchanger is designed to prevent the vapor working fluid releasing
into atmosphere through a pressure safety valve. With the opening of the safety valve,
over pressurized working fluid flows through the fluid recovery exchanger, which is
mounted outside of the laboratory. Here, the fluid is cooled, changed its vapor phase
into liquid and collected into an accumulation tank. In order to cool down the fluid,
cooling water supplied by the chiller is used. Section drawing of the fluid recovery

exchanger is indicated in Appendix I.

Figure 4.16. Installed fluid recovery exchanger on ORC test rig.

4.3. Sensors and Data Acquisition

Sensors supply not only diagnostic data from the cycle, but also give some control
parameters. Via the data acquisition system, all sensor outputs can be measured, read,
and saved. In this cycle, ten pressure and thirteen temperature sensors are installed.
Four flowmeters of which two of them are electromagnetic type for the cooling circuit,
one vortex-type for the heating circuit and one coriolis-type for the working fluid circuit
is acquired. They measure volumetric flow rate except coriolis, which measures mass
flow rate, instead. There is a vibronic type level switch installed on the liquid collector
in order to stop the working fluid pump when there is a gas phase. Additionally, a
pressure switch is installed on the expansion vessel in order to shut down the heater
and the heat transfer oil pump, thus keep the cycle in safe region if the heat transfer

oil temperature rises above the design temperature.
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Pressure and temperature transmitters are mounted on the pre-decided locations
along the process lines with tee connections as shown in P&ID. With regard to tem-
perature transmitter installation, the immersion length of the transmitter is taken into
consideration for the best accuracy. On the flowmeter side, electromagnetic and vortex
types have some restrictions regarding the pipe sections. When installing a vortex-type
flowmeter, particular dimensions must be supplied. Besides, these required dimensions
vary from the pipe section whether straight or elbowed. Installation of electromagnetic
flowmeters also requires some specifications but only for the pipe sections with elbows.
However, coriolis flowmeter does not require any installation specifications since it
measures mass flow rate instead of volumetric flow rate. Figures 4.17 to 4.19 show the

recommended installation procedures for electromagnetic and vortex flowmeters.

-

5xDN 2x DN

Figure 4.17. Installation specifications of electromagnetic lowmeter for pipe sections

with elbows.

=15 x ON

Figure 4.18. Installation specifications of vortex flowmeter for straight pipe sections.
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=40 x DM =5bx DN

Figure 4.19. Installation specifications of vortex flowmeter for pipe sections with

elbows.

Specifications of the sensors are listed below in Table 4.9. Images of pressure and
temperature transmitters, electromagnetic, vortex and coriolis flowmeters are shown

in Figure 4.20.

Table 4.9. Specifications of the sensors.

Temperature transmitters Pressure transmitters Flowmeters Level switch  Pressure switch
Quantity 10 13 4 1 1
Coriolis: 1
Type RTD Piezoresistive Electromagnetic: 2 Vibronic -
Vortex: 1

0-60°C for 7 transmitter 0-10 bar for 6 transmitter ~ Coriolis: 0-3600 kg/h
(Low-temperature pipelines)  (Low-pressure pipelines)  Electromagnetic 1: 0-25 dm?/s
Range of measurement - -
0-250°C for 6 transmitter 0-40 bar for 4 transmitter ~ Electromagnetic 2: 0-75 dm®/s

(High-temperature pipelines)  (High-pressure pipelines) — Vortex: 0-125 m?/h

Coriolis: £0.4%

Accuracy of measurement +0.3 +0.1% Electromagnetic 1,2: +0.4% - -

Vortex: +0.65%

Coriolis: WF
Fluid type WF, HTO, CW WF Electromagnetic 1,2: CW WF HTO

Vortex: HTO

0-30 bar for 6 transmitter  Coriolis: 40

Desing Pressure (bar) 40 Electromagnetic: 10 40 10

0-100 bar for 4 transmitter Vortex: 10

Desing Temperature (°C) 250 150 160 100 170
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(a) Temperature (left) and (b) Coriolis flowmeter  (c¢) Electromagnetic flowme-

pressure (right) transmitters

(d) Vortex flowmeter (e) Pressure switch (f) Level switch

Figure 4.20. Installed transmitters and flowmeters.

Data Acquisition system is integrated into the ORC setup to monitor and save
the data acquired from the measurement devices. Moreover, a basic control algorithm
is added inside the modules that enables to shut down the components such as heater,
feed pump, and heat transfer pump; and to vary the shaft rotational speed of the
feed pump through changing its AC motor input frequency by an installed frequency
converter. All the data is transferred via four IPETRONIK 'M-SENS 8’ and one 'M-

SENS 4’ modules to a data acquisition computer.

Specifications of the M-SENS module is given in Table 4.10 and image of the
M-SENS module is indicated in Figure 4.21.
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Table 4.10. Specifications of the data acquisition modules.

Measurement ranges Covering input signals 0.1 V to 100 V

Input voltage (IN4 <> IN—) max. = 100 V, short time (1 ms) £ 200 V

Channel sample rates 1/2/5/10/ 50/ 100/ 200/ 500/ 1000/ 2000 Hz

12, 24, 36 Vpc automotive power supply systems
Voltage supply

Switch-off for voltage <6 V

Power consumption 3.5 W
Working temperature range -40 °C ... 4125 °C
Storage temperature range -55 °C ... 4150 °C
[P-code IP 67 (ISO 20653 - 2013)
Dimensions W204 mm x H41 mm x D55 mm

Figure 4.21. Installed M-SENS module on ORC test rig.

After performance analyses of the proposed ORC and heat exchangers are com-
pleted, piping and instrumentation diagram (P& ID) of the cycle is drawn and the 3D
modeling of the system is generated. 3D layout model of the ORC is shown in Figure
4.22 and image of the proposed ORC system is indicated in Figure 4.23.



Fluid valve

recovery
exchanger

Working fluid

Pre-cooler

Condenser

Figure 4.22. 3D model of the proposed ORC.

Figure 4.23. Image of the proposed ORC.
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5. COMMISSIONING AND PRELIMINARY TESTING

Commissioning procedures are vital since the reaction of the process of distur-
bances is unknown due to unsteady-state conditions. A well-prepared commissioning
can save time and minimize the capital cost; however, the most important outcome is
the reduction of risk of unplanned outages. In organic Rankine cycle applications, it is
even more significant since it involves an organic fluid in the process. After the ORC
test rig is manufactured, commissioning procedures are prepared in order to conduct

preliminary tests for pre-determined cycle points indicated in the cycle analyses.

5.1. Procedures

At the beginning of the the commissioning procedures, the test rig was divided
into three parts namely working fluid circuit, heating circuit, and cooling circuit. At
first, a pre-commissioning procedure was prepared. All electrical and mechanical con-
nections were supervised through this procedure. The pre-commissioning procedure is

indicated in Table 5.1.

When all the requirements were fulfilled with regard to the pre-commissioning
procedure, commissioning procedures were implemented afterwards. All divided three
parts are examined, separately. Working fluid circuit procedure involves seventeen
steps including hydrostatic pressure testing, drying, nitrogen pressure testing, vacuum
testing, refrigerant filling, feed pump cold running, and draining some of the refrigerant
for normal operation. Tables 5.2 to 5.4 shows the commissioning procedures regarding

the working fluid, heating, and cooling circuits.

Hydrostatic pressure testing must be conducted to find out the leakages and
eliminate them. A hand water pump is used to supply water to the working fluid
circuit. After the leakages are eliminated, water is drained and air is supplied for
drying. The reason is to create water-free volume for the working fluid. Because of the

pipe pockets, the water could not be drained completely.
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Table 5.1. Pre-commissioning procedure of the proposed ORC test rig.

Step Actions
1 Check grounding for skid-mounted equipment
2 Check electrical connections
3 Check pump rotations
4 Check piping connections
) Check insulation
6  Check instrument signals
7 Check all valves to be in open position
8  Check level gauge valves to be in open position
9  Check direction of the check valves
10 Check relief valves cracking pressure adjustment
11 Check the emergency shut down
12 Check water level inside the water tank™*
13 Put some anti-freeze inside of the water tank as corrosion inhibitor*

*QOnly valid for cooling circuit.

Therefore, drying with compressed air shall be carried out in three different routes.
After drying is completed, system is tested with pressurized nitrogen. The reason is to
ensure there will not be any leakage issues since some of the working fluid circuit will
be operated at gaseous phase. When the pressure test with nitrogen is completed, the
nitrogen is vented and air vacuuming is conducted. The vacuum pump is connected to

the ORC test rig via a ball valve, thus vacuuming is completed.

Fluid filling is the most important and challenging part of all because the amount
of refrigerant must be adjusted properly. Additionally, there are certain pipelines that
must involve certain phases such as at the pump suction; there must be liquid refrig-
erant while at the expander inlet and outlet; there must be vapor refrigerant. Testing
will be carried out at different cycle design points for a given flow rate. Frequency
inverter can change the revolution of the process pump, thus vary the head and flow
rate. To supply constant flow rate, a by-pass line is created with two globe valves

integrated into the system.
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During the cold run process, all parts of the system should be full of liquid
phase except pre-cooler, which will be kept half liquid phase as the precaution since
it can act as a buffer for volume changes due to small temperature rises caused by
environmental effects. Recuperator shall be completely isolated by surrounded valves.
During the initial phase of the filling process, cooling water should not be circulated
through pre-cooler. The aim is to carry out condensation solely in the condenser and
fill the evaporator completely liquid. Meanwhile, level switch onto the liquid collector
should be checked. The evaporator is filled with liquid refrigerant by using the elevation
difference. Once the evaporator is fully filled, cooling water is permitted to flow through

pre-cooler.

Table 5.2. Commissioning procedure of the working fluid circuit.

Step Actions
1 Fill water into the system and pressurize until the system reaches the design pressure
2 Observe and prevent the leakages
3 Dry the system with air
4  Pressurize the system with nitrogen
5 Observe and prevent the leakages
6  Vent the nitrogen and vacuum the system
7 Fill the refrigerant into the system
8 Start the feed pump cold run
9  Vary and adjust the frequency inverter
10 Check the coriolis flowmeter
11 Check the level on the level switch
12 Check the relief valve
13 Cross-check the indicators & computer readings
14 Determine feed pump performance by using frequency inverter and globe valves
15 Drain and recover some of the refrigerant
16 Start the feed pump for normal operation
17 Check the control module

Following the cold run, some of the liquid phases should be drained and recovered
since some parts of the cycle should be in gaseous phase during hot operation. Drain
process is conducted with using two different valves that can allow recovering; one from

the suction and the other from the discharge line of the feed pump.
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Table 5.3. Commissioning procedure of the heating circuit.

Step Actions
1 Dry the system with air
2 Fill the heat transfer oil into the system
3 Vent the air from the highest elevation
4 Check oil level on the level switch
) Check pressure in the expansion tank
6  Drain suction line and check & clean strainer filter
7 Fill oil enough to compensate drained amount
8  Set temperature of the heater resistance
9  Start the heat transfer oil hot run
10 Check oil level on the level switch
11 Check pressure in the expansion tank
12 Check the vortex flowmeter
13 Cross-check the indicators & computer readings
14 Check the control module

Table 5.4. Commissioning procedure of the cooling circuit.

Step Actions

1 Dry the system with air

Check the water level inside at the water tank

Vent the air from the highest elevation

Check electromagnetic flowmeters

2
3
4 Set suction and discharge temperatures
5
6

Cross-check the indicators & computer readings

Again, a part of liquid will be left in some parts due to piping pockets. Before starting
the feed pump circulation, it is necessary to transfer this liquid phase to the suction line
and fill the condenser with the liquid phase. In order to achieve this, gradual heating
of the evaporator is carried out by circulating warm oil through the heat transfer oil

side of the evaporator.
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This will result in evaporation of the liquid inside the evaporator and thus push the
liquid inside of the pre-cooler where cooling process drops the pressure and condenses
the incoming gas. Inlet and outlet valves of the recuperator are opened so that it can
operate. During normal operation, working fluid sides of the evaporator and pre-cooler
shall be half liquid and half gaseous phase. Working fluid side of the condenser shall
be almost full of liquid and regarding the recuperator, low temperature side shall be

full of liquid and high temperature side shall be full of vapor phase only.

5.2. Cold Run of the System

Before the experiments were started, an error analysis is conducted. Enthalpy of
R134a is directly calculated from REFPROP. Temprerature, pressure and mass flow
rate values are measured via sensors and their accuracy is indicated Table 4.9. Heat
input rate, net power output and cycle efficiency uncertainties are calculated via these
related variables.

Table 5.5. Error analysis parameters.

Parameter Related variables Average uncertainty
Enthalpy (h) T, P 1.7 %
Mass flow rate (1) * 0.4 %
Heat input rate (kW) m, h 3.8 %

—

kW) i, h 3.8 %
%) Wnet7 an 76 %

Net power output

~—~

Cycle efficiency

* . Depend on measurement accuracy.

In the testing process, each circuit was commissioned separately. Chiller system
has a centrifugal type circulation pump. Therefore, it pressurizes the water only to
overcome the piping structure friction and to circulate the close loop water cycle. In
the water circuit, water outlet temperature can be set via chiller control unit and
water flow rate can be adjusted via globe valves on the water pipeline. During the
cooling circuit commissioning, obtained minimum water temperature was 0 °C with

using ethylene glycol concentration as antifreeze material.
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Heater system has a similar structure to chiller. Heat transfer oil outlet tem-
perature can be set via heater control unit. A gear pump is used to pressurize the
heat transfer oil. Since the gear pump supplies constant discharge pressure, outlet
pressure is already set. There are globe valves on the heating circuit to adjust the flow
rate. During the heating circuit commissioning, obtained maximum heat transfer oil

temperature was 160 °C.

Working fluid circuit has a feed pump which works like centrifugal pumps most
of the time. A by-pass line with a by-pass valve and a globe valve is mounted on the
discharge line of the feed pump and a frequency inverter is installed inside the heater
control unit to be able to adjust the flow rate. In any case, working fluid temperature

is depend on the heater and chiller temperature.

Cold run of the working fluid circuit was conducted within a limited range. Mass
flow rate can be adjusted between 0 to 0.45 kg/s; while, feed pump discharge pressure
can be adjusted between 12 to 22 bar. The reason is that high pressure values are
required at the expander inlet to obtain maximum obtainable power and cycle efficiency

as predetermined in the selection of the cycle points section in Chapter 2.

Adjusting mass flow rate is the most challenging factor. By using globe valve
on by-pass process line and by varying frequency inverter of the feed pump, mass flow
rate was adjusted. Minimum pressure of the cycle is another challenging factor. By
adjusting the throttle valve, minimum cycle pressure was adjusted. There are two
throttle valves that can be used in the process depend on the process type. At high
pressures, only one throttle valve should be used since it has a specific outlet pressure
value which is 4. When low pressure operation is conducted, both of the throttle valves
must be used to obtain low pressures lower than 4. Second throttle can decrease the

pressure down to 0.8 bar. Cold run of the working fluid is shown in Figure 5.1

Feed pump motor frequency is varied in two case, %100 and %90 to obtain dis-
charge pressure and mass flow rate values. Obtained data is indicated in Tables 5.6

and 5.7.
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Figure 5.1. Feed pump cold run testing.
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Table 5.6. Cold run testing with 100% pump motor frequency.

Discharge pressure Suction pressure Temperature Density Mass flow rate Shaft speed
(bar) (bar) CC) (ke/m®) (kg/s) (xpm)
14 7.1 22 1222 0.43 1426
17.5 7.8 32 1185 0.36 1426
19.5 7.6 32 1185 0.3 1426
22 7.3 22 1226 0.21 1426
23.2 7.3 22 1227 0.16 1426

Table 5.7. Cold run testing with 90% pump motor frequency.

Discharge pressure Suction pressure Temperature Density Mass flow rate Shaft speed
(bar) (bar) (°C) (kg/m?) (kg/s) (rpm)
14 8.1 32 1184 0.38 1330
17.5 8.2 33 1181 0.31 1330
20 7.3 33 1183 0.23 1330
22 74 35 1176 0.16 1330
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Tables 5.6 and 5.7 show that 0.25 kg/s mass flow rate is reachable up to 21 bar
with 100 % feed pump motor frequency. In order to reach higher flow rate values,
discharge pressure must be decreased. Likewise, in order to reach higher discharge

pressures than 21 bar, working fluid mass flow rate must be decreased.

With respect to feed pump capability, three cases are prepared for detailed ex-
perimental investigation. Maximum pressure values are determined as 15, 18 and 21.
In the start-up process, expander, one throttle valve, recuperator and simulator is

isolated.

Detailed experimental procedure is prepared for start-up, actual testing and shut-
down processes. Due to a filtration problem with the side channel pump, actual testing
process cannot be completed on time. When the problem is solved, detailed experi-
ments will be conducted. Experimental procedure and the testing simulation is indi-

cated in Appendix J.
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6. CONCLUSION

In this research, a laboratory scale ORC system was designed and constructed in
Bogazi¢i University’s Renewable Energy Technologies Laboratory (BURET) in Istanbul,
Turkey. An electric heater was considered as a simulation of renewable energy source
and scroll-type expander was selected due to the small scale power requirement of the
system. Environmental and safety characteristics are considered as the first step of
the fluid selection; therefore, four fluids; R134a, R141b, R245ca and R245fa, are taken
into consideration. R134a is adopted as the working fluid because of its good perfor-
mance in small heat inputs, broad availability, and cost-effectiveness. A recuperator

was implemented on the cycle to examine its effects on the ORC performance.

Steady-state analyses were conducted for the ORC system. A complete cycle
simulation was run by modeling each component. Two different case results, simple and
regenerative ORC, were obtained and compared in this study. Expander inlet pressure
and the degree of superheat at the evaporator were the two main variables. Net power
output and first law efficiency (cycle efficiency) were the two performance indicators.
Theoretical results showed that cycle with recuperator gives higher maximum efficiency
value than the simple ORC by 0.46% with respect to the same power output for R134a.
Maximum power output, simple cycle and regenerative cycle efficiency were found to

be 4.13 kW, 7.18% and 7.64%, respectively.

After the thermodynamic analysis, Piping and Instrumentation Diagram (P&ID)
was created and 3D layout of the test rig was generated. Pressure vessels namely
Boiler Vessel, Liquid Collector, Expansion Vessel and Fluid Recovery Exchanger were
designed and manufactured. A data acquisition system to monitor and save the ob-
tained data was integrated into the test rig. Additionally, a basic control algorithm
was generated to shut down the equipment to emergency site protection if needed and
control the frequency inverter of the feed pump motor. A fully instrumented test rig,

which will be used for testing different fluids, was designed and constructed.
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After the test rig was constructed, pre-commissioning, commissioning and exper-
iment procedures were created. Hydrostatic pressure testing, drying, nitrogen pressure
testing, vacuum testing, refrigerant filling, feed pump cold running, and draining some
of the refrigerant for normal operation processes were conducted. Heating, cooling
and working fluid circuits were commissioned separately. During the preliminary tests,
throttle valve was used as the expander simulator. Recuperator was isolated from the

system.

Due to a filtration problem with the feed pump, actual testing process cannot
be completed. When the problem with the feed pump is solved, detailed experiments,
which were defined in the Appendix J, will be conducted.

A 10 kW capacity scroll-type expander was installed on the system but it was
not used during the preliminary tests due to the leakage issues. As a future work,
the scroll-type expander would be integrated into the system. As another future work,
recuperator effect would be analyzed and a comparison between regenerative and simple
ORC would be made. Additionally, there is a parabolic trough collector, which has a
10 kW heat rate capacity, already installed next to the laboratory building and it is

planned to be used afterwards as an additional heat source for the system.
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APPENDIX A: SECTION DRAWING OF THE SCROLL
EXPANDER
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Figure A.1. Section drawing of the scroll expander.
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SECTION DRAWING OF THE SIDE
CHANNEL PUMP
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Figure B.1. Section drawing of the side channel pump.




APPENDIX C: SECTION DRAWING OF THE
INTERNAL GEAR PUMP

96

TB
@F NPT (DISLI) veya

i

DIN:2501 [FLANSLI)
BORU BAGLANTISI

Te

. -

@F NPT (DISLI) veya
DIN:2501 (FLANSLI)
BORU BAGLANTISI

172

275

Gi 170 100 100 120 S0 85 200 81 90 245 90 445 6 15
G3 170 100 100 120 30 B85 200 81 90 106 172 245 90 445 & 275 @25
G4 170 100 100 120 80 85 200 81 90 106 172 245 90 445 & 175 @25
G5 170 100 100 120 80 85 200 81 90 106 172 245 90 445 6 275 @25
G6 194 120 110 140 1235 120 250 33 112 136 237 - 112 512 6 275 @uS
a7 194 120 110 140 125 120 250 93 112 126 237 - 112 532 & 275 @25
GE 250 120 170 170 164 135 300 120 135 157 300 380 135 625 & 30 @7
G9 150 120 170 170 164 135 300 120 135 157 300 380 135 €15 & 30 @27
G10 . . = [ R ) S e ] ) R e [ R B . A
Gi1 65 170 165 100 185 1% - 136 180 209 365 180 €85 & 33 M0
G12 65 170 165 200 190 130 360 151 180 209 370 450 180 710 B 33 30

| PosPA | AB | AC | AD | AG | 6P | BY | CC |GM] HL | H2 | HB | HC | Hs | T8 | KL | K2 | @5
Gl T T 5 3

DH4D
DHAD
DH40
DH40
DH50
D50
DHS0
D50
DHES
DHED

Figure C.1. Section drawing of the internal gear pump.
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APPENDIX D: SECTION DRAWING OF THE HEAT
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Figure D.1. Section drawing of the heat exchangers.
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Figure E.1. Datasheet of the heater.
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SECTION DRAWING OF THE BOILER
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Figure F.1. Section drawing of the boiler vessel.
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Figure F.1. Section drawing of the boiler vessel (cont.).
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SECTION DRAWING OF THE LIQUID
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Figure G.1. Section drawing of the liquid collector.
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Figure H.1. Section drawing of the expansion vessel.
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SECTION DRAWING OF THE FLUID
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Figure I.1. Section drawing of the fluid recovery hex.
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Figure I.1. Section drawing of the fluid recovery hex (cont.).
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APPENDIX J: EXPERIMENTAL PROCEDURE

=103

Ha:

2-1nan +—><

e S ) R

OlL-FEED

Figure J.1. Piping and instrumentation diagram of the proposed ORC with valve and

sensor numbers.
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Experimental procedure consists of checking of safety valve and adjusting pressure
reducing valve, vacuuming, filling, putting heater and chiller into operation, start-up,

testing and shut-down operations and actions to be taken parts.

J.1. Checking of Safety Valve and Adjusting Pressure Reducing Valve

1. Pressurize the system with nitrogen up to 25 bar via HA-135 and HA-110. Valves
HA-101, HA-134, HA-109, HA-144 and HA-137 should be closed.

2. When pressurizing is complete, close valve HA-135.

3. Adjust pressure reducing Valve (Throttle-01) to 4 barg.

4. Remove the nitrogen hose and keep that end open to atmosphere. When re-
moving, do it slowly so that the pressure in the line up to HA-109 is gradually
released.

5. Make sure that the outlet of the safety valve is open. One person shall be near
valve Ha-110. If there is an excess pressure and safety valve fails to operate,

he/she will open the valve HA-110. HA-135 should be in opened position.

J.2. Vacuuming

6. Vacuum pump is connected to the nozzle via valve HA-145 as shown on the P&ID.
7. HA-145 is opened prior to vacuuming. Valves HA-135, HA-148, HA-109, HA-117,
HA-121 are kept in closed position in order to avoid air entering the system. All

other valves are in opened position.

J.3. Filling

8. Start refrigerant filling. During filling process, weight of R134 shall be measured.

9. Liquid phase shall be present in the pipeline that connects condenser with the
evaporator. The evaporator shall be full with liquid and condenser shall be empty.
Level gauges shall be marked so that the level can be monitored. All other parts
shall be filled with gaseous phase.
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During filling process, monitor the level gage of the evaporator which is filling with
liquid. As soon as the evaporator is filled completely, the outlet valve (HA-136)
shall be closed so that liquid phase do not move further.

Ambient temperature is assumed as 15 °C. Pressure will be the saturation pressure
at this temperature. All pressures mentioned in this procedure are measured
locally and recorded in the data acquisition system with a unit of barg.

At the end of the filling process, all PT’s shall show 3.9 barg (at 15 °C). Condenser,
simulator, both sides of the PRV up to top of evaporator are full of vapor phase.

J.4. Putting Heater and Chiller into Operation

At this stage evaporation shall not start. Process Pump is not working.

Data acquisition system must be opened. Make sure that the sensor board is
enpowered and “Ipetronik Ipemotion” software is working. Open “ORC data
acquisition” folder and then “ORC data acquisition” Ipemotion workspace file.
Make sure that Ipemotion, NI card and modbus modules are working. Click
display and read sensor data. Then, click store. At the end of the experiments,
click stop. Now, all the data is restored in an excel file.

Regarding heater adjustment, turn on the power switch of the heater. At the
touch screen, click on “kizgin yag sic. in the white area”. Set kizgin yag sic. and
resistans sic. to predetermined oil temperature.

One person shall be near valve HA-110. If there is an excess pressure and safety
valve is not adequate or fails to operate, he/she has to open the valve HA-110
manually. Check safety valve discharge pipeline to be opened to atmosphere.
HA-135 should be in opened position.

Check oil level in the tank.

Adjust pressure reducing valve (throttle-01) set value to 4 barg.

Start chiller.

Set only chiller’s water supply temperature to 10 °C.

Adjust water flow rate to 0 m®/h for the simulator and maximum for the con-
denser (9.8 m®/h) by globe valves. Cooling water shall only flow through the

condenser.



21.

22.

23.

24.

25.

26.

27.

28.

29.

108

Since oil pump is a positive displacement type, flow adjustment is not possible.
Mass flow rate is considered as constant and heater temperature will be the only
variable for heat transfer oil circuit.

Make sure that valves HA-133, HA-142, HA-111, HA-112 and HA-136 are closed.
Valves HA-101, HA-137, HA-138, HA-120, HA-107, HA-139 and HA-140 are
opened. Recuperator is isolated. At this stage, evaporation shall start. Feed
pump is not working.

Evaporator needs to be heated so that two phases exist in the evaporator. This
will allow the control of the system.

At the beginning, set heater temperature to 16 °C with assuming the ambient
temperature is 15 °C. Allow only a small temperature difference between con-
denser and evaporator. As the process fluid heats up, the evaporation begins and
the liquid level starts to drop in the evaporator.

Monitor the pressure increase in the evaporator. Don’t let the pressure to exceed
4 barg.

When the pressure reaches 4 barg, the valve at the outlet of the evaporator (HA-
136) shall be gradually opened so that the discharge section up to the condenser
is fully connected. This will allow expanded gas volume to find required space
once evaporation starts. Monitor the level and make sure it approaches mid-level.
The temperature in the condenser shall be approximately 10 °C which corre-
sponds to 3.2 barg. Due to the pressure difference, there will be a flow from
evaporator to condenser. When mid-level is reached, turn off the oil pump.
Since there is no more heat transfer in the evaporator, the pressure difference
between the two sides of the PRV decreases. Make sure that evaporator and
condenser are half-filled with refrigerant R134a.

Since start-up is the next step, there is no need to turn off the cooling water

circulation.

J.5. Start-up, Testing and Shut-down Operations

Please refer to Table J.1 for start-up, testing and shut down processes. Pressure

vales are given in gage pressure (barg) because of the sensor types.



Table J.1. Start-up, testing and shut-down conditions
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Estimated | Oil | TT-3 | Water | TT-10 | . Throttle
m3134a Max. pres. Qwater
inverter | temp. | temp. | temp. | temp. outlet pres.
(kg/s) | (barg) T R
(%) (°C) | (°C) | (°C) | (°C) (barg)
A 0.1 6 30 40 29 10 13 9.8 4
START B 0.1 10 40 55 45 10 13 9.8 4
C 0.1 14 50 65 57 10 13 9.8 4
Up D| 0.15 14 60 70 57 8 13 9.8 4
E 0.2 14 70 70 57 5 13 9.8 4
Al 025 14 80 73 57 5 13 9.8 4
TESTING | B 0.25 17 90 79.5 65 11 19.5 9.8 5
C 0.25 20 100 85 72 14 24.5 7.5 6
A 025 14 80 73 57 5 13 9.8 4
SHUT
B 0.25 6 60 60 29 5 13 9.8 4
DOWN
C 0.1 6 30 40 29 10 13 9.8 4
() Temparsture (C)
() pressure (berg)
D\.‘:pcr:-mior
@  Duty{kw)
THROTILE
(00
{10}
(000}
g LTLP-WTR
W=0.0
PUMPAWTR
CHILLER
(18} Q=216
(s}
LTLP-OIL LTHP-WF m
PUMP-WF HILP-WITR

30.
31.
32.
33.
34.
35.
36.

value.

All test crew shall be in their positions.

When 6 barg is obtained, close Pump-01.

Adjust the cooling water flow rate to 9.8 m3/h.

Figure J.2. Start-up A operation conditions.

Close valve HA-114 and set the frequency inverter to 30 %.

Start process pump (Pump-01) and find the shut off pressure.

Set shut off pressure 6 barg via adjusting frequency inverter.

Set oil temperature to 40 °C and wait until oil temperature reaches to the set
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[ Tempmrctur= i)
D Pressure (barg)
D Vaper Frackion

0 Duty (KW}

W PomEe(kv)

HTLP-WF

PUMP-WTR

CONDENER

CHILLER

(1) Q=224
(os)
LTLP-OlL LLTHP-WF | oo}
PUWMP-WF HTLEWTR
W=0 1
Figure J.3. Start-up B operation conditions.
() Tempersice (0
DPI’EL[“_“JEI’C)
Duao:rF-acton
Q@ Duty (kW)
@ W Power(kW)
THROTTLE m
1 HTLP-WF

PUNMP-WTR

CONDENSR
CHILLER

0=228
LTLP-OIL [ LTHPWF |
PUMP-WF £ HTLP-WTR

Figure J.4. Start-up C operation conditions.

37. Set water temperature to 10 °C. (It is already set to 10 °C).

38. Adjust valve HA-115 to set water flow rate which is 9.8 m?/h.

39. Set pressure reducing valve (Throttle-01) to 4 barg. (It is already set to 4 barg).

40. Turn on the oil pump.

41. Start Pump-01 and adjust mass flow rate to 0.1 kg/s via HA-133 (globe valve)
and HA-142 (by-pass valve).

42. Check process pump discharge pressure. If it is different from 6 barg, adjust

frequency inverter.
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Figure J.5. Start-up D operation conditions.

LTLP-DIL

LTHP-WF
PUMP-IVE

W=02

@2
(o)
&
HTLP-WF
imovr | T,
o

() Tempmrmiure (€]
D Pressure (barg)
D Vapor Frackion

Q@ Dube (k)

W power(kW)
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Figure J.6. Start-up E operation conditions.

43. Check level gages and take actions if levels are not equal. Refer “Actions to be

taken” at the end of the document.

44. Under steady state conditions, it is expected that TT-3 is 29 °C and TT-10 is 13

°C. Process circulation is going on without interruption.

45. When “Start-up A” conditions are fulfilled, pass to the next step “Start-up B”

conditions.

46. Set water temperature to 10 °C. (It is already set to 10 °C). Adjust valve HA-115

to set water flow rate which is 9.8 m3/h. (It is already set to 9.8 m?3/h).
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O Tamparatura {C}

(T prassurabara)
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Q@ Duy (sw)
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Figure J.7. Testing A operation conditions.
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Figure J.8. Testing B operation conditions.

47. Set pressure reducing valve (Throttle-01) to 4 barg. (It is already set 4 to barg).

48. Set oil temperature to 55 °C.

49. Gradually increase frequency inverter to a percentage that gives 10 barg pump
discharge pressure. (Should be above the value of case “Start-up A”).

50. Adjust Pump-01 mass flow rate to 0.1 kg/s via HA-133 (globe valve) and HA-142
(by-pass valve). (It is already set to 0.1 kg/s).

51. Check level gages and take actions if levels are both not around mid-level. Refer

“Actions to be taken” at the end of the document.
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Figure J.10. Shut-down A operation conditions.

52. Under steady state conditions, it is expected that TT-3 is 45 °C and TT-10 is 13
°C. Process circulation is going on without interruption.

53. When “Start-up B” conditions are fulfilled, skip to the “Start-up C” conditions.

54. Set water temperature to 10 °C. (It is already set to 10 °C).

55. Adjust valve HA-115 to set water flow rate which is 9.8 m?/h. (It is already set
to 9.8 m3/h).

56. Set pressure reducing valve (Throttle-01) to 4 barg (It is already set to 4 barg).

57. Set oil temperature to 65 °C.
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Figure J.12. Shut-down C operation conditions.

58. Adjust frequency inverter to a percentage that gives 14 barg pump discharge

pressure. (Should be above the value of case “Start-up B”).

59. Adjust Pump-01 mass flow rate to 0.1 kg/s via HA-133 (globe valve) and HA-142

(by-pass valve). (It is already set to 0.1 kg/s).

60. Check level gages and take actions if levels are both not around mid-level. Refer

“Actions to be taken” at the end of the document.

61. Under steady state conditions, it is expected that TT-3 is 57 °C and TT-10 is 13

°C. Process circulation is going on without interruption.

62. When “Start-up C” conditions are fulfilled, skip to the “Start-up D” conditions.
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Set oil temperature to 70 °C. (It is already set to 70 °C).

Adjust valve HA-115 water flow rate of 9.8 m3/h. (It is already set to 9.8 m3/h).
Set pressure reducing valve (Throttle-01) to 4 barg. (It is already set 4 to barg).
Set chiller water temperature to 8 °C.

Adjust Pump-01 mass flow rate to 0.15 kg /s via HA-133 (globe valve) and HA-142
(by-pass valve).

Adjust frequency inverter to a percentage that gives 14 barg pump discharge
pressure. (Should be above the value of case “Start-up C”).

Check level gages and take actions if levels are both not around mid-level. Refer
“Actions to be taken” at the end of the document.

Under steady state conditions, it is expected that TT-3 is 57 °C and TT-10 is 13
°C. Process circulation is going on without interruption.

When “Start-up D” conditions are fulfilled, skip to the “Start-up E” conditions.
Set oil temperature to 70 °C. (It is already set to 70 °C).

Set pressure reducing valve (Throttle-01) to 4 barg. (It is already set to 4 barg).
Set water temperature to 5 °C.

Adjust valve HA-115 water flow rate of 9.8 m3/h. (It is already set to 9.8 m3/h).
Adjust Pump-01 mass flow rate to 0.2 kg /s via HA-133 (globe valve) and HA-142
(by-pass valve).

Adjust frequency inverter to a percentage that gives 14 barg pump discharge
pressure. (Should be above the value of case “Start-up D”).

Check level gages and take actions if levels are both not around mid-level. Refer
“Actions to be taken” at the end of the document.

Under steady state conditions, it is expected that TT-3 is 57 °C and TT-10 is 13
°C. Process circulation is going on without interruption.

When “Start-up E” conditions are fulfilled, skip to the “Testing A” conditions.
Set water temperature to 5 °C (It is already set to 5 °C).

Adjust valve HA-115 water flow rate of 9.8 m?/h. (It is already set to 9.8 m?/h).
Set pressure reducing valve (Throttle-01) to 4 barg. (It is already set to 4 barg).
Set oil temperature to 73 °C .
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Adjust Pump-01 mass flow rate to 0.25 kg /s via HA-133 (globe valve) and HA-142
(by-pass valve).

Adjust frequency inverter to a percentage that gives 14 barg pump discharge
pressure. (Should be above the value of case “Start-up E”).

Check level gages and take actions if levels are both not around mid-level. Refer
“Actions to be taken” at the end of the document.

Under steady state conditions, it is expected that TT-3 is 57 °C and TT-10 is 13
°C. Process circulation is going on without interruption.

When “Testing A” conditions are fulfilled, skip to the “Testing B” conditions.
Set water temperature to 11 °C.

Set pressure reducing valve (Throttle-01) to 5 barg.

Adjust valve HA-115 to set water flow rate which is 9.8 m®/h. (It is already set
to 9.8 m3/h).

Set oil temperature to 79.5 °C.

Adjust Pump-01 mass flow rate to 0.25 kg /s via HA-133 (globe valve) and HA-142
(by-pass valve). (It is already set to 0.25 kg/s).

Adjust frequency inverter to a percentage that gives 17 barg pump discharge
pressure. (Should be above the value of case “Testing A”).

Check level gages and take actions if levels are both not around mid-level. Refer
“Actions to be taken” at the end of the document.

Under steady state conditions, it is expected that TT-3 is 65 °C and TT-10 is
19.5 °C. Process circulation is going on without interruption.

When “Testing B” conditions are fulfilled, skip to the “Testing C” conditions.
Set oil temperature to 85 °C.

Set water temperature to 14 °C.

Set pressure reducing valve (Throttle-01) to 6 barg.

Adjust valve HA-115 to set water flow rate which is 7.5 m3/h.

Adjust Pump-01 mass flow rate to 0.25 kg/s via HA-133 (globe valve) and HA-142
(by-pass valve). (It is already set to 0.25 kg/s).

Adjust frequency inverter to a percentage that gives 20 barg pump discharge

pressure. (Should be above the value of case “Testing B”).
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Check level gages and take actions if levels are both not around mid-level. Refer
“Actions to be taken” at the end of the document.

Under steady state conditions, it is expected that TT-3 is 72 °C and TT-10 is
24.5 °C. Process circulation is going on without interruption.

When “Testing C” conditions are fulfilled, skip to the “Shut-down A” conditions.
Set oil temperature to 73 °C .

Set water temperature to 5 °C.

Set pressure reducing valve (Throttle-01) to 4 barg.

Adjust water flow rate to 9.8 m?/h.

Adjust Pump-01 to mass flow rate of 0.25 kg/s via HA-133 (globe valve) and
HA-142 (by-pass valve). (It is already set to 0.25 kg/s).

Adjust frequency inverter to a percentage that gives 14 barg pump discharge
pressure. (Should be below the value of case “Testing C”).

Check level gages and take actions if levels are both not around mid-level. Refer
“Actions to be taken” at the end of the document.

Under steady state conditions, it is expected that TT-3 is 57 °C and TT-10 is 13
°C. Process circulation is going on without interruption.

When “Shut-down A” conditions are fulfilled, skip to the “Shut-down B” condi-
tions.

Set oil temperature to 60 °C .

Set water temperature to 5 °C. (It is already set to 5 °C).

Set pressure reducing valve (Throttle-01) to 4 barg. (It is already set to 4 barg).
Adjust valve HA-115 to set water flow rate which is 9.8 m®/h. (It is already set
to 9.8 m3/h).

Start Pump-01 and adjust mass flow rate to 0.25 kg/s via HA-133 (globe valve)
and HA-142 (by-pass valve). (It is already set to 0.25 kg/s).

Adjust frequency inverter to a percentage that gives 6 barg pump discharge pres-
sure. (Should be below the value of case “Shut-down A”).

Check level gages and take actions if levels are both not around mid-level. Refer

“Actions to be taken” at the end of the document.
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Under steady state conditions, it is expected that TT-3 is 29 °C and TT-10 is 13
°C. Process circulation is going on without interruption.

When “Shut-down B” conditions are fulfilled, skip to the “Shut-down C” condi-
tions.

Set oil temperature to 40 °C.

Set water temperature to 10 °C.

Set pressure reducing valve (Throttle-01) to 4 barg. (It is already set to 4 barg).
Adjust valve HA-115 water flow rate of 9.8 m3/h. (It is already set to 9.8 m3/h).
Adjust Pump-01 mass flow rate to 0.1 kg/s via HA-133 (globe valve) and HA-142
(by-pass valve).

Adjust frequency inverter to a percentage that gives 6 barg pump discharge pres-
sure. (Should be below the value of case “Shut-down B”).

Check level gages and take actions if levels are both not around mid-level. Refer
“Actions to be taken” at the end of the document.

Under steady state conditions, it is expected that TT-3 is 29 °C and TT-10 is 13
°C.

Stop Heater, Pump-02 and Pump-01 in this sequence. Close valve HA-136.
Wait for the liquid phase stabilize and accumulate at the bottom of the cycle
(pump inlet-pump outlet-evaporator-condenser).

Close all the valves to localize possible liquid phase leakages during stand still.

J.6. Actions to Be Taken

e If liquid level in the evaporator exceeds the mid-level;

(i) Decrease the flow rate of process pump (Pump-01).

(ii) Increase heater temperature.

e If liquid level in the evaporator drops below the mid-level;

(i) Increase the flow rate of process pump (Pump-01).
(ii) Decrease heater temperature.

(ili) Start-stop the oil pump (Pump-02).
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If liquid level in the condenser exceeds the mid-level;
(i) Decrease water flow rate via globe valve HA-115.
(ii) Increase water temperature from chiller.
If liquid level in the condenser drops below the mid-level;
(i) Increase water flow rate via globe valve HA-115.
(ii) Decrease water temperature from chiller.
Fine adjustment of flow rate and discharge pressure of the process pump (Pump-
01) can be done by;
(i) Adjusting frequency inverter.
(ii) Adjusting HA-133 (globe valve) and HA-142 (by-pass valve).
If pump discharge pressure increases above design point which is 25 barg;
(i) Immediately open valve HA-110. Pressure safety valve PSV-001 is also set
to the same pressure, but capacity is not checked.
(ii) Push emergency shut down (ESD) button.
(iii) Close the valve HA-110 once pressure drops below 20 barg.
If there is no liquid phase at the pump suction and level sensor would not shut
down the system;
(i) Push the emergency shut down (ESD) button.

(ii) In any case when Pump-01 is not running, press the ESD button.





