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Abstract

The paper presents the results of experimental research on a pumping engine with the low-boiling medium HFE-7100. The
research was conducted in a micro-ORC system with an output of about 2.5 kW.. Among other factors, the impact of
working medium temperature and pump rotational speed on the operating parameters of the gear pump and pumping engine
is analyzed. The research shows that increasing the rotational speed and HFE-7100 temperature resulted in an increase in
the power consumed by the pump drive and an increase in the effective power of the pump. The increase in the effective
power of the pump was greater than the electrical power consumption of the pump drive, resulting in an increase in the
volumetric efficiency of the pump. It has been established that, at a constant pump rotational speed of 2000 rpm, increasing
the average temperature of HFE-7100 by 27 K from approximately 304 K resulted in a 4% increase in the pump's volu-
metric efficiency to 80%. It has been established that, for any value of pump rotational speed and working fluid tempera-
ture, there exists an optimal effective power value for the pump at which the pumping engine achieves the maximum

efficiency.
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1. Introduction

Today, the world is seeing a continuous increase in the demand
for electricity [1]. This has contributed to increased exploration
and use of energy resources [2], rising energy prices [3], and the
energy crisis [4]. This has caused an increase in the emission of
pollutants into the natural environment [5]. As a result, many
countries have tightened standards, restrictions and rigour re-
lated to the emission of pollutants into the environment [6]. Such
actions have forced the search for new energy-saving technolo-
gies [7] and rational energy management [8], among other

things. This involves, among other things, recovering waste en-
ergy [9,10], using renewable energy sources (RES) [11], or
searching for new high-efficiency systems [12] and energy ma-
chines [13]. One possibility that meets the above requirements
is the use of combined heat and power (CHP) systems [14], in-
cluding organic Rankine cycle (ORC) technology [15].

It should be mentioned that ORC systems can be powered by
heat sources with a wide temperature range [16]. These systems
can use, among other things, waste heat [17] or RES [18], i.e.
biomass [19], geothermy [20] or solar energy [21]. It should be
noted that in ORC systems, in addition to expansion units (EUS),
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Nomenclature

d —diameter, m

Eu — Euler number, Eu=Ap/pv?

f —frequency, 1/s

g - gravitational acceleration, m/s?
H —head, m

L — characteristic dimension, m
m — mass flow rate, kg/s
n - rotational speed, rpm
N — power, W

p —pressure, kPa

P — net pump power, W

q - volumetric flow rate, m%/s
R

—range
Re — Reynolds number, Re=pvL/u
t — temperature, °C

v —velocity, m/s

V  —elementary capacity, m3/rev
w — velocity, m/s

X —quality

Greek symbols

— difference

— efficiency, %

— dynamic viscosity, Pa s
— density, kg/m?
—angular velocity, rad/s
— specific speed

RS B

flow units [22,23] and volumetric units [24], pumping engines
(PEs) are essential components [25]. PEs not only determine the
proper operation of the entire cogeneration system [26] but also
the profitability and investment payback period [27].

One indicator determining the operating efficiency of cogen-
eration systems is the back work ratio (BWR), which is the ratio
of the electrical power consumed by PE to the power produced
by EU [28]. BWR is an important indicator considered in sensi-
tivity analysis [29] and the optimisation process [30] of ORC
systems with gas turbines [31]. Studies [32] show that BWR is
directly correlated with the evaporation temperature of the
working medium (R123) and has extremes at which the BWR
value is minimum. The value of the BWR indicator depends on
the type of working medium. For the same evaporation temper-
ature value, the BWR value of the organic mediums used in
ORC systems is higher than that obtained for water. As the crit-
ical temperature of the working medium increases, the BWR
value decreases [33]. That is why in organic Rankine cycles, un-
like in classical steam cycles, the BWR indicator can have a high
value. That is why it can significantly affect the efficiency of the
ORC system and even cause it to be negative [34]. Then the
electric power consumed by PE is greater than the total electric
power produced by the expansion unit(s) operating in the micro-
ORC system [7].

Subscripts and Superscripts
1,2 — ordinal numbers
av —average

e —electrical

i —inner

nom- nominal

min— minimal

PE — pumping engine
r —real (measured)
t —thermal

th — theoretical

vol — volumetric

u — effective

Abbreviations and Acronyms
BWR - back work ratio

CHP — combined heat and power
EES - Engineering Equation Solver
EV — expansion valve

EU — expansion unit

GWP — global warming potential
MTG — micro turbogenerator

MR — measurement range

MV  — measurement value

ORC - organic Rankine cycle
PE —pumping engine

RES - renewable energy sources
R1 — first temperature range
R2 - second temperature range
VSD - variable speed drive

Therefore, the efficiency of these power machines, and thus
their energy intensity, should be as low as possible [35]. That is
why new organic media are continually being tested in ORC sys-
tems to achieve the lowest possible BWR values [36]. However,
it should be emphasised that pumps are mostly designed to op-
erate with water as the working fluid [37]. Meanwhile, the phys-
ico-chemical properties of organic working media differ signif-
icantly from those of water [38]. Many a time such liquids have
much higher density and lower viscosity in relation to water
[39]. As a consequence, they can cause higher losses due to in-
ternal leaks in pump components and reduce their efficiency and
effective delivery head [40]. Additionally, the working fluids
used in ORC systems can have adverse effects on pump [41] and
microturbine components [42,43], and they can also cause cavi-
tation [44,45]. These phenomena can contribute to machinery
malfunctions, which can eventually lead to their damage or
breakdown. Therefore, to prevent and eliminate these adverse
effects, analyses [46] and numerical simulations [47] are con-
ducted, as well as experimental research [48] when these ma-
chines operate in conjunction with each other in ORC systems
[49].

For example, Yang et al. [50] conducted a study on a multi-
stage centrifugal pump, hydraulic diaphragm metering pump
and roto-jet pump in an ORC system with R245fa refrigerant.
The study was conducted with a working fluid temperature at
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the pump supply of approximately 30°C and a pressure range of
4 to 11 bar. They determined that the maximum efficiencies of
these pumps were 58.76%, 55.26% and 30.51%, respectively.
On the other hand, the maximum mechanical efficiency of the
multistage centrifugal pump operating in an ORC system with
R245fa fluid was approximately 62% [51]. Zeleny et al. [52]
conducted a study on a PE with a gear pump operating in an
ORC system with a nominal electrical power of approximately
5 kW.. The pump was supplied with the working fluid, hexame-
thyldisiloxane. The study shows that, at the operating point of
the ORC unit, the maximum isentropic and volumetric efficien-
cies were approximately 70% and 81%, respectively, and the PE
efficiency was approximately 45%. D'Amico et al. [53] con-
ducted a study on a multi-diaphragm pump in a 5 kW, ORC sys-
tem. They used R134a as the working fluid. For the nominal op-
erating parameters of the ORC system, the working fluid tem-
perature at the pump supply was approximately 30°C. The study
showed that with a differential pressure of approximately 15 bar
in the pump, the maximum PE efficiency was approximately
32%, and the maximum volumetric efficiency of the pump was
around 94%.

Carraro et al. [54] studied a PE with a multi-diaphragm pump
in a 4 kW, ORC system with R134a as the working fluid. The
pump, operating at a supply frequency of 50 Hz, had a rotational
speed of 960 rpm and could generate a maximum pressure of
approximately 25 bar. The study shows that an important param-
eter affecting the efficiency of PE is the pump rotational speed.
They determined that as the rotational speed of the pump in-
creases, the efficiency of PE increases. At 53% of the rated fre-
quency of the pump drive supply and within a working fluid
pressure differential range of 7 bar to 15.5 bar, the efficiency of
PE was in the range of 15-24%. When the drive supply fre-
quency was increased to 80% of the rated value, and the rota-
tional speed of the pump was thus increased to 782 rpm, a pres-
sure differential of 15 bar and a maximum PE efficiency of ap-
proximately 48% were achieved. On the other hand, further in-
creases in the rotational speed of the drive resulted in a decrease
in PE efficiency. Numerical analysis by Zardin et al. [55] shows
that at low rotational speeds and high forcing pressures, so-
called critical operating conditions arise, resulting in an approx-
imate 15% decrease in the mechanical efficiency of the gear
pump.

A study by Misiewicz [56] shows that as the load rate and
rotational speed decrease, the efficiency of an electric motor op-
erating in conjunction with a frequency converter decreases. The
researchers found that an electric drive operating below 70% of
the rated load could result in a reduction in the efficiency of the
pump unit by approximately 57%. Similar conclusions were ob-
tained by Yang et al. [57], who studied a piston pump in an ORC
system with R123 fluid. The study shows that at low rotational
speeds (approximately 8 Hz), the maximum efficiency of PE
was around 30%, with the pump's maximum isentropic effi-
ciency of approximately 73%.

However, the total efficiency of PEs used in micro-ORC sys-
tems depends not only on the pump efficiency but also on the
efficiency of the pump drive and additional equipment, e.g. in-
verter, etc. For example, a study conducted by Landelle et al.
[58] on a PE unit with a reciprocating pump in an ORC system
with R134a fluid shows that, regardless of the pump's rotational
speed and discharge pressure, the power consumption of the var-
iable speed drive (VSD) is constant. The power balance pre-
sented for the PE unit shows that at a maximum pressure of 35
bar and about 33% of the rated rotational speed of the pump, the
power lost by VSD was about 44%, and the effective power of
the pump was about 40% of the total power of the PE unit. On
the other hand, pump and motor losses were 13% and 3%, re-
spectively. Under the rated operating conditions of the pump,
the effective power of the pump accounted for approximately
52% of the total power of the PE unit, and the losses in VSD,
motor and pump were 19%, 12% and 17%, respectively. The
researchers found that at the rated rotational speed of the pump,
as the forcing pressure decreases, the effective power of the
pump decreases, and the losses in VVSD, motor and pump in-
crease.

Feng et al. [59] conducted a study on a plunger pump oper-
ating in an ORC system with a capacity of approximately 2 kWe.
The cogeneration system used an expansion unit with a scroll
expander, which was powered by the R123 fluid. The study
found that the isentropic efficiency of the scroll expander was in
the range of 69% to 85%. The researchers determined that the
efficiency of the electric generator was in the range of 60% to
73%. On the other hand, the isentropic efficiency of the plunger
pump was in the range of 27% to 54%. For these operating con-
ditions of the cogeneration system, the BWR value was in the
range of 14% to 32%. The work highlights that the maximum
theoretical thermal efficiency of this cycle was approximately
11%, and the maximum thermal efficiency confirmed by the
study was about 5%. On the other hand, a study [60] conducted
on a diaphragm metering pump in an ORC system with R123
fluid demonstrates that as the BWR indicator increases, the ther-
mal efficiency of the cycle decreases. On the other hand, the
ORC system's thermal efficiency was 0.13% and was similar to
the results obtained by Gao et al. [61].

On the other hand, Komaki et al. [62] found that an alterna-
tive to commercial solutions could be a rotary jet pump (known
as a Pitot pump), which could ensure not only a higher delivery
head but also a higher flow at a higher efficiency. Literature data
[63] show that the delivery head of a Pitot tube pump can be
approximately 1.6 times higher than that of a conventional cen-
trifugal pump operating at the same speed. Because in this de-
sign (Pitot pump), high rotational speeds of the pump are not
necessary to generate high forcing pressure. In addition, the Pi-
tot pump can also produce high pressure of the liquid at a low
flow rate of the working fluid.

As part of the literature review, it is worth mentioning that
research is also being conducted on so-called pumpless ORC
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systems. A study by Jiang et al. [64] demonstrated that the max-
imum electrical efficiency of a pumpless ORC system with
a 1 kW, scroll expander powered with R245fa was 2.4%. Theo-
retical calculations by Gkimisis et al. [65] demonstrate that
pumpless micro-ORC systems can achieve a maximum thermal
efficiency of approximately 5%. On the other hand, according
to Richardson [66], in the case of two-stage systems with ther-
mofluidic pumps, the theoretical efficiency of these ORC sys-
tems can be approximately 7.5%. However, it should be empha-
sised that these systems require advanced control and regulation
systems and have a more complex structure compared to sys-
tems with PEs.

The conducted review of the thematic literature shows that,
despite high pump efficiencies [67], the efficiency of the re-
maining components of the unit also has a fundamental impact
on the total efficiency of the PE. As a result, the maximum effi-
ciencies of PEs operating in micro-ORC systems did not exceed
48%. Moreover, the application of a different operating medium
to the same type of pump gives different results obtained during
experimental tests. As the review shows, the results obtained by
experimental testing differed significantly from those obtained
during theoretical calculations. For example, the theoretical ef-
ficiencies of the pumps and PEs were more than twice as high
as the efficiencies noted during the experimental research.
Hence, one can see the existing necessity to conduct experi-
mental research on PEs operating in micro-ORC systems.

The paper presents a study conducted on a PE with a gear
pump and the low-boiling fluid HFE-7100. Currently, there is
a lack of experimental study on PE with such a medium in the
thematic literature. It should be emphasised that HFE-7100 is
environmentally friendly and possesses good thermodynamic
properties as a potential working fluid for ORC systems. The
HFE-7100 medium has a GWP value of 320, which is signifi-
cant in terms of environmental assessment [69]. However, this
medium is categorised as a solvent, which, consequently, can
have an adverse effect on some construction materials of the
pumps, as demonstrated in this work. That is why the experi-
mental research results presented can also have a practical ap-
plication in addition to the scientific aspects. Moreover, the re-
search presents the effect of changing the temperature of the
working fluid on the operating parameters and performance of
the pump and PE, which will certainly contribute to filling the
existing literature gap in this subject area. The work presents the
performance characteristics of the PE and the pump based on
dimensionless numbers, which will facilitate other researchers
in comparing their research results and analyses. The PE char-
acteristics presented as a function of dimensionless numbers en-
able researchers to compare their research results for different
types of pumps effectively, spanning a wide power range. More-
over, it will be possible to compare PE research for the various
working mediums used in ORC systems. The author's motiva-
tion and rationale for conducting experimental research, based
on the author's experience, are presented in Section 2.

2. Motivation and rationale for conducting the
experimental research

Most pumps available on the commercial market mainly have
operating characteristics specified for water as the working me-
dium. Manufacturers do not always provide the operating char-
acteristics of pumping engines specified for the new working
mediums used in ORC systems. It should be noted that there is
also limited information on the durability and compatibility of
pump construction elements for these new operating mediums.
That is why, in the commercial market, the selection of pumping
engines with the required operating parameters for the ORC sys-
tem with the HFE-7100 medium was largely limited. It should
be emphasised that the cost of purchasing a commercial PE is
several times less than the price to be paid for individually de-
signing and building a prototype pumping engine [49]. This
means that using a commercial PE in an ORC system can be
justified economically, as it can significantly reduce the total
cost of the microsystem.

In ORC micro-CHP systems, pumping engines are charac-
terised by specific operating conditions due to the required high
pressure and low flow rate of the working medium in the cycle
[68]. For example, for an ORC system with a 2.5 kW, micro-
turbine, a nominal supply pressure of approximately 1100 kPa
is required at an HFE-7100 medium flow rate of approximately
0.17 kg/s [70].

The study [38] conducted on a commercial PE with a PK70-
type rotodynamic pump showed that the pump's discharge pres-
sure rise was too low in relation to the HFE-7100 medium flow
rate (Ap/m). As a result, at the required nominal vapour pressure
at the inlet of the expansion valve, the value of the working me-
dium flow rate was several times higher than the nominal value.
This resulted in the micro-ORC system with a 25 kW biomass
boiler not being able to generate vapour at the required parame-
ters, thus failing to ensure the appropriate superheating degree
of HFE-7100 directed to the expansion unit. Supplying a flow
expansion unit with wet vapour or liquid working medium can
cause it to malfunction, reduce efficiency, and even fail. On the
other hand, the study showed that the maximum efficiency of
the PK70-type rotodynamic pump operating in the micro-ORC
system with and without regeneration was 11.7% and 14.7%,
respectively. This was due, among other factors, to internal
losses in the pump, which increased the energy consumption of
the pump. The HFE-7100 medium has approximately 1.5 times
the density of water, and kinematic viscosity is more than twice
as low.

A study conducted by Mathias et al. [71] on an ORC system
with R123 medium showed that the gear pump was very energy-
consuming, consuming about 2.2 kW. The researchers found
that the duplex (positive-displacement) piston pump was less en-
ergy-consuming, with a power consumption of about 390 W and
an isentropic efficiency of about 69% (including the motor).

On the other hand, the study [72] found that the HFE-7100
medium had virtually no lubricating properties and the use of
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rolling bearings caused the grease to be washed out, increasing
the vibration level and ultimately damaging the expansion unit.
HFE-7100 is a solvent primarily used in industry as a cleaning
and washing agent. Therefore, using a piston pump and direct
contact with the HFE-7100 medium would result in its damage.
That is why, based on the above experience and literature data,
an intermediate option was decided upon, namely the use of
a diaphragm pump (type D/G-03, produced by HYDRA-
CELLTM PUMP) in the ORC system and PE tests [25]. From
the experimental tests carried out, it became apparent that after
approximately 5 hours of PE operation with the HFE-7100 me-
dium, the pump diaphragms were damaged (Fig. 1), and the lu-
bricating oil from the diaphragm pump penetrated into the work-
ing medium cycle. It should be mentioned that at the time of
selection and purchase, both the sellers of the working medium
and the pumping engine declared the compatibility of the con-
struction materials used for PE with the HFE-7100 medium.
Moreover, the static chemical resistance to the HFE-7100 me-
dium (the immersion test lasted 30 days) of the material samples
(EPDM, Viton, Teflon), from which the pump diaphragms were
made, was also confirmed by experimental tests conducted at
the Institute of Fluid-Flow Machinery of the Polish Academy of
Sciences (IFFM PAS) in Gdansk.

Thus, during these tests, it was demonstrated that the mate-
rial used from the pump diaphragms lacks resistance to the
HFE-7100 liquid under varying dynamic loads, rendering PE
unsuitable for use in the ORC system together with the dia-
phragm pump. It should be emphasised that there is currently
a shortage of such studies and data in both the thematic literature
and pump manufacturers' databases. That is why it is worth bear-
ing in mind that the use of new working mediums that have not
been fully tested brings many uncertainties to both the design
and experimental testing of the components (i.e. PE) of an ORC
system. It must then be assumed that the new working medium
can be one of the causes of damage to the seals of the machines
and their components and cause an increase in internal leakage
in these devices [49,38], which, consequently, can lead to a re-
duction in their functionality and efficiency.

Fig. 1. a) ORC test rig, b) dismounted diaphragm pumping engine,
c¢) damaged diaphragms; 1 — diaphragm pumping engine,
2 — expansion valve, 3 — regenerator, 4 — evaporator [25].

Research was also conducted with the HFE-7100 medium of
a prototype Roto-Jet pump with a nominal rotational speed of
8000 rpm, a flow rate of 0.3 m%/h and a specific speed of 2.19,
which was designed and built at IFFM PAS, in Gdansk [49]. The
study showed that superheating of the working medium before
entering the expansion valve was only achieved at a few points
in the ORC system without regeneration, whereas in the system
with regeneration, the HFE-7100 medium was in the wet vapour
region. It was determined that the experimental results deviated
to a significant extent (approximately 21%) from the design as-
sumptions, analytical calculations, and 3D numerical calcula-
tions performed based on classical computational models [49].
Detailed analyses of the test results obtained showed that the
working medium databases implemented in the computational
models were incorrect. As it turned out, the properties of the me-
diums implemented in the commercial calculation programs,
such as Engineering Equation Solver (EES) or Aspen Plus, com-
monly used in engineering calculations, differ significantly from
the data obtained through experimental studies. For the HFE-
7100 medium, for example, the maximum difference in kine-
matic viscosity (at 0°C) between the experimental data of
Rausch et al. [73] and the data obtained from the EES program
was approximately 32%. The same is true of the working me-
dium database, e.g. REFPROP 9.1, which does not contain com-
plete data on the thermophysical and physicochemical proper-
ties of the working medium HFE-7100. On the other hand, man-
ufacturers of working mediums typically provide physicochem-
ical data in their catalogues for only a single point, for normal
or standard conditions (at 25°C and 1013.25 hPa). That is why
ongoing efforts are being made to create reliable databases for
new working mediums [74]. It should be borne in mind that the
working mediums adopted for ORC systems repeatedly have
a completely different application predicted by the manufac-
turer, as mentioned above.

To recapitulate, it can be stated that the rationale for con-
ducting PE tests with a gear pump was driven, among other fac-
tors, by the uncertainty and lack of complete knowledge of the
HFE-7100 medium used in the ORC system. Based on previous
experience with this medium, it
was necessary to investigate the
PE under real operating condi-
tions in a microsystem. This was
due, among other factors, to the
necessity of establishing the
chemical interaction of this me-
dium with the pump's structural
components, determining the
performance characteristics of
the pump operating in the micro-
ORC system, and filling the lit-
erature gap in this area. That is
why this question is of interest
both in terms of content and re-
search. On the other hand, one
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of the objectives of this study was to determine whether and to
what extent the pumping engine can operate with the low-boil-
ing liquid HFE-7100 in the micro-ORC system, and if so, what
the actual operating characteristics of PE are.

3. Test bench

A study on a PE with a gear pump was conducted in a micro-
CHP ORC system, a diagram and photograph of which are
shown in Figs. 2 and 3, respectively. The micro-ORC system
ultimately operates in conjunction with a 2.5 kWe micro turbo-
generator (MTG) [75] powered by the vapour of the HFE-7100
working fluid [21]. The basic physicochemical parameters of the
low-boiling fluid HFE-7100 are listed in Table 1. It should be
noted that HFE-7100 is a dry working medium, as shown in the
T-s diagram (Fig. 4). In view of the above, the PE should ensure
nominal operating parameters for MTG, among others:

e mass flow rate (mnom) — 0.17 kg/s,

o nominal vapour differential pressure in the microturbine
(Apnom) — 1000 kPa,

o minimal vapour differential pressure in the microturbine
(Apmin) — 450 kPa.

The test rig used for the research on the PE consisted of three
cycles: the heating cycle, the HFE-7100 working fluid cycle and
the cooling cycle. A prototype two-module induction heater
with a nominal power of 2 x 24 kW, was used to heat the thermal

-

v —_— =
g 3
< = Fan Cooler
3 g
8 2
A 123 é
Z FVAAAAA
Condenser
\/\/\/\N\I¥~o—+
Heat 'g
source =

Flowmeter

Pump

Fig. 2. Simplified diagram of a micro-ORC system: t; and
t, — temperature measurement points at the pump inlet and outlet,
p: and p, — pressure measurement points at the pump inlet and outlet.

Table 1. Selected physicochemical properties of the HFE-7100 wo-
rking fluid at a temperature of 25°C and atmospheric pressure [21].

Properties Values Units
Boiling Point 61 °C
Liquid Density 1510 kg/m3
Dynamic Viscosity 0.61 mPas
Specific Heat 1183 J/kg K
Surface Tension 0.0136 N/m

oil. The vapour of the working fluid from the expansion valve
(EV) was directed successively to the condenser and then to the
tank from which the PE was fed. The thermal oil was directed to
the evaporator after being heated to a set temperature. A plate
heat exchanger with a heat exchange surface area of 4.1 m? was
used as an evaporator. The HFE-7100 working fluid, pumped by
the PE, vaporised while flowing through the evaporator. It was
then directed to the EV, which simulated MTG operation. The
EV was used to throttle the flow of the working fluid and thus
constituted the load for the tested PE. A plate heat exchanger
with a heat exchange surface area of 3.2 m? was used as the con-
denser.

%( S .}‘ /]
3 omw‘f' A

Fig. 3. Micro-ORC power plant test rig: 1 — pumping engine,

2 — frequency converter connected to the PE drive, 3 — evaporator,
4 — Coriolis mass flowmeter, 5 — condenser, 6 — control and regula-
tion module for the induction heater, 7 — heating cycle piping,

8 — cooling cycle piping.

250

T [°C]

0

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
s [kd/kg K]

Fig. 4. T-s diagram of the HFE-7100 working medium.

The heat from the condenser on the working fluid side was
dissipated using a 50 kW fan cooler. In the fan cooler, a 40%
solution of propylene glycol in distilled water was used as the
working fluid.
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3.1. Pumping engine

The tested PE was a commercial design that consisted of
agear pump (1.1), which was connected to an electric drive (1.3)
via a magnetic coupling (1.2), as shown in Fig. 5. The technical
data and operating parameters of the gear pump and electric
drive are provided in Table 2.

Table 2. Selected technical data of PE (according to manufacturer's
data).

Gear pump Electric drive

Manufac- Scherzinger Manufacturer | Kienle

turer

Type gear Type synchronous

4030-450-DM KTENW 80

Model 075 Model K2 KT

Displace- 4.5 cm?frev Class .of con- | o,

ment struction

Maximum

differential 14 bar Efficiency 77.4%

pressure

Maximum 15.75 I/min Power rating 750 W

flow rate

Maximum Rotational

rotational 3,500 rpm 3,000 rpm
speed

speed

Outer diam-

eter of the 25 mm Rated voltage 230/400 V

gear wheel

Pitch diame-

ter of the 20 mm Rated current 3.0/1.7A

gear wheel

Inner diame-

ter of the 14.5 mm Frequency 50 Hz

suction port

Inner diame-

;eisrcc;‘fatr:: 14.5 mm cos @ 0.80

port

Tempera- from -20°C to | Insulation r

ture range +130°C class

Maximum Ingress  Pro-

inlet pres- 100 bar . IP55
tection code

sure

The PE was connected to the micro-ORC system with the
help of corrugated pipes (9,10) made of stainless steel. Mano-
vacuometers (11,12) and shut-off valves (13,14) were fitted to
the suction and discharge piping. The rotational speed of the
gear pump was controlled by varying the frequency of the motor
power supply using an inverter of the type SV015iG5A-4, man-
ufactured by LS Electronics.

3.2. Test apparatus and measurement errors

K-type thermocouples with a diameter of 0.5 mm were used to
measure the temperature of the working fluid before and after
the pumping engine. On the other hand, pressure transducers and
manovacuometers were used to measure pressures. The flow
rate of the working fluid was measured using a Coriolis flow-
meter (Fig. 2). The schedule and specifications of the measuring
apparatus used for the PE tests are included in Table 3.

Fig. 5. Photograph of the PE on the test rig: 1.1 — gear pump,
1.2 — magnetic coupling, 1.3 — electric drive, 9 — pump supply pipe,
10 — pipe at the outlet of the gear pump, 11 and 12 — analogue mano-
vacuometers fitted to the suction and discharge piping, respectively,
13 and 14 — shut-off valves fitted to the suction and discharge piping,
respectively, 15 — the inside of the gear pump housing.

The standard uncertainties of the dimensionless numbers Re and
Eu were 0.8% and 0.5%, respectively, as calculated from the re-
lation (1):

u(k) = (Ak/V3) - 100%. 1)

where: Ak — maximum uncertainty.

Table 3. Test apparatus and measurement sensors.

Instrument: Manu- Range Accuracy
type/model facturer
Thermocou- Czaki
ple: K-type, Thermo- -40°C - 600°C * 0.0[(32]0~|t|
Class 1 Product
Pressure
:;1':%‘;;? Peltron 0-16 bar £0.1% MR
Class 0.1
Analogue
mano- . +0.16 bar
vacuometer: Wika 016 bar MV
Class 1.0
Coriolis mass
flowmeter:
model Sitrans Siemens 0-5,600 kg/h +0.1% MV
FC, type Mass
2100
0.002-1.200 A o
Meter of net- 0.010-6.000 A +0.2% MR
work parame- Lumel 5-480V +0.5% MR
ters, type -1.65 -1.65 kW +0.5% MR
ND20 -1.65—1.65 kVar +0.5% MR
1.4-1.65 kVA +0.5% MR

MR — measurement range, MV — measurement value

Manovacuometers were used as additional measuring instru-
ments to monitor pressure during the start-up of the ORC sys-
tem. A meter of network parameters, of the type ND20, was used
to measure the electric power consumed by the pumping engine
drive. All measured quantities were recorded and archived by
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a measurement system from National Instruments (NI). A pro-
gram specifically written in the LabView environment was uti-
lised to record, archive, and visualize the measurement data. All
measured quantities were recorded every 1 second on an NI
measurement computer.

4. Methodology and research procedure

The research methodology of the PE is shown in Figure 6. The
PE was tested at three preset rotational speeds: n; = 1000 rpm,
n; = 1500 rpm, and nz = 2000 rpm. At each preset rotational
speed, the PE was tested in two temperature ranges (R1 and R2)
of the HFE-7100 working fluid, which were measured at the
pump supply. The temperature waveforms of the HFE-7100
working fluid measured at the pump supply depending on the
pump's differential pressure for the preset rotational speeds of
the pump are shown in Fig. 7.

Elesearch methodologyj
[

|
| n,=1,500 rpml I n;=2,000 rpml

| n,=1.000 rpm)|

R [R] R [R] [R] [R]

Fig. 6. Metrology of PE testing.

100

1) 1000 rpm - R1 2) 1000 ipm - R2

%0 3) 1500 rpm - R1 4) 1500 rpm - R2
80 5)2000tpm-Rl  6) 2000 5pm - R2
o
3
= 7
PR e e e T Gyt WS e — Fre
=
g 50
)
Ll 1) T N S —
g b
B N o L T e e i i e O e L Y .

20

10

o + + + + + + + + +

400 500 600 700 800 200 1000 1100 1200 1300 1400

Differential pressure, Ap [kPa]

Fig. 7. Temperature ranges of HFE-7100 versus differential pressure
of the pump unit.

The first temperature range (R1) of the HFE-7100 working
fluid (t; — Fig. 7) covered the range from 29°C to 39°C, and the
second (R2) from 58°C to 64°C. In R1, the average tempera-
ture value of HFE-7100 was ta1=34 £5 °C, and in R2, it was
tao=61 = 3 °C. It should be emphasised that the boiling point of
HFE-7100 at atmospheric pressure is 61 °C. That is why the
working fluid with a temperature of 61 °C directed from the tank
to the pump's suction channel should have a pressure higher than
atmospheric to avoid cavitation. The pressure of the working
fluid behind EV was regulated by a condenser heat removal sys-
tem (Fig. 2).

The temperature ranges R1 and R2 were determined based
on the technical capabilities of the heat removal system for the
heat exchangers (evaporator and condenser). The tolerances in
the average temperature values of HFE-7100, and thus the
ranges R1 and R2, were, among other things, due to the limited
possibilities of regulating the operating parameters of the cycles
as a result of the high thermal inertia of the ORC system. There-
fore, maintaining small temperature tolerances with the required
minimum differential pressure (450 kPa) of the working fluid
for the preset rotational speeds of the pump was rendered diffi-
cult, particularly in the R2 range.

That is why the proposed research methodology had two
principal objectives. Firstly, to verify: At what operating param-
eters will PE ensure nominal operating conditions for MTG?
Secondly, at what rotational speed levels (ni, n2, n3) and preset
temperature levels (R1, R2) of the low-boiling fluid HFE-7100
will the efficiency of PE be the highest?

4.1. Research procedure

The research procedure involved setting the power and oil tem-
perature on the control panel of the electric induction heater,
which were 30 kW, and 200°C, respectively, under the nominal
operating conditions of MTG. Then, the oil pump was started,
and a verification of the correct operation of the measuring ap-
paratus and indications of measuring instruments was per-
formed. After positive tests, the electric induction heater was put
into operation. The rotational speed of the oil pump, and thus the
value of the oil flow rate in the heating cycle, was regulated us-
ing an inverter.

The system's heating process was carried out until the ther-
mal oil temperature reached approximately 100°C. At that time,
the fan cooler and glycol pump were started, and the proper op-
eration of the measurement system in this cycle was checked.
Then, the process of starting the working fluid cycle, in which
the tested PE was mounted, was initiated. Using an inverter, the
present rotational speed (i.e., n1, N2 or n3) of the PE, and thus the
flow rate value of the HFE-7100 working fluid, was set. At this
stage of the research, the expansion valve was fully open. At that
time, the forcing pressure value of the working fluid was ap-
proximately 120 kPa.

For this value of working fluid pressure and a thermal oil
temperature of about 100°C, the process of complete evapora-
tion of HFE-7100 in the evaporator occurred. By varying the
flow rate of the glycol solution, the average temperature of the
working fluid, tay1 or tay2, was regulated to fall within the present
range of R1 or R2. Control of the flow rate of the glycol solution
in the cooling cycle was realised by changing the rotational
speed of the glycol pump using an inverter. Once the microsys-
tem was warmed up and the set temperature (taa Or ta) was
within the tolerance limit (R1 or R2), the process of loading PE
commenced. PE was loaded by means of changing the degree of
opening of the expansion valve, which made it possible to deter-
mine the so-called choking characteristics. The same procedure
was used for each preset rotational speed of PE.
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5. Calculation methods

The effective (useful) delivery head of the pump H, was calcu-
lated from Eq. (2):
H, = Ap/gp. )
The volumetric efficiency of the pump was calculated from
Eg. (3):
Mot = (M /Mey) 100%. 3)

The value of the theoretical flow rate of the pump was cal-
culated from Eq. (4):

me, = pVf. 4)

The specific speed of the pump was calculated from Eq. (5):
Qs = oq'?/(gH)**. (5)
The delivery head of the pump was calculated from Eq. (6):

H=p,/gp. (6)

The net (effective) power of the pump, Py, was calculated
from Eq. (7):

B, = qAp. (7)

The efficiency of the pumping engine, npee, was calculated
from Eq. (8), which has the form:

Mpp = (Pu/Ne) 100%. (8)

As mentioned earlier, one of the essential parameters requi-
red from PE is an adequate differential pressure (Ap) of the
working fluid. That is why the dimensionless parameter Euler
number (Eu) was introduced into the analysis, which was calcu-
lated from Eq. (9):

Eu = Ap/pw?. )
The flow velocity was calculated from Eq. (10):

w = q/(nd?/4). (10)

The nature of flow of the working fluid through the pump
was determined based on the Reynolds number (Re), which was
calculated from Eq. (11):

Re = wpd; /. (11)

6. Results and discussions

As mentioned earlier, the differential pressure in the pump (Ap)
is one of the essential parameters required for the correct opera-
tion of expansion microunits. That is why the elaborated exper-
imental performance characteristics of PE are presented as
a function of differential pressure, among others, as detailed in
Section 6.1. The efficiency characteristics of the pump and PE
are discussed in Section 6.2. On the other hand, an analysis of

PE operation in the ORC system based on dimensionless hum-
bers is provided in Section 6.3.

6.1. Analysis of the effect of differential pump pressure

Figure 8 shows that with an increase in the differential pressure
value (Ap), the useful delivery head of the pump (Hy) increased.
It was observed that the pump rotational speed did not have
a fundamental impact on the value of the useful delivery head of
the pump.

This manifested itself in the fact that the measurement data
labelled 1, 3 and 5 (see Fig. 8), being in the R1 temperature
range, could be approximated by a single line. Similarly, in the
R2 temperature range, the measurement data (labelled 2, 4 and
6 in Fig. 8) aligned along a single approximation line (broken
line). Furthermore, it was found that irrespective of the temper-
ature of the working fluid, the useful delivery head of the pump
increased with the rise in the differential pressure generated by
the pump. On the other hand, an increase in the temperature of
the working fluid at the same differential pressure resulted in
a further increase in the value of the useful delivery head (AHy)
of the pump. This was manifested by the increase in the slope
value of the approximating straight lines.

100

Head, Hy; [m]

| 1) 1000 rpm - R1
10 + r 4 3) 1500 rpm - R1
I 5)2000 rpm - R1

2) 1000 rpm - R2
4) 1500 rpm - R2
6) 2000 rpm - R2

R o I A e t
0 200 400 600 800 1200 1400

Differential pressure, Ap [kPa]

Fig. 8. Useful delivery head of the pump versus differential pressure.

Figure 9 shows the electric power (N¢) consumed by the PE
drive versus differential pressure. The study reveals that, regard-
less of the temperature of the working fluid, the electric power
consumed by the PE drive is directly proportional to the differ-
ential pressure of the pump.

It was determined that as the rotational speed and the tem-
perature of the working fluid increase, the power consumed by
the pump increases. In the analysed case, for this same value of
differential pressure and at a pump rotational speed of
1000 rpm, the temperature increase from R1 to R2 resulted in
an increase in the electric power (ANe-.n1) consumed by the pump
drive by 26 W.. On the other hand, at a rotational speed of
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Fig. 9. Electric power consumed by the PE drive
versus differential pressure.

1500 rpm, an increase in the consumed electric power (ANen2)
of approximately 18 W. was recorded. In the case when the
pump rotational speed was 2000 rpm, the increase in electric
power consumption (ANe.n3) by the pump drive was approxi-
mately 16 We. This means that as the rotational speed increases,
the electric power consumption by the PE drive decreases
(Fig. 9). Table 4 includes the values of power consumed by the
PE drive for preset pump rotational speeds and a differential
pressure of 1000 kPa.

Table 4. Operating parameters of PE for a differential pressure of
1000 kPa and preset pump rotational speeds.

Charac- Parame- Pump rotational speed Units
teristics ters 1000 1500 2000 rpm
R1 67 67 67 m
Hu(Ap) R2 71 71 71 m
AHy 6 6 6 %
R1 199 278 359 W
Ne(Ap) R2 225 295 375 W
ANe 13.1 6.1 4.4 %
R1 31 66 110 W
Pu(Ap) R2 37 77 120 W
APy 19.3 16.7 9.1 %

Figure 10 shows that the effective power of the pump in-
creases with increasing differential pressure and rotational speed
of the pump. It was observed that above a differential pressure
of about 450 kPa, the temperature of the working fluid has
a fundamental impact on the effective power of the pump. It also
results from this that at the first (APu.n1), second (APu.n2) and
third (APy.n3) rotational speeds, the increases in the effective
power of the pump were 6 W, 9 W, and 10 W, respectively. This
means that at a constant differential pressure, there was an in-
crease in the average effective power of the pump as the temper-
ature of the working fluid increased. As mentioned earlier, the
second necessary condition for the use of PE in the micro-ORC
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Fig. 10. Dependence of the net pump power
on the differential pressure.

system and the correct operation of MTG is to ensure an ade-
quate flow rate of the working fluid.

6.2. Analysis of the effect of ORC system operating pa-
rameters on PE efficiency

As mentioned earlier (Section 3), the value of the nominal flow
rate of HFE-7100 in the 2.5kW. MTG is approximately
0.17 kg/s. Moreover, the pump is required to have the highest
possible efficiency. That is why Fig. 11 shows the dependence
of the volumetric efficiency of the pump on the flow rate of the
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Fig. 11. Dependence of pump volumetric efficiency
on the HFE-7100 flow rate.

working fluid. The study (Fig. 11) reveals that as the pump ro-
tational speed increases, the slopes («) of the straight lines ap-
proximating the pump efficiency versus the working fluid flow
rate decrease. That is why, as the pump rotational speed in-
creases, the characteristics are steeper. For example, for a rota-
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tional speed of 1000 rpm, the average value of the angle (a1-2)
within the temperature range R1 and R2 was approximately 62°
(Fig. 11). For a rotational speed of 1500 rpm, the average value
of the o34 angle was approximately 52°. On the other hand, for
a pump rotational speed of 2000 rpm, the value of the as.¢ angle
was approximately 42°.

It has been established that a 500 rpm change in the rota-
tional speed of the pump results in a change of the inclination
angle of the straight line approximating the volumetric effi-
ciency of the pump by 10°. That is why, at low rotational speeds
(lines 1 and 2), a small change in the flow rate of the working
fluid results in a large change in the volumetric efficiency of the
pump.

The study reveals that an increase in the temperature of the
working fluid results in an increase in the volumetric efficiency
of the pump. For example, for a flow rate of 0.17 kg/s (Fig. 11)
in the R1 temperature range, the average value of the pump vol-
umetric efficiency was approximately 76%, and in the R2 range,
it was approximately 80%. Furthermore, it can be seen from
Fig. 11 that achieving an HFE-7100 flow rate equal to 0.17 kg/s
is only possible with a pump rotational speed of at least
2000 rpm (lines 5 and 6).

Figure 12 shows that an increase in the rotational speed of
the pump resulted in an increase in the efficiency of the PE. It
has been established that for each value of speed and working
fluid temperature, there exists an optimum effective power value
for the pump at which the efficiency of PE is maximum. For
a pump rotational speed of 1000 rpm, in the R1 temperature
range, the maximum PE efficiency of approximately 17.0% was
achieved with an effective power of 25 W. On the other hand,
an increase in the HFE-7100 temperature from R1 to R2 resulted
in an increase in PE efficiency to 17.2%, which was obtained
with an effective power of 30 W.
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Fig. 12. Effect of the effective power of the pump
on the efficiency of PE.

Similarly, at pump rotational speeds of 1500 rpm and
2000 rpm, the increase in temperature resulted in an increase in
the efficiency of PE. The maximum efficiencies of PE at a rota-
tional speed of 1500 rpm for the temperature ranges R1 and R2
were 19.0% and 26.0%, respectively. On the other hand, at
a rotational speed of 2000 rpm, the efficiency maxima for the
R1 and R2 ranges were 30.2% and 31.8%, respectively.

These efficiency values were obtained at the effective pow-
ers of the pump, which were 103 W and 120 W, respectively. It
is worth noting that for a pump rotational speed of 2000 rpm (at
the MTG's nominal operating point), regardless of the
HFE-7100 temperature, the volumetric efficiencies of the pump
were approximately 60% higher (Fig. 12) than the PE efficien-
cies obtained. This means that not only the pump but also the
efficiencies of the drive and magnetic coupling have a very sig-
nificant impact on the efficiency of PE. At a nominal rotational
speed of 3000 rpm, the efficiency of the electric drive is approx-
imately 77%. That is why PE operation below the rated rota-
tional speed of the electric drive resulted in significant losses.

6.3. Analysis of PE operation in terms of dimensionless
numbers

Figure 13 shows that the temperature of the working fluid has
a fundamental impact on the value of the Reynolds number (Re).
It was determined that at the nominal flow rate of the MTG
(i.e., 0.17 kg/s), in the HFE-7100 temperature range R1, Re was
approximately 30 000. On the other hand, in the R2 range of
working fluid temperatures, the Re number was approximately
40 800. As can be seen in Fig. 13, the value of the Re number
over the entire investigated range of temperatures (R1 and R2)
and pump rotational speeds (n: to n3) was above 3000. This
means that the flow of the working fluid was turbulent.
Furthermore, the study reveals that the measurement data ob-
tained in the R1 temperature range over the entire range of rota-
tional speeds could be approximated by a single line. On the
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Fig. 13. HFE-7100 flow rate versus Re number.
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other hand, the angle value of the slope (au-3-5) of this straight
line was approximately 48°. In the case when the working fluid
temperatures were in the R2 range, the angle value (a-4-6) was
approximately 44°. That is why it can be deduced that as the
temperature of the working fluid increased, the value of the
Reynolds number increased.

Figure 14 shows that the value of the working fluid temper-
ature and Re have a fundamental impact on the volumetric effi-
ciency of the pump. It was observed that as the working fluid
temperature and pump rotational speed increase, the character-
istics of the pump efficiency shift to the right towards larger val-
ues of the Re number.
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Fig. 14. Dependence of pump volumetric efficiency on Re number.

Furthermore, as the temperature increased, the characteris-
tics were flatter, which manifested itself as a reduction in the
value of the slope of the approximating straight lines. For
a pump rotational speed of 1000 rpm, the inclination angle of
the function () in the R1 temperature range was approximately
67°. In the same temperature range and at a rotational speed of
1500 rpm, the a3 inclination angle was approximately 53°, and
at a rotational speed of 2000 rpm, the value of the as angle was
approximately 44°. On the other hand, in the R2 temperature
range, the values of angles a2, as and s (see Fig. 14) corre-
sponding to the pump rotational speeds of 1000 rpm, 1500 rpm
and 2000 rpm were 60°, 47° and 42°, respectively.

That is why it can be deduced that at low pump rotational
speeds and low working fluid temperatures, small changes in the
Reynolds number result in significant changes in the volumetric
efficiency of the pump.

Figure 15 shows the dependence of the electric power con-
sumed by the PE drive on the specific speed. In addition, the
study reveals that irrespective of the pump rotational speed,
a change in working fluid temperature from R1 to R2 caused the
pump power curves to intersect at the so-called 'characteristic
points' (Fig. 15). At a pump rotational speed of 1000 rpm, the
characteristics intersected at point A, where the specific speed
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Fig. 15. Dependence of the electric power consumed by the PE drive on
specific speed.

was approximately 0.010. It was observed that to the right of
point A, power curves 1 and 2 coincided.

That is why the temperature of the medium had no effect on
the course of the power curves. On the other hand, to the left of
point A, an increase in the temperature of the working fluid re-
sulted in an increase in the power consumed by the pump drive.
The maximum increase in power consumed at a rotational speed
of 1000 rpm was approximately 13.6%, and the specific speed
value was approximately 0.0035. At a rotational speed of
1500 rpm, the performance curves of the pump intersected at
point B.

As the pump rotational speed increased, the characteristic
points shifted to the right towards higher specific speed values.
It was determined that a 500 rpm increase in pump rotational
speed resulted in a 0.003 increase in the value of (. It was ob-
served that at rotational speeds of 1500 rpm and 2000 rpm to the
left of characteristic points B and C, the power curves over-
lapped. This means that, in this area, the impact of the working
fluid temperature on the course of the pump's performance
curves was small. On the other hand, to the right of points B and
C, an increase in the temperature of the fluid from R1 to R2 re-
sulted in a decrease in the electric power consumption of the
pump drive.

It should be noted that at MTG's nominal operating parame-
ters (Ap=1000 kPa and m,=0.17 Kkg/s), the difference in specific
speed (A£2) due to temperature changes from R1 to R2 was ap-
proximately 0.001. Therefore, at the MTG's nominal operating
point, the value of (% will be 0.014 £ 0.0005 regardless of the
working fluid temperature.

Figure 16 shows the effect of specific speed on the effective
power of the pump. It was observed that, as a result of the in-
crease in the rotational speed, the performance curves shifted to
the right towards higher specific speed values. On the other
hand, irrespective of the rotational speed and working fluid tem-
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perature, the effective power value of the pump decreased as the
specific speed increased. It has been determined that the work-
ing fluid temperature has a fundamental impact on the value of
the pump's effective power.
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Fig. 16. Effect of specific speed on the effective power of the pump.

To the left of point A, the increase in working fluid temper-
ature from R1 to R2 resulted in an increase in the effective
power of the pump. In the R2 range, the maximum effective
power value was approximately 40 W and it was approximately
23% higher than that obtained in the R1 temperature range. On
the other hand, to the right of point A, an increase in temperature
resulted in a decrease in the effective power value. In the R1
temperature range, with £ equal to 0.014 and a rotational speed
of 1000 rpm, the effective power was approximately 7.5 W, and
in the R2 range, it was three times lower.

Similarly, at higher rotational speeds in the R1 temperature
range and for the same (2 value, higher effective powers were
obtained than in the R2 range. The study reveals that character-
istic points B and C, determined on the effective power curves
at rotational speeds of 1500 rpm and 2000 rpm respectively,
were noted successively at specific speeds of approximately
0.0135 and 0.0165, respectively.

Figure 16 shows that to the left of points B and C, higher
effective power values of the pump were obtained in the R2 tem-
perature range. That is why, as the rotational speed increased,
the differences in effective power decreased due to changes in
the temperature of the working fluid. On the other hand, at the
MTG's nominal operating point, a change in HFE-7100 temper-
ature from R1 to R2 resulted in an increase in specific speed
from approximately 0.013 to 0.014.

As mentioned earlier, an essential parameter required from
PE is to ensure adequate differential pressure in the ORC sys-
tem. On the other hand, in accordance with Eq. (9), differential
pressure is a component of the Euler number (Eu). That is why

Fig. 17 shows the characteristics of the power consumed by the
pump drive versus the Eu number.
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Fig. 17. Effect of the Euler number on the electric power consumed
bv the PE drive.

As can be deducted from Fig. 17, the value of the Eu number
decreases with increasing pump rotational speed and working
fluid temperature. As a result, the performance curves of PE
were steeper. Therefore, a small increase in the value of the Eu
number resulted in significant electric power consumption by
the PE drive. On the other hand, at the MTG's nominal operating
point in the temperature ranges R1 and R2, the values of the Eu
numbers were 1350 and 1580, respectively. The study reveals
that, at low rotational speeds, the electric power consumption by
the pump drive in the R2 temperature range is greater than when
operating in the R1 range. To recapitulate, it can be stated that
irrespective of the pump rotational speed, an increase in the tem-
perature of the working fluid results in a higher electric power
consumption by the pump drive.

6. Conclusions

The study reveals that an increase in working fluid temperature,
differential pressure in the pump and rotational speed results,
firstly, in an increase in effective power. Secondly, it causes an
increase in the delivery head of the pump. Thirdly, it results in
an increase in the electric power consumed by the pumping en-
gine drive. The study reveals that an increase in the temperature
of the HFE-7100 working fluid results in an increase in the vol-
umetric efficiency of the pump. For example, at a rotational
speed of 2000 rpm, an increase in the average temperature of the
working fluid from 34°C to 61°C resulted in an increase in the
volumetric efficiency of the pump from 76% to approximately
80%. Moreover, it was stated that for each value of pump rota-
tional speed and working fluid temperature, there exists an opti-
mum value of the effective power of the pump at which the ef-
ficiency of the pumping engine reaches the maximum value.

137



Kaczmarczyk T.Z.

Based on the study, it was established that the maximum effi-
ciency of the pumping engine, approximately 32%, was achie-
ved at a rotational speed of 2000 rpm. At the same time, it was
observed that, regardless of the change in the temperature of the
working fluid, the efficiency of the pumping engine was, on av-
erage, about 60% smaller than the volumetric efficiency of the
pump.
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