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HIGHLIGHTS

e Development of a 1,000 W micro-turbine for an organic Rankine cycle
o Polymeric materials used as the functional parts of the micro-turbine
e Achieved steady rotational speed of 32,000rpm and peak speed of 40,000rpm

e Aerodynamic efficiency predicted to be up to 0.66
ABSTRACT

This paper presents the experimental advances on the implementation of structural polymeric materialsin a
micro-turbine-generator for an organic Rankine cycle (ORC) and through testing provides an insight of its
performance. The aim is to create awareness of the huge techno-economical potential that polymers represent as
metal replacement in ORC applications. A micro-turbine-generator is developed considering R245fa as the
working fluid. The unit is built using polymeric components; these components include an impeller made from
polyether-ether-ketone and a nozzle body made from polyethylene. A program for the ssimulation of the micro-
turbine performance is developed, a series of tests are conducted with compressed air and the performance with

R245fais predicted. The impeller was experimentally demonstrated to be able to withstand a rotational speed of
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32,040rpm whereas the predicted results showed the aerodynamic efficiency and the aerodynamic power to be
around 0.65 and 1,200W respectively. The future of polymeric materialsin ORC looks promising though a long-
term test using the refrigerant as the working fluid is still needed to verify material-fluid compatibility, lifespan

and resistance to fatigue.
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1. INTRODUCTION

Waste heat recovery isamajor line of action for improving the efficiency of energy systems where combined
heat and power (CHP) or cogeneration can play animportant role asit allows the demand of electrical and thermal
energy to be satisfied in avery efficient way. Furthermore, distributed cogeneration downsized to afew-kilowatts
helps for an agile response to the demand of such energy whilst reducing transmission and distribution losses. The
need for distributed cogeneration in households becomes relevant when considering that the residential sector is
amajor contributor to the world energy consumption [1] and a significant fraction of the energy used in the sector
iswasted. The cogeneration systems required by the residential sector are those of micro-capacity (under 3,000W)
[2] but they are still under development with only a few products available in the market. Among the few
technological options suitable for domestic cogeneration, organic Rankine cycle (ORC) has the advantages of
being a mature, simple, scalable, and versatile technology. This last feature makes it possible to utilise waste heat

or renewable energy as prime sources.

Micro-ORC has, however, the main shortcoming of high capital cost as exposed by Balcombe et.a. [3] and
Nguyen et.al. [4], and therefore, acceptance of the technology has been limited to date. The expander is a major
contributor to the problem of high capital cost, which can represent from 37% [4] to 65% [5] of the overall system
cost. Moreover, the expander is also a critical component that impacts upon the reliability, operation and safety of
the entire system [6]. Consequently, several investigations have been recently driven by the improvement of the

expander as reported by Alshammari et.al. [7].

Although there is a wide variety of expanders, they can be classified into two categories [8, 9]: volumetric
expanders (pistons, scrolls, screws and vanes) and turbo-expanders (turbines). In systems of micro-capacity,
volumetric expanders are usually preferred [8-10] despite the short lifespan of wear parts and noisy operation,

whereas micro-turbines are barely considered due to the perception on their cost and complexity. The fact that

2



52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

micro-turbines are a mature and reliable technology has been overlooked. Micro-turbines have been adopted for
various applications including automotive, aerospace, energy, dental and home appliances [11-15], where
simplification strategies are successfully implemented to make turbines suitable for the intended purposes.
Therefore, we consider that micro-turbines are not receiving enough attention as an option for the expander in

downsized ORCs, which they deserve.

A review of the literature on the limited experimental work with micro-turbines used in ORC systems with a
capacity of 3,500 W or lower has revealed that micro-turbines have proven to be an efficient and reliable option
for ORC expanders despite their high speed which is their most criticised characteristic. Shao et.al. [16], for
example, developed a mini ORC, containing a radial micro-turbine rated at 53,500rpm rotational speed and
3,400W power output, and achieved an isentropic efficiency of 0.83 and 0.75 in their investigation [17]. Li et.al.
[18] studied an ORC employing a high speed turboexpander and achieved a power output of about 700W with an
isentropic efficiency of around 0.35. Pu et.al [19] tested an ORC contai ning a high-speed axial micro-turbine with
a rated rotational speed of 18,000rpm and power of 2,000W, and achieved an isentropic efficiency of 0.59. Pei
et.a. [20] studied a radial turbine rated at 60,000rpm rotational speed and 3,300W power, and achieved an
isentropic efficiency of 0.65. Yagoub et.a. [21] tested a micro-turbo-generator rated at 1,500W power and
60,000rpm rotational speed, and achieved an isentropic efficiency of 0.85. Yamamoto et.al. [22] studied an inflow
radial micro-turbine, rated at 45,000rpm rotational speed and 150W power, and achieved an isentropic efficiency
of around 0.5. Although the successful experimentation and the achieved efficiency in these previous
investigations suggest that micro-turbines can be a good option for micro-ORC expanders, the problem of high

capital cost remains to be addressed.

Thelow temperature characteristics of ORC systemsindicate the use of polymersin ORC systemsisfeasible.
Therefore, aline of action for reducing the cost of micro-turbines may be the replacement of metals by polymers
in structural elements, such as blades, wheels, casings and bearings. This simplification may help to reduce
production cost of turbine parts, which consequently would reduce the cost of the entire ORC system. A review
of the state of the art revealed that only a few authors have conducted experimental research on the adoption of
polymers in ORC, though the scientific community is gaining interest in this field. Novotny et.a. [23], for
example, proposed the adoption of polymeric parts in expanders, aiming to achieve a reduction of the cost. They
fabricated afew models of turbine parts through additive manufacturing (metal laser sintering, stereo-lithography

and fused deposition of polymers) and concluded that the metal laser sintering was needed when operation
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conditions of the prototype were demanding; however, for less-demanding conditions, such as low temperature
and power, stereo-lithography and fused deposition of polymers could give satisfactory results for prototypes and
small production. Zywica et.al. [24], on the other hand, performed a comprehensive assessment on the
implementation of polymers for the construction of ORC expanders. They suggested the upper practical limits of
temperature and pressure of 423K and 1,000kParespectively, whereastheir assessment of the mechanical integrity
and the chemical compatibility suggested that the materials they selected were suitable for fabricating some

subassemblies of turbines, which can have atremendous impact in the fast development of this units.

Previoudly, we presented the design and analysis of a polymeric impeller for an ORC radial turbine [25] and,
in this paper, we present the experimental advances on the implementation of structural polymersin an expander,
intended for a micro-scale ORC. The manuscript reports the development of a variable frequency micro-turbine-
generator and the test of its nozzle body and impeller, both fabricated with polymers. The aim of this work isto
create an awareness of the huge potential that polymers represent as metal replacementsin low-temperature ORC
micro-turbines. Additionally, this work intends to give an insight of the expected performance of the micro-
turbine-generator set by using a combined numerical-experimental approach. A brief description of the methods
is presented first, which includes design, analysis and experimental procedures. Then the results of the
investigation are presented and discussed, followed by further discussion on operation capabilities, technical
performance, contribution to enhancing the economy of the micro-turbine-generator and a foreseen adoption of

this technology. Lastly, the conclusions of this work are given.
2. METHODS

The general development method is comprised of six consecutive stages, as shown in Fig. 1; the specific
method of each stage is described in a dedicated sub-section. In the first stage, the cycle definition is performed,
where the operation conditions are set and the resulting thermodynamic boundary conditions are fed to the second
stage — the design of the turbine. In the second stage, a micro-turbine-generator is designed and analysed to fulfil
the conditions of operation. In the third stage, a prototype of the micro-turbine-generator is fabricated using
additive manufacturing as well as traditional machining. In the fourth stage, a program for the performance
simulation of the micro-turbine is developed to assess the unit at design and off-design conditions. Three
simulations of the performance are performed considering air, ideal-R245fa and real-R245fa as working fluids.

The results of these three simulations are expected to be similar in a dimensionless interpretation, and should
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therefore show a comparable performance using either air or refrigerant R245fa as the working fluid. In the fifth
stage, the prototype of the micro-turbine-generator is tested using compressed air as the working fluid and the
results are used to validate the simulation with air. In the sixth and final stage, the performance of the unit with
the refrigerant as the working fluid is predicted, based on the dimensional similarity principle, with the simulation

and the results of the test.

Cycle definition . . Prototype .

Fig. 1. Process flow diagram of the general development method.

2.1. Cycledefinition

During the definition of the cycle, the heat-mass balance is made, as reported by Hernandez-Carrillo et.al.
[25]; asimple ORC illustrated in Fig. 2a) with real-R245fa as the working fluid is modelled using REFPROP[26].
The heat source and sink are assumed to be streams of hot water and cold air, with evaporator and condenser
temperatures of Tevap=328K and Teoni=313K respectively, though they could be changed for others with minimal
thermodynamic implications. The performance of the micro-turbine-generator is estimated as aerodynamic

efficiency 7ae0= 0.7 and gross power of W/ =1,500W. The temperature-entropy diagram of the defined ORC is

shown in Fig. 2b.
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Fig. 2. Definition of the organic Rankine cycle; a) schematic of the simple configuration; b) Temperature—
entropy diagram, figure adapted from [25]; T: Temperature, s. specific entropy.

2.2. Design

A radia inflow turbine is selected, a priori, as the expander type. The preliminary design is made through
the mean-line method using the ANSY SO Vista RTD module, which usestheideal gaslaw to cal cul ate the thermo-
physical properties of the working fluid. The preliminary design is then followed by a three-dimensional

modelling of the nozzle body and the impeller, which are done separately using the ANSY SO BladeGen module.

The nozzle body is designed with angle-thickness definition and a uniform profile along the span of the
blades. Polyethylene terephthalate glycol-modified (PETG) is selected as the structural material. The impeller,
illustrated in Fig. 3aand Fig. 3b, is designed with angle-thickness definition and variable thicknesses through the
span of the blades. Polyether-ether-ketone 30% glass-reinforced (PEEK-GF30) is selected as structural material
based on the results of the fluid-structure-interaction (FSI) analysis performed by Hernandez-Carrillo et.al. [25].
Their study assessed the mechanical integrity of the rotor and revealed that PEEK-GF30 is 11% stronger than an

aluminium in the worst condition of the application.
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Fig. 3. Schematic of the design of the micro-turbine-generator; a) turbine impeller, front view; b) turbine
impeller, lateral view; c) rotor assembly lateral view; some dimensions in the drawing might not be at real scale.

The generator, illustrated in Fig. 3c, is of the type high-speed permanent magnet directly coupled with the
turbine on a common shaft. The stator is as a three-phase winding in delta connection and the rotor is a single

dipole magnet.
2.3. Prototyping

The micro-turbine-generator is built using several custom-made parts and a few elements adopted from
turbochargers and high-speed electric motors. The fully assembled unit is presented in Fig. 4a whose aluminium

volute can be seen in the front of the micro-turbine-generator.
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Fig. 4. Prototype of the micro-turbine-generator; a) final assembly; b) impeller of the turbine made of a
polymeric materia through machining; ¢) nozzle body of the turbine made of a polymeric material through
additive manufacturing.

The nozzle body and theimpeller are made of polymers; thus, they could be fabricated using mould injection.
However, polymer moulding demands complex and costly equipment, which is not cost-effective for fabricating
asmall number of parts. Therefore, for prototyping purposes, additive manufacturing is selected to fabricate the
nozzle and computational numeric machining to fabricate the impeller. The impeller, presented in Fig. 4b, is
machined from a cylindric bar of PEEK-GF30 and machined into a Hurco VM10Ui five axis milling machine.
The nozzle body is fabricated through polymer fused deposition with a resolution of 6.0x10">m and 100% infill
density and then fastened to the baseplate of the casing, as shown in Fig. 4c. The generator, located in the rear
section of the unit in Fig. 4a, consists of a stator adopted from a high speed three phase motor and a custom-made

permanent magnet rotor.

2.4. Program for simulation of the performance
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The assessment of the performance is done through the analysis of two parameters. the aerodynamic
efficiency 4., and the aerodynamic power IW,,,.,. A program for the simulation of the aerodynamic performance
of the micro-turbine-generator is developed. The program follows the mean-line method, which assumes asingle

streamline flowing through the gas path with constant transversal properties, as described by Rahbar et.al [27].

The program is an iterative routine made in Microsoft Excel and Visual Basic Applications whose simplified

flow-chart is presented in Fig. 5.

Guess
mdot_initial
eta_initial

Determine
thermodynamics

v

Determine
aerodynamics

v

Calculate

mdot_new
eta_new
Waero_new

yes

Use
mdot_new
eta_new

no

Alert

Fig. 5. Simplified flow-chart of the program for performance prediction; mdot_initial: initial guess of
flowrate; eta initial: initial guess of aerodynamic efficiency; mdot_new, calculated mass flowrate; eta_new:
calculated aerodynamic efficiency; Waero_new: calculated aerodynamic power; i: iteration.

The routine successively approximates the aerodynamic efficiency, mass flow and power of the turbine. It
starts reading the inputs presented in Table 1 and gives an initial guess of the aerodynamic efficiency (eta initial)
and mass flow (mdot_initial). Then, the thermo-aerodynamic equations are resolved in accordance with sections
24.1 and 2.4.2 and new aerodynamic efficiency (eta_new), mass flow (mdot_new) and aerodynamic power
(Waero_new) are obtained and used for resolving a new iteration. The iterative cycle continues until the maximum

allowed error or the maximum number of iterations are achieved; finally, the results are exported.

Table 1 Summary of inputs for the performance prediction program

Description Symbol
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Nozzle

Inlet total temperature To1
Inlet total pressure Py,
Absolute exit angle a;
Rotor
Exit total pressure Py3
Inlet diameter D,
inlet blade height / Inlet diameter b,
D,
Outlet mean diameter / Inlet diameter Ds
D,
Exit blade height / Inlet diameter b,
D,
Relative inlet angle B>
Relative outlet angle B3
Blade speed ratio BSR

2.4.1. Thermodynamics

Thetotal specific enthalpy and the total pressure across the nozzle are assumed to be constant and, therefore,
the change in the static properties are given by Eqgn. (1) and Eqgn. (2) respectively. The actual change of the total
specific enthalpy across the rotor, Ah,, which isafunction of the isentropic change of the total specific enthalpy,

Ahys and the aerodynamic efficiency, 14, iS given by the Eqn. (3).

1 1
ho1 = hoy = hy +§C12=h2 +§sz 1
T, 1,
P01=P02=P1+§P1C1=P2+§.02C2 2
hoy — ho3 = Ahy = AhgsNgero ©)

The program gives the option of selecting the ideal gaslaw or the real gas formulation from REFPROP [26]
to calculate the thermophysical properties of the fluid. When the ideal gas law is selected, the specific enthal py
and density for any given state i are calculated using Eqgn. (4) and Eqgn. (5) respectively; the isentropic change of

specific enthal py across the rotor is calculated with Eqgn. (6).

hi = CpTi (4)
P;
Pi=RT, )

10
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Ahgs = hoz — ho3 = cpTo2 1- <_) (6)

When the real gasformulation is selected, the specific enthal py and density for any given state i are calcul ated
using Egn. (7) and Eqgn.(8), respectively. The isentropic change of the specific enthalpy across the rotor is

calculated with Egn. (9).

h; = frerprop(Ti, P;) (7)
pi = frerprop(Ti, P;) (8)
AhOs = (hoz - h03s)@constant entropy (9)

According with Lujan et.al. [28], the ideal gas law predicts with a reasonable accuracy the thermophysical
properties of real gases at temperatures and pressures considerably lower than those at the critical point. As the
range of pressure and temperature defined in section 2.1 fulfil that condition, the ideal gas formulation should
calculate the properties with a maximum error of 10% with respect to the real gas formulation. Thus, the results
of the simulation, at the design point, should be comparable with the results of the design tool, which relies on the

ideal gaslaw.
2.4.2. Aerodynamics

The velocity triangles illustrated in Fig. 6 are determined by the combination of the equation of continuity,
the thermodynamic equations, the nozzle geometry and the rotor geometry presented in Table 1. These triangles
show the relationship of the absolute velocity c, the relative velocity w and the blade velocity u at the rotor-inlet
and the rotor-outlet. The rotor-inlet is denoted with the subscript 2 and the rotor-outlet is denoted with a subscript
3; the components on the flow direction are denoted with the subscript f whereas the components on the tangential
direction (movement of the blade) are denoted with the subscript u. Based on the velocity triangles, the actual
change of the total specific enthalpy can be calculated using the Euler’s equation for pumps and turbines, Eqn.

(10).

11
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Fig. 6. Definition of the velocity triangles for the turbine rotor at off-design conditions; c: absolute flow
speed, u: blade speed; w: relative flow speed; a: absolute angle of the flow with respect to the flow direction; 5:
relative angle of the flow with respect to the movement direction; 2: impeller inlet conditions; 3: impeller outlet
conditions; sub index u: in tangential direction; sub index f: in the flow direction.

2.4.3. Efficiency and power

The actual aerodynamic power, W ,,, is predicted with Eqn. (11), which is a function of the mass flowrate
of working fluid, 1, the isentropic change of total specific enthalpy across the unit, 4h,, and the aerodynamic
efficiency, 14ero. The aerodynamic efficiency, n,.., is calculated with Egn. (12), which is a function of the
isentropic change of total specific enthalpy across the unit, Ah,, and the aerodynamic losses, represented as an

overall loss of specific enthalpy, 4h;,s.

Although the most employed modelsin literature for predicting aerodynamic lossesin radial turbines are the
model of Rohlik [29] and the model of Whitfield and Baines [30], the aerodynamic losses are evaluated using
Eqgn. (13), which follows the model proposed by Suhrmann et.al [31]. Thisisa compilation of models conceived
for the application on low-capacity turbines; it accounts for the loss of specific enthalpy produced by: skin friction,
Ahg, secondary flow, Ah, incidence, Ah;, clearance leaking, Ah, and exiting speed, Ah,, asillustrated in Eqn.

(13).

12
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Waero = mdhy = mlhgsNgero (11)

Ahys — Al
Naero = W (12)
Ahypss = Ahf + Ahg + Ah; + Ah, + Ah, (13)

The skin friction loss, 44 is calculated with Eqn. (14), which is a function of the further corrected friction
factor, c .. The further corrected friction factor is obtained from the correlation of Musgrave [32] presented in
Eqn. (15), which depends on the corrected friction factor, ¢, .. The corrected friction factor is cal culated with Eqn.
(16), which depends on the friction factor, c;. Lastly, the friction factor is calculated with the correlation of
Colebrook et.al. [33], presented in Egn. (17). In the aforementioned equations, the hydraulic diameter, Dy, is the
average ratio of the “wet” area of the gas path over its diameter, the hydraulic length, Ly isthe length of the main-
line of the flow, the curvature radio, r¢ is the average curvature radio of the mean-line, the diameter, D, is defined

at the rotor inlet and the average relative flow-speed across the rotor, w,_5 is calculated with Eqgn. (18).

The secondary flow loss, 44s is calculated with Eqn. (19), which is a function of the rotor diameter at the
inlet D2, the number of rotor blades, Z, the curvature radio of the blades, r¢, and the flow-speed at the rotor inlet,
C2. The clearance loss, 4k, is calculated with Egn. (20), which is afunction of the tip clearance of the blades, tc,
the height of the rotor blade at the inlet b, and the absol ute tangential speed of the flow at therotor inlet ¢, .. These
equationsfor calculating secondary and leaking losses are adopted from the work of Rodgers and Geiser [34]. The
incidence loss, 44 is calculated with Eqn. (21) proposed by Whitfield and Wallace [35], which depends on the
relative tangential speed of the flow at the rotor inlet w,,,. Finally, the exit loss, Ahe, produced by the exiting speed,
Cs, is calculated with Egn. (22). A schematic of the cross-sectional view of aradial turbine and the geometric

nomenclature used for the model is presented in Fig. 7.

’ Ly _ 2
Ahy = Cf,cD_h (Wo_3) (14)
20.05
cr.=cr.|Re (—2) ] (15)
fre ™ e [ 27,

13
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Fig. 7. Schematic of the cross-sectional view of aradia turbine and the nomenclature for the modelling;
D2: rotor inlet diameter; b2: rotor inlet blade height; b3: rotor outlet blade height; tc: tip clearance.

2.4.4. Mass flow

The mass flow can be iteratively obtained by simultaneously solving all the above equations and the equation

of continuity for avolume of control shown in Egn. (23).

m = pyAyCro = p3Ascrs (23)

2.4.5. Dimensionless interpretation

The most important parameter for assessing the performance of the micro-turbine-generator is the
aerodynamic efficiency. It can be represented as a function of two dimensionless parameters: the flow coefficient
¢ and the loading coefficient, 1, defined in Eqns. (24) and Eqn. (25), respectively. The aerodynamic efficiency
is, thus, three-dimensional in a space ¢ — P — 4er0, Which is commonly presented in Smith [36] type charts.
These charts show contours of aerodynamic efficiency in aplane ¢ — i or, in other words, the projection of the
three-dimensional efficiency in such a plane. However, for convenience, the resultsin this work are presented in

four separate charts that are projections of the three-dimensional efficiency in different planes.

_2
¢=L (22
Ah
Y = ugs (25)

The first chart is a representation of the relationship of the flow coefficient ¢ and the loading coefficient
but the linearized parameter \/ﬁ is used instead of ; this means that such a chart is the representation of the
efficiency intheplane ¢ — \/ﬁ . Thischart ishomologous to the maps of radial turbines, adopted by Alshammari
et.al. [37] for example, to describe the relationship between the corrected mass flow rate ni, and the expansion

ratio PR. Comparably, the flow coefficient and the corrected mass flow rate represent the mass flow rate whereas

the loading coefficient and the expansion ratio represent the expansion. The representation with the flow and
loading coefficientsis, however, more convenient when presented in a¢ — /2y plane, where such arelationship

describes a straight line. The second chart is a projection of the efficiency in aplane ¢ — 14.,, and the third chart

15



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

is aprojection of the efficiency in aplane /2 — 14.r,. Finaly, the fourth chart is a handy representation of the

efficiency that shows the efficiency in a plane BSR — 4.0, With BSR being the blade speed ratio presented in

Eqgn. (26). This chart is analogous to the representation in a plane of /2y — 1., because the blade speed ratio
BSR is a function of the loading coefficient 1. However, the chart BSR — 4., iS more common in specialised
literature for representing the performance of radial inflow turbines as Dixon and Hall [38] had demonstrated.

U, 1
BSR=—=—— (26)

Co /2y

2.5. Experimental validation through a perfor mance test with air

The simulation program is validated through a performance test under similar conditions; this means that the
test is performed using air as the working fluid instead of the refrigerant and dynamic similarity of the flow is
assured. With this technique, the aerodynamic performance of the unit should be confidently extrapolated through
the principle of dynamic similarity to the real operational conditions, i.e. the unit working with refrigerant as the

working fluid.
2.5.1. Procedure

The test rig is comprised of the micro-turbine-generator, a safety envelope, a supply system of compressed
air, an electric load bank and monitoring instrumentation. The safety envelope is a 304 stainless steel tank with
internal baffles for burst containment. The air supply system consists of a GX7FF compressor, a pneumatic
regulator, a main control valve, a shutoff valve, piping and hose connections. The load bank is a three-phase array
of electric bulbs with fused switches. The schematic of the performance testing rig is shown in Fig. 8a and the
photo of the test rig with the key equipment clearly marked is shown in Fig. 8b, whereas the instrumentation of

thetest rig is described in section 2.5.3.
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Fig. 8. Test rig using compressed air: a) schematic set up; b) photo of the actual array; Q;,,: volume flow
rate at inlet; Py, : static pressure at inlet; T;,,: static temperature at inlet; P,,,,: Static pressure at outlet; PI:
pressure indicator, T1: temperature indicator, Fl: flowrate indicator; ATM: atmosphere; 1: air supply, 2: safety
envelope, 3: load bank, 4: monitoring oscill oscope.

A stream of compressed air is supplied to therig at the point labelled as“in” and discharged to the atmosphere
at the point labelled as “out” at the back of the rig (both “in” and “out” are indicated in Fig. 8b). Conventionally,

the performance test of turbines is performed at nominal capacity (or fractions of it) and the nominal rotational
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speed (or selected fractions of it). Additionally, the rotational speed is controlled with a governor that responds to
variations of the load keeping the speed constant. In this study, however, the unit comprises a variable frequency
turbine not equipped with a governor, because the control of the unit lies on a controlled expansion ratio.
Consequently, the rotational speed responds to changes of the load and conventional testing methods may not suit
the requirements of this application. Thus, asimple procedure for the test consisting of ten simple steps, described

below, is defined.

l. Perform preliminary checks, ensure the control valve is fully closed and the isolation valve isfully
open, supply compressed air to the system.
. Connect the first load combination.
[I. Initiate the trial by opening the control valve until achieving a rotational speed w=3,000rpm.
V. Let the unit settle down, 15 minutes for the first trial and 5 minutes for subsequent trials, to allow
bearings and lubricants to warm up.
V. Let the unit settle down 10 minutes for the parameters to achieve a steady state.
VI. Register the parameters in the corresponding sheet and number the register as a record.

VII. If the control valveisfully open, proceed to step V111, otherwise, open the control valve to increase

theinlet pressure AP;,,=2kPa and repeat from step V for starting a new record.

VIII. If threetrials have been recorded for the current load, proceed to step 1 X, otherwise, close the control

valve to reset the rotational speed to ®=3,000rpm and repeat from step IV for starting a new trial.
IX. If the total number of loads have been tested, proceed to step X, otherwise, connect the next load
and repeat from step 111.
X. Fully close the control valve, fully close the isolation valve and suspend the supply of compressed
ar.

The test is performed with a close monitoring of the unit while a register of measurements from the
instruments is maintained. A set of readings of the experimental parameters for a given time is called a record,
whereas a set of 8 records at 0.25, 0.37, 0.50, 0.6, 0.7, 0.8, 0.9 and 1 of span of the inlet pressureis called atrial.
Three different loads are tested: load 1 consists of three 40W bulb connected to the phases a, b and c, load 2
consists of two 40W bulb connected to the phases a and b, respectively, and load 3 consists of one 40W bulb

connected to the phase a. Thus, atotal of 72 records are generated in the test, as shown inin Table 2. The records
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321  1to 24 correspond to thetrials 1, 2 and 3 of load 1; the records 25 to 48 correspond to thetrails 4, 5 and 6 of load

322  2;therecords 49 to 72 correspond to thetrials 7, 8 and 9 of load 3. This assured repeatability of the test.

323 Table 2 Convention for numbering records, trials and loads for the experimental test.

Record number

Spanof P, 025 037 05 06 070 08 09 1

Loadl Tridl 1 2 3 4 5 6 7 8
Trial2 9 10 11 12 13 14 15 16
Trial3 17 18 19 20 21 22 23 24
Load2 Trid4 25 26 27 28 29 30 31 32
Trial5 33 34 35 36 37 38 39 40
Trial6 41 42 43 44 45 46 47 48
Load3 Trid7 49 50 51 52 53 54 55 56
Trial8 57 58 59 60 61 62 63 64
Trial9 65 66 67 68 69 70 71 72

324 2.5.2. Experimental determination of the dimensionless parameters

325 The heat losses at the inlet and outlet are negligible and therefore, the thermo-aerodynamic analysisis also
326  valid for the testing boundary conditions “in” and “out” as defined in the procedure. The total specific enthalpy

327  and thetotal pressure can then be assumed constant across the inlet and the outlet.

328 In conventional applications, the mechanical and electrical losses are not a considerable fraction of the
329  aerodynamic power and the aerodynamic efficiency is approximately equal to the electromechanical efficiency
330  measured at the brake. For this reason, the electromechanical efficiency can be reasonably extrapolated through
331  dynamic similarity of the flow. In this study, however, the mechanical and electrical losses account for a
332  considerable fraction of the aerodynamic power and, consequently they must be accounted in the test and

333  considered for the determination of the aerodynamic efficiency.
334 Aerodynamic efficiency

335 The aerodynamic efficiency 1,4, can be experimentally obtained from Eqgn. (27), which is a function of the
336  power consumed in the load bank, W, the mechanical losses W, and the electrical losses I,. Then, the Eqn.

337  (12) and Eqgn. (27) can be used for the comparison of analytical and experimental results.

[“I’bank + ”’m + [“I’e
= 27
naero < . Ahos ( )
338 The power measured at the load bank W,,,,,;, can be calculated with Egn. (28), which isafunction of the root

339  mean square voltage ., and current ..., in the windings. It should be pointed out that the voltage 1., is the
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uniform in all the phases, whereas the current I, is the average value among the three phases a, b and ¢ of the

generator, in accordance with Eqn. (29).
Wbank = \/§Vrmslrms (28)

_ Ins + Iﬁms + Irms (29)
Lims = 3

The mechanical loss W, produced by friction in the bearings is obtained from Eqn. (30), which requires the
frictional moment t,,. Thisisavery small dynamic moment with an absolute val ue within the range of tme(2.0x10
2-1.0x10Y) N-m, which is difficult to measure asit requires sophisticated equipment that is unavailable at the time
of testing. Consequently, the frictional moment is estimated through the mathematical model provided by the

manufacturer [39].
Wy, = 2Q21f)1,, (30)

The electrical loss W, produced by joule effect through the generator windings can be determined with Eqn.
(31), which is a function of the mean root square current I, in the windings and the internal resistance R, per

phase.

Vi/e = \/glrgmst (31)

Flow and loading coefficients

With a careful examination of the thermo-aerodynamic analysis, it can be realised that the flow and loading
coefficients can be experimentally determined if the seventeen parameters presented in Table 3 are known. These
parameters can be classified as either ‘variable’ or ‘constant’ throughout the test. Variables are those parameters
that change and must be continuously monitored, whereas constants are those parameters that are not expected to

change and can be measured only once throughout the test or assumed as a constant reference value.

Table 3 Experimental parameters

# Par ameter Symbol Type Source

1 Current, root mean squared phase a J S Variable Measured
2 Current, root mean squared phase b 12s Variable ~ Measured
3 Current, root mean squared phase ¢ Iims Variable Measured
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4 Frequency f Variable Measured
5 Pressure, static inlet Py, Variable Measured
6 Temperature, static inlet Tin Variable Measured
7 Voltage, root mean squared Vims Variable Measured
8 Volume flow rate, inlet Qin Variable ~ Measured
9 Diameter, inlet Djy, Constant Measured
10 Diameter, outlet Dout Constant ~ Measured
1 Diameter, rotor-inlet D, Constant ~ Measured
12 Height, blade rotor-inlet b, Constant ~ Measured
13 Resistance, generator windings resistance per phase R, Constant Measured
14 Angle, nozzle exit a, Constant  Referenced
15 Coefficient, heat capacity at constant pressure Cp Constant  Referenced
16 Coefficient, isentropic expansion k Constant  Referenced
17 Pressure, static outlet Py Constant  Referenced

2.5.3. Measurement devicesand error propagation

The experimental parameters are defined and/or measured as explained below. The nozzle exit angle is
extracted from the design stage of this work. The real gas heat capacity c,=1,005Jkg-K and the coefficient of
isentropic expansion k=1.4 are assumed to be constant and taken from the specialised literature [40]. The outlet
pressure Po=101.9kPa is assumed to be constant and equal to the average atmospheric pressure recorded in
September 2018 at the UK East Midlands weather station [41]. The root mean squared electric current per phase
1%, 1L, and IS, are measured with a clamp ammeter. The frequency f and the root mean squared voltage V..,
are measured with a two-channel oscilloscope. The inlet static pressure Py, is measured with a pressure gauge.
The inlet static temperature T;, is measured with an electronic thermometer. The inlet volume flowrate Q;;, is
measured with a variable area flowmeter (rotameter). Theinlet, outlet and rotor inlet diameters D;,,, Dyy¢, D2, and
the blade height b, are measured with a digital caliper. The electrical resistance R,,, of the generator windingsis

measured with an ohmmeter. Table 4 presents details of all the instruments used during the test.

Table 4 Instruments used for the measurement of the parameters

Par ameter Quantity Units I nstrument Range Accuracy
IR Current A Ammeter Oto2 0.01A
12s Current A Ammeter 0to2 0.01A
I Current A Ammeter Oto2 0.01A

f Frequency Hz Oscilloscope 10 to 7x10° 2% of reading
Py, Gauge pressure kPa Manometer 0to 100 1.6kPa
Tin Temperature K Electronic thermometer 32310 1,573 25K

Virns Electric potential Y Oscilloscope 0to 600 2% reading
difference

Qin Flow rate m/s Rotameter 0to0 2.4x1072 7.2x104 m¥/s

Din Length m Calliper 1t00.2 1x10°m

Doyt Length m Calliper 1t00.2 1x10°m

D, Length m Calliper 1t00.2 1x10°m
b, Length m Calliper 1t00.2 1x10°m
R, Resistance Q Ohmmeter 0-200 0.8% of reading
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The dimensionless parameters of interest are not measured but calculated with the experimental parameters,
thus an analysis of propagation of errors must be performed to assess how the errors of measurements affect the
dimensionless parameters. Such an analysis is made using the software Maple-2017 where the uncertainties of the
experimental parametersreported in Table 4 are combined with the equations of the thermo-aerodynamic analysis.

Theresults are shown in Table 5 and suggest that the aerodynamic efficiency can be obtained with a maximum

uncertainty of 9%, the flow coefficient with maximum uncertainty of 4% and /21y with a maximum uncertainty

of 4%.

Table 5 Results of the analysis of propagation of error

Parameter Value Uncertainty Referred tothevalue

Naero 0.632 5.90X:|.0'2 9%
¢ 0.406 1.69x1072 4%
\/ﬁ 2.163 8.48x107 4%

2.6. Prediction of the performance with refrigerant

Once the simulation program is validated with the air test, the performance of the micro-turbine-generator
working with the refrigerant R245fa can be predicted. The performance of turbomachinesis similar if they have
geometric and dynamic similarity; this principle has been extensively explained by Dixon and Hall [38] and
implemented by Zhang et.a [42] and White and Sayma [43]. The geometry of the turbine does not change

throughout thisinvestigation; thus, the flow can be considered dynamically similar for identical values of the flow
coefficient ¢ and ,/ 21p. Accordingly, the aerodynamic efficiency should be comparable in different scenarios, for

example air, ideal-R245fa, or real-R245fa as working fluids, if the flow coefficient ¢ and /2y are identical, as

shown in Egn. (32).

l—R245 ~ . ideal—R245 ~ i
Mont R2ASTQ o I AoGImR2ASIE & patr = (¢, [20) (32)

3. RESULTSAND DISCUSSION

In this section, the results of the simulation and the test are presented and discussed, with an aim of validating
the simulation program via the correlation to the test results. Additionally, both, the test with compressed air and
the simulations with air will be used to predict the performance of the micro-turbine-generator operating with

R245fa as the working fluid.

3.1. Simulation of the performance
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The program for performance simulation described in section 2.4 presented a good agreement with the design
tool, at the design point, using both ideal-R245fa and air as working fluids. Additionally, the program shows a
deviation under 10% for the off-design performance. This can be observed in Fig. 9, which shows the simulation
with air, air with +10% error, ideal-R245fa and real-R245fa as the working fluid. The results in the plane ¢ —
\/ﬁ are shown in Fig. 9awhere the parameter \/ﬁ with respect to ¢ followsastraight line with a positive slope,
which is expected for an ungoverned turbine. As shown in Fig.9a, the deviations of the simulations for ideal-
R245faand real-R245fa with respect to air increase for large values of ¢ and \/ﬁ , though the differencesremain
under 10% error. On the other hand, the results in the planes ¢ — 4. and \/ﬁ — Naero» ShOWN in Fig. 9b and
Fig. 9c, respectively, predict a maximum aerodynamic efficiency of #a¢0=0.66 at the values ¢=0.3, \/ﬁ=1.6, and
1p=1.3. The aerodynamic efficiency could be higher according to the White-Sayma [44] if the flow coefficient of
¢=0.3 and aloading coefficient 1)=0.95 could be achieved. However, the simulated aerodynamic efficiency seems

to be within the range reported in experimental literature [16-22].

a)

ar ----- ar+10% ----- ar-10% — - - R245faridea — — R245fa-real

v2y
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Fig. 9. Comparison of the performance between simulation with air, simulation with air +10% error,

simulation with ideal-R245fa and simulation with real R245fa; a) plane ¢ — /2 ; b) plane \/2¢) — 4er0; €)
plane ¢ — Ngero; d) plane BSR — nger0; ¢: flow coefficient, y: loading coefficient, BSR: blade speed ratio,
Naero- 8€rodynamic efficiency.

Theresultsintheplane BSR — 1,4, Show atypical behaviour of aradial inflow turbine where the maximum
aerodynamic efficiency 7.e0=0.66 corresponds to a blade speed ratio of BSR=0.66 as can be seen in Fig. 9d.
Additionally, agood agreement between the simulation with air, ideal-R245fa and real-R245fais also evident. As
aconclusion, it can be said that the simulation program is expected to give an acceptableinsight of the performance
in a dimensionless interpretation. Moreover, the error remains under +10% in the calculation of the aerodynamic
efficiency between air, ideal-R245fa and real-R245fa as the working fluid. This suggests that the dimensionless

performance is equivalent for the three studied working fluids.
3.2. Performancetest with air

The unit exhibited a stable behaviour during the test with compressed air while operating at off-design
conditions. Although the design point could not be reached due to limitations on the air supply system, the results

provided enough information to conclude about its performance. The experimental parameters are recorded and
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424 presented in areduced form in Fig. 10. A total of 72 records are generated in the test as described in Table 2. A
425  summarised register of the thermodynamic parameters is shown in Fig. 10a whereas a register of the electric
426  parameters is shown in Fig. 10b. In these figures, the reduced form is a dimensionless way to represent the
427  parameters referred to its maximum and minimum limits throughout the experiment. The calculation of the
428  reduced frequency f7 is presented as an example in Egn. (33), where the reduced form is denoted with the
429  superscript r and its maximum and minimum limits are denoted with the subscripts max and min, respectively,

430  all the parameters are reduced analogously.

f,- _ f_fmin (33)

fmax - fmin

Pinr kPamax:20,min:5 = = =Tinr K,max:295,min:289 «-------+ Qinr m3/s,max:0.019,min:0.011

1
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Fig. 10. Parameters of the test presented in areduced form; a) thermodynamic parameters; b) electric
parameters; Pinr: reduced inlet pressure, Tinr: reduced inlet temperature, Qinr: reduced inlet volume flowrate,
fr: reduced frequency; Virmsr: reduced root mean squared voltage; Irmsr: reduced root mean squared current.

The main experimental parameter isthe inlet pressure, which is governed by the aperture of the control valve.
Therefore, it is expected to rise uniformly, from the minimum to the maximum values of the inlet pressure span

in each of thetrias; theinlet pressure showed this consistent behaviour throughout the test.

Air is throttled from a storage tank to the inlet of the unit, and as the temperature and pressure in the tank
should be kept constant, the inlet temperature is governed by the temperature in the tank. The inlet temperature
is, thus, expected to mimic the behaviour of the inlet pressure and their curves should overlap in Fig. 10a
Unfortunately, unlikethe pressure, the temperature at the tank is not precisely controlled because the tank is cooled
with surrounding air whose temperature varied during the test. Consequently, some difference is found between

the behaviour of the inlet temperature and the inlet pressure as can be observed in Fig. 10a.

The inlet volume flowrate is driven by the pressure difference from the inlet to the outlet and the hydraulic

resistance across the rig. As the hydraulic resistance does not change, the volume flowrate is also expected to
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mimic the behaviour of the inlet pressure. As expected, a good correlation between the behaviour of the inlet

volume flow rate and the inlet pressure can be seen in Fig. 10a.

Frequency is an indirect indicator of the rotational speed and therefore, readings of the frequency allowed
indirectly determining the rotational speed, which simplified the setup of the experiment considerably. The
rotational speed responds to changes of the inlet pressure and the load because the rotational speed isruled by the
expansion ratio and the electromagnetic brake. The frequency presented a good correlation with the inlet pressure,
though adifferent spanisidentified for each of theloads. The maximum frequency is f=534Hz, which corresponds
to arotational speed »=32,040rpm. Nevertheless, agreater frequency of f=675Hz corresponding to «=40,500rpm
was achieved but not stabilised due to intermittent operation of the air supply system under the highest air flow

condition.

The root mean squared voltage is expected to have alinear correlation with the frequency in accordance with
the Faraday law. As shown in Fig. 11, they have a good linear correlation whose s ope corresponds to the product
nBA of the generator windings, where n is the number of wire turns, B isthe magnetic field and A isthe area of

one spire of the winding.

Theroot mean squared current has acomplex relationship with theinlet pressure asit depends, proportionally,
on the available power, and inversely on the load. This means that the current, like the frequency, is expected to

mimic the behaviour of theinlet pressure but with a different span for each of the loads.
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Fig. 11. Electric output of the micro-turbine-generator; Vrms: voltage; f: frequency.

The power at the load bank is calculated with the current and voltage, as described in Section 2.4. The
mechanical loss is estimated and presented in Fig. 12. Although the results mimic the behaviour of the frictional
moment reported in the literature of the manufacturer [39], the accuracy of this results should be experimentally
confirmed for the specific application. Finally, the electrical losses are found negligible during the test as the

power loss in the windingsis determined to be under 0.2% of the aerodynamic power.
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Fig. 12. Model for the estimation of mechanical loss; f: frequency; Taum: frictional moment; Wm_dot:
mechanical power |oss.

The aerodynamic efficiency obtained from the air test is compared with the aerodynamic efficiency obtained
from the simulation with air, including the expected errors of both results. A comparison in the plane ¢ — \/ﬁ is
shown in Fig. 13a, where the expected linear behaviour for an ungoverned turbine can be clearly identified.
Additionally, the correlation of the ssimulation, with respect to the experiment, seems to be under the expected

errors for a wide range of ¢ and /2. In contrast, Fig. 13b and Fig. 13c show this comparison in the planes

\/ﬁ — Naero AN ¢ — Ngero, rESPectively. In some regions of these figures the simul ation seems to have an error
greater than the expected with respect to the test but, in general, both show a similar behaviour. The simulation is
apparently overestimating the aerodynamic efficiency with respect to the test at high values of the flow coefficient
¢ and m but the results have a better agreement near the point of maximum aerodynamic efficiency. This
difference could suggest greater losses than those estimated in the simulation and the causes for this are diverse,
however, an inaccurate estimation of the mechanical 1osses could be the principal reason as explained later in this

section.
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486 The comparison in the plane BSR — 1,4, 1S presented in Fig. 13d where absence of data from the test can
487  be observed for values of BSR greater than 0.5. This situation might be caused for the lack of available fluid
488  power during the test, which suggests the design point and hence the maximum efficiency not being achieved.
489  The problem of deviation of experimental results with respect to simulations does not necessarily mean a wrong
490  simulation since a deviation of results in experimental campaigns of turbinesis not rare. This can be observed in
491  theinvestigation performed by Kang [45], for example, where the variations of the turbine efficiency of around
492 0.3 are reported. However, the error might hide a systematic deviation of the simulation with respect to the test,

493 and for that reason, further validation should be considered in future work with areduction of sources of error.
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Fig. 13. Comparison of the performance between the simulation using air and the test using compressed air,

including their respective + errors; a) plane ¢ — /2y ; b) plane 1.0 — +/2¥; €) plane ¢ — N 4ero and d) plane
BSR — Ngero; ¢: flow coefficient, y: loading coefficient, BSR: blade speed ratio, 1,4, : aerodynamic efficiency.

Four major sources of error are explored: inaccuracy of the estimation of the mechanical loss, imprecise
fabrication of the prototype, poor control of the inlet temperature and intermittent operation of the air supply

system.

The inaccuracy of the estimation of the mechanical loss may be the principal contributor to error. The
mechanical loss at the bearings consumes an important fraction of the aerodynamic power, thus, inaccuracy inits
determination has a major impact on the aerodynamic efficiency. Furthermore, a strong influence of the
mechanical loss on the aerodynamic efficiency can be observed in Fig. 13d, where the lower edge of the cloud of
points shows a similar behaviour with the mechanical loss shown in Fig. 12. This great impact of the mechanical
loss on the aerodynami ¢ efficiency could be minimised by increasing the aerodynamic power. If the micro-turbine-
generator aerodynamic power is considerably greater than the mechanical loss, using a denser fluid, for example,
the aerodynamic efficiency would be barely affected by mechanical loss. Moreover, if such condition is met, the

rotational speed might not be limited by the lack of fluid power. This could allow the experiment to cover agreater
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range of blade speed ratio BSR in Fig. 13d and consequently, the point of maximum aerodynamic efficiency may

be achieved.

An imprecise manufacturing of the prototype is a possible source of error since conventional manufacturing
methods are used to simplify the fabrication of the unit. However, defects of fabrication can cause greater
clearances than assumed in the simulation. With greater clearances, clearance losses could be considerably greater
and consequently, the aerodynamic efficiency in the test results lower than the aerodynamic efficiency in the
simulation. A solution for this could be straightforward: having strict control of clearances during fabrication and
assembly. However, tighter clearances demand high precision equipment and speciaised labour, which could
contradict the philosophy of simplifying the fabrication of turbines of this investigation. Thus, greater clearance

losses may be acknowledged in the simulation instead.

The lack of control of the inlet temperature results in the dispersion of the experimental aerodynamic
efficiency. This problem is originated in the utility room where the compressor is located, which is scarcely
ventilated and heats-up during operation. Although this problem could be resolved with an additional control of
the temperature, a later analysis revealed that the maximum difference of the inlet temperature is 2.1K between

comparable records. This difference would produce itself an error of 0.04% in the aerodynamic efficiency, 0.01%

in the loading coefficient and 0.7% in the /23, which is not of a major concern.

The intermittent operation of the air supply system resulted in repeated and unpredictable hydraulic transient
effects. The hydraulic transience is an important source of dispersion in the experimental results as it prevents
steady state readings from being reached. Two practical solutions can be implemented to reduce their impact on
the experiment: the first is to replace the existing compressor with a larger flow capacity compressor and the
second isto significantly increase the storage capacity of the current system. Both solutions should be considered

in the future when the required resources become available.

The deviation of the simulation is not negligible with respect to the experimental results but the simulation
program can still be accepted according to the reasons given below. Firstly, the ssimulation presents a good
agreement with the design tool. Secondly, the simulation and the experimental data show a good agreement in the
plane ¢ — \/ﬁ . Thirdly, the maximum simulated aerodynamic efficiency agrees with the efficiency reported in

specialised literature. Finally, the experimental results are close to the simulation near the maximum efficiency
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point. Therefore, the program can be used to predict the performance of the turbine using a refrigerant as the

working fluid, with some deviation being acknowledged.
3.3. Prediction of the performance with arefrigerant

A prediction of the performance with a refrigerant as the working fluid can be done through simulations.
However, the validation shown that in some cases the differences between the test and the simulation are greater
than 10%. In these instances, the confidence in the prediction can be increased by using an equivalent prediction
from a correlation with test data. Accordingly, two predictions of the performance with refrigerant as the working

fluid are performed; the first based on the simulation program and the second based on the air test.

In accordance with the simulation program, the maximum aerodynamic efficiency of 7.e0=0.66 can be
achieved with a flow coefficient ¢p=0.3 and squared loading coefficient \/ﬁzlﬁ. The micro-turbine-generator
operating with R245fa in dynamic similarity should achieve identical values for those parameters. For example,
for a specific enthalpy drop of 440=8,400J/kg proposed by Hernandez-Carrillo et.al. [25], the rotational speed
would be »=32,500rpm, the mass flowrate m=0.22kg/s, the aerodynamic efficiency #ae0=0.66 and the

aerodynamic power W,,,,=1,200W.

On the other hand, according to the test, the aerodynamic efficiency #ae0=0.65 corresponds to a flow

coefficient ¢=0.4 and a squared loading coefficient ,/2y=2.15. Therefore, for a specific enthalpy drop of
Ahos=8,400J/kg, the unit would achieve those parameters with a rotational speed of »=32,500rpm, a mass flow

rate of m=0.2kg/s and an aerodynamic power of W,,,,=1,100W.
4. FURTHER DISCUSSION
4.1. Operation capabilities

The micro-turbine-generator has proved its capability to operate in a safe manner at a high rotational speed,
with a power capacity sufficient to satisfy the energy demand of an average single household. Its maximum
aerodynamic efficiency is predicted to be 0.66 which iswithin the range of efficiency (0.35-0.8) reported by other
investigations with similar capacities and applications, as reviewed by Park et.a. [46]. Therefore, the micro-
turbine-generator presented in this work could be a good option of expander for domestic cogeneration systems
of the ORC type. However, the prototype isyet to be tested inareal environment, i.e., using R245faasthe working

fluid to confirm its capabilities in terms of reliability and performance.
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The mechanical integrity of the rotor iscritically governed by the centrifugal force on the blades, as exposed
by Verstraete et.al. [47], hence it must be verified that the rotor withstands the required rotational speed. If thisis
assured, the mechanical integrity of the impeller islikely to be adequate to operate at the ORC conditions as the
bending forces may not be significant. The polymeric impeller, implemented in the micro-turbine-generator,
withstood rotational speeds of up to ©v=40,500rpm. Thisis 13% above the rated rotational speed »=36,000rpm as
reported by Hernandez-Carrillo et.al. [25]. However, it is 11% lower than the maximum allowed rotational speed

w=45,720rpm defined as 127% of the rated rotational speed, based on the standard 15010437 [48].

The datasheet of PEEK-GF30 reports a maximum service temperature of 533K but the glass transition
temperature of the polyether-ether-ketone is T;=423K according to Jean-Fulcrand et.a.; therefore, the maximum
service temperature should be kept under the glass transition temperature of the polymeric matrix. The differential
pressure drives the bending moment in the blades and is estimated to be lower for air than for the refrigerant.
However, the bending moment does not have a critical influence on the stress of the blades, according to the
analysis performed by Hernandez-Carrillo et.al. [25] and, thus, this issue should not compromise the mechanical

integrity of theimpeller.

From the thermodynamic, aerodynamic and mechanical perspective, the impeller should perform acceptably
under the design conditions. The evidence, to this point, suggests that PEEK-GF30 can be considered a suitable
candidate for replacing aluminium for the fabrication of the impeller. Nevertheless, important aspects such as the
cyclic loading of the blades and the chemical interaction between the fluid and material, must be addressed before

giving afinal verdict.

The nozzle body, made of 3-D printed polyethylene, demonstrated to perform well whilst tested with air, and
additionally, the adequate flow pattern and finishing of the surface allowed the micro-turbine-generator to achieve
a dtate-of-the-art aerodynamic efficiency. However, the nozzle body is a static element whose principal
mechanical load isthe differential pressure acrossitself. Then, when it is exposed to an expansion of arefrigerant,
the stresses in the blades may be considerably greater than the stresses experienced under an expansion of air.
Thisissue could have aconsiderable influence on its mechani cal performance, and consequently, acomprehensive
study to examine the ability of the nozzle body to withstand the real conditions must be performed. Moreover, the
unresolved issues that are identified for the impeller in terms of cyclic loading and chemical compatibility should

also be addressed for the polyethylene-made nozzle body.
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The generator demonstrated to perform well at high speeds. The expected voltage per phase, at the design
frequency f=600Hz, is Vims=224V, which is comparable with the three-phase domestic utility voltage of several
countries, for example. However, as the frequency is unconventional and variable, a power converter is needed
for standardising the output frequency. The maximum current is estimated to be 25% lower than the maximum
allowed current of the generator windings considering the nominal application; this could reduce the electrical

losses and hence the cooling needs for the generator.

4.2. Contribution to the enhancement of expanders

The replacement of metals by polymers can provide an important contribution to the improvement of ORC

expanders as it impacts their technical performance and economy as explained below.

Among the technical enhancements, the reduction in weight is probably the most important as it provides
lightness, an attractive feature in several elements. In the case of the impeller, for example, the implementation of
alow-density materia proportionally reduces the centrifugal forces in the wheel. This reduction is favourable as
it enhances the mechanical integrity, promotes an agile dynamic response of the rotor and extends the lifespan of
the blades. Moreover, the implementation of alow-density material reduces the imbalance due to manufacturing
defects, which could make balancing less critical. A light impeller also minimises the necessity of a robust
containment in the case of rotor bursting; this represents an important enhancement when compared to metallic
impellers as burst containment becomes critical in domestic applications, where an enhanced safety is greatly

valued.

Another attractive characteristic of polymersis the potential reduction in the production cost of parts, when
compared to metal options. An example of this benefit is presented by Crawford [49], who estimated that the
replacement of metals by thermoplastics in the industry of automotive parts can reduce the production cost by up
to 50%. Impellerslike the one used in thisinvestigation would ordinarily be machined from a piece of metal. The
fabrication process of metal impellers is typically time-consuming, labour-demanding, energy-intensive and
requiresthe use of high-precision equipment and tools. In contrast, the production of polymeric parts by moulding
isafast process that demands minimum labour and energy per unit, which often drives an important reduction of
cost in mass-production.  The polymeric material itself may be more expensive compared to metal alternatives,
however, the lower cost of polymeric impellers may lie with the greater savings of labour, energy and time during

manufacturing. In fact, polymeric parts can be fabricated using conventional techniques that are highly economic
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and moreover, they give acceptable tolerances, good finishing, and short periods of fabrication. These
characteristics are highly beneficial for the assurance of quality and the achievable tight tolerances may minimise

the necessity of post-processing of parts, which makes the fabrication process |eaner.

In fact, light, compact and easy to manufacture elements for ORC, are particularly attractive in applications
where a reduced footprint and/or portability are strong requirements. The domestic cogeneration and the power
conversion from waste heat of combustion engines are good examples of this, with the latter requiring portable

and cost-effective ORC systems to convert waste heat to useful power.

4.3. Thefuture of structural polymersin organic Rankine cycles

The polymeric impeller and the nozzle body of this study have shown their suitability for being implemented
into a low-temperature expander. These findings may promote the adoption of polymers in other elements of
expanders, e.g. casings and bearings. Furthermore, the adoption of structural polymers can be feasible for other
elements of ORCs, and more generaly for the refrigeration industry. The elements where polymers may be

adopted include tanks, pipes, heat exchangers, pumps and valves, and beyond.

5. CONCLUSIONS

A micro-turbine-generator is designed, analysed, fabricated and tested during this investigation. The micro-
turbine-generator includes aradial inflow turbine and a synchronous generator, both mounted in a common shaft.
The turbine has two structural parts made of polymeric materials. the impeller and the nozzle body. The
performance test of the micro-turbine-generator is conducted with compressed air as the working fluid. The main

conclusions of thisinvestigation are:

(1) The performance of micro-turbine-generator can be predicted by the developed performance simulation
program with acceptable accuracy. The comparison of the results with air, ideal-R245fa and R245fa
revealed adifference under 10% amongst them; therefore, a dimensionless simulation of the performance
with air should reflect the aerodynamic behaviour of the unit working with R245fa.

(2) The prototype micro-turbine-generator unit has been demonstrated to work satisfactorily with air as the
working fluid at off-design conditions. The impeller, machined of PEEK-GF30, responded adequately
and withstood the centrifugal forces at a rotational speed of 32,040rpm and a peak rotational speed of
40,500rpm, which is a good indicator of its mechanical integrity. The 3-D printed nozzle body had an

acceptable surface finishing and allowed to achieve acceptable flow angles. The generator responded as
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expected providing a maximum voltage of 200V at 534Hz, however, apower converter would berequired

to standardise the output signal.

(3) The simulation program is validated by the compressed air test. The deviation seems to be greater than

10% in some cases, therefore, two predictions of the performance, with R245as as the working fluid, are

made. The first, based on the simulation program, estimated an aerodynamic efficiency of 0.66 and an

aerodynamic power of 1,200W. The second, based on the air test, showed an aerodynamic efficiency of

0.65 and an aerodynamic power of 1,100W.

The results of this study suggest that polymers may be suitable for components of expanders and other

elements of ORC and refrigeration systems. However, important questions regarding their lifespan and chemical

compatibility with working fluids need to be addressed in future research.
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NOMENCLATURE
Symbol Description Units
174 Power w
Cp Heat capacity, constant pressure kJkg-K
m Flowrate, mass kg/s
A Area m?
B Field, magnetic T
b Blade height m
BSR Blade speed ratio
c Speed, flow absolute m/s
D Diameter m
f Frequency, electrical Hz
FSl Fluid Structure Interaction -
h Specific enthal py kJkg
I Current, electrical A
k Coefficient, isentropic expansion -
L Length m
n Number of spires -
ORC Organic Rankine cycle -

N
o
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670

P Pressure kPa
PEEK-GF30 Polyether-ether-ketone 30% glass-reinforced -
PETG Polyethylene Terephthal ate Glycol -
Q Flow rate, volume md/s
R Resistance, electrical Q
r radius m
R245fa Pentafluoro-propane, refrigerant -
REFPROP Reference Fluid Thermodynamic and Transport Properties- -
REFPROP
T Temperature K
tc Tip clearance m
u Speed, turbine blade m/s
\% Voltage, electrical \%
z Number of rotor blades -
R Constant, ideal gas kJkg-K
w Speed, flow relative m/s
Ah Specific enthal py drop Jkg
a Angle, absolute velocity radian
B Angle, relative velocity radian
n Efficiency (total to total) -
p Density kg/m?®
T Moment, torsiona N-m
P Coefficient, loading -
W Speed, rotational rpm
) Coefficient, flow -
Subscripts Description
0 Stagnation state, spouting
1 Nozzleinlet
2 Impeller inlet/nozzle outlet
3 Impeller outlet
4 Turbine exhaust
aero Aerodynamic
bank Load bank
c Clearance loss, curvature
c Corrected, curvature
cond Condenser
e Electrical
e Exit loss
evap Evaporator
f Component in the flow direction, skin friction
loss
g Glasstransition
g Glasstransition
h hydraulic
i Given state, iteration, incidence loss
in Test riginlet
loss Aerodynamic losses
m Mechanical
max Maximum
min Minimum
out Test rig outlet
rms Root mean square
S I sentropic, secondary flow losses
u Component in the blade direction
w Winding
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Super scripts Description
‘ further

a Phase a of generator

b Phase b of generator

c Phase c of generator

r Reduced
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