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Abstract: Micro turbines (<100 kW) are commercially used as expansion machines in waste heat
recovery (WHR) systems such as organic Rankine cycles (ORCs). These highly loaded turbines are
generally designed for a specific parameter set, and their isentropic expansion efficiency significantly
deteriorates when the mass flow rate of the WHR system deviates from the design point. However,
in numerous industry processes that are potentially interesting for the implementation of a WHR
process, the temperature, mass flow rate or both can fluctuate significantly, resulting in fluctuations
in the WHR system as well. In such circumstances, the inlet pressure of the ORC turbine, and
therefore the reversible cycle efficiency must be significantly reduced during these fluctuations. In
this context, the authors developed an adaptive supersonic micro turbine for WHR applications.
The variable geometry of the turbine nozzles enables an adjustment of the swallowing capacity in
respect of the available mass flow rate in order to keep the upper cycle pressure constant. In this
paper, an experimental test series of a WHR ORC test rig equipped with the developed adaptive
supersonic micro turbine is analysed. The adaptive turbine is characterized concerning its off-design
performance and the results are compared to a reference turbine with fixed geometry. To create a fair
data basis for this comparison, a digital twin of the plant based on experimental data was built. In
addition to the characterization of the turbine itself, the influence of the improved pressure ratio on
the energy conversion chain of the entire ORC is analysed.

Keywords: organic Rankine cycle; thermodynamic evaluation; waste heat recovery; cantilever
turbine; supersonic turbine; adaptive turbine

1. Introduction

Considering the 2030 climate and energy framework adopted by the European Coun-
cil, waste heat recovery (WHR) from industrial sources can provide a key contribution to
reach the set goals [1]. Due to the fact that organic Rankine cycle (ORC) systems can effi-
ciently exploit heat sources with low or medium temperature levels, they are a widespread
technology for WHR. However, depending on the considered application, the temperature
of the waste heat source, the mass flow rate, or both can vary during operation [2,3]. These
fluctuations are challenging for the bottoming ORC system due to the off-design operation
of ORC components and the resulting deterioration in efficiency. In the literature, several
studies regarding the off-design behaviour of ORC systems in WHR applications exist,
and different optimization approaches such as system design or storage integration have
been suggested.

Pili et al. [3] performed a techno-economic analysis for the integration of ORC systems
at various volatile waste heat sources, namely clinker cooling air in the cement industry, the
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exhaust gas of a rolling mill reheating furnace, and an electric arc furnace (EAF). The most
economically viable architecture for the ORC system was entirely different depending on
the thermal profile of the heat source, with a design for minimum mass flow rate bypassing
the excess thermal heat being the best option for the rolling mill from an economic point of
view, a latent heat buffer the best for the clinker cooling air, and a solution without heat
storage the best for the EAF.

Due to the high potential for recovering the waste heat of an EAF, other authors have
addressed the issue of implementing an ORC into such an application [4-7]. Bause et al. [6]
installed an ORC unit at an EAF shop in Germany. For safety reasons, using a commonly
applied thermal oil loop was avoided. Instead, and due to the presence of a steam consumer,
they implemented a saturated steam loop to transmit the heat from the waste heat flux to
the ORC unit. Lecompte et al. [5] also analysed the integration of a downstream ORC unit
into an EAF. As in the publication of Bause et al. [6], it was concluded that a steam buffer
is required to cope with fluctuating heat sources. In contrast, Nardin et al. [4] suggested
using phase change materials (PCM) to smooth out the high variability of temperatures
and flows during the different phases of the EAF process in order to reduce the partial load
operations for the applied turbine.

Apart from EAFs, also other applications with volatile waste heat streams are potential
candidates for ORC systems. The application of an ORC unit in the coffee torrefaction
process for instance was investigated by Pantaleo et al. [8]. To dampen fluctuations in the
torrefaction process, a pressurized water loop was considered. Other interesting sectors
for the integration of bottoming ORC systems are the glass industry [9] and the ceramics
industry [10].

Because the waste heat flux in the aforementioned applications underlies the high fluc-
tuations, different buffering and storage technologies have been considered. An overview
of thermal power fluctuation in waste heat recovery and the issues for heat recovery sys-
tems arising from fluctuations in waste heat sources is given in [11]. Depending on the
nature of the variation (temperature, mass flow rate, or both), different technical solutions
can compensate for power fluctuations. Sensible heat storage (e.g., thermal oil loops) and
latent heat storage (PCM) are potential storage technologies. In [12], thermal energy storage
in combination with an ORC unit is discussed for WHR applications. A detailed exergetic
analysis of the application of a sensible packed bed thermal energy storage for an ORC unit,
intended to overcome or at least reduce the issues arising from fluctuating heat sources,
was performed.

In addition to storage, the possibility of controlling either the waste heat flux or the
working fluid mass flow rate in the ORC was proposed in [11]. To enable safe operation
close to the design point, an ORC design for small power input in relation to the maximal
occurring power of the fluctuating heat source and by-passing excess heat is suggested.

In the addressed publications [2-11], the ORC is considered as running close to its
design point. This is realized by either the application of an intermediate cycle, a storage
system, or a bypass system. These technical solutions are always associated with high
exergy losses due to the sliding pressure operation of the ORC unit. In this paper, we follow
a different approach. Instead of operating the ORC close to its design point and performing
costly plant engineering, we consciously operate the ORC in part-load. By developing a
turbine with an adaptive nozzle geometry, the drop in turbine inlet pressure in part-load
should be counteracted. Hence, efficiency losses occurring through the part-load behaviour
of the cycle can be reduced compared to a fixed nozzle geometry.

The application of an adjustable geometry turbine for improved ORC part-load char-
acteristics has already been proposed by other authors [13-15]. However, the named
publications only perform simulative investigations, whereas in the present paper, the
adaptive turbine was technically implemented.

There are different technical solutions for adaptive turbine geometries and nozzle ge-
ometries considered in the literature: In the automotive sector, variable turbine geometries
(VTG) are used for exhaust gas turbochargers. This allows for adaption to the fluctuat-
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ing thermal power supply through the exhaust gas of the combustion engine [16,17]. By
means of pivoting guide vanes, the nozzle throat area is adjusted in order to match the
available mass flow rate [17,18]. At Francis turbines for waterpower production, a similar
approach is followed. Here, too, adaptability is realized by pivoting guide vanes in the
nozzle ring. In contrast to the nozzle ring, the Francis turbine rotor remains unchanged in
geometry [19-21]. Pivoting guide vanes are also applied for controlling Kaplan turbines.
However, for this turbine type, pivoting the rotor blades plays the major role with respect
to flow rate control [20,22].

The aforementioned technologies for adaptive turbine geometries are state-of-the-art
for subsonic flow conditions. However, the flow conditions in ORC turbines are often
supersonic. Due to cost, ORC turbines are in most cases single-stage turbines. The single-
stage arrangement leads to the enthalpy dropping during processing, and thus the flow
velocities in these turbines are comparatively high. In combination with the rather low
speed of sound for organic fluids, this results in supersonic flow conditions. Hence, an
adjustable Laval nozzle (ring) is required for an adaptive ORC micro turbine. To the best
of our knowledge, the only commonly used technology for controlling supersonic steam
turbines is partial arc admission.

An axial steam turbine in a conventional power plant consists of a control stage (first
stage) and a fully admitted blading part (remaining stages). Using several control valves
connected to supersonic convergent-divergent (Laval) nozzles, a partial arc admission can
be applied in the control stage [23]. Thereby, the turbine can be adjusted to the required
steam power. This adjustment is only possible in discrete steps, which are defined by the
number of control valves. In addition to the partial arc admission, which is associated with
significantly higher losses in the throughflow passage [24], only a few technical solutions
for adjusting the geometry of supersonic turbines have been reported in the literature.
Even though the experiments in the two following publications were not performed with
supersonic nozzles, the variable turbine concepts discussed could also be applied to Laval
nozzles: Rogo [25] performed experimental investigations with a variable stator geometry
in conjunction with a radial inflow turbine with a known performance base. By moving the
sidewalls of the nozzle channel, the flow area was changed. The results indicated that the
analysed variable nozzle architecture was an efficient way of enabling variable swallowing
capacity of the radial turbine. The architecture showed the potential of operating over a
wide range of flow rates while keeping both the pressure ratio and speed constant. In a later
report [26] Rogo performed measurements with a radial turbine with movable sidewalls.
This turbine was specifically developed for gas turbine rotorcraft engines. The minimum
tested power corresponded to 50% of the maximum engine power. The aerodynamic
conditions of the rotorcraft engine could not be duplicated in the test environment; however,
the experiments were performed at identical Reynolds number conditions, resulting in a
test turbine twice the size. Based on the experimental results, the movable sidewall could
again be verified as an efficient solution for a variable swallowing capacity turbine.

To the best of our knowledge, there are no commercial solutions for adjustable nozzle
geometries for supersonic ORC turbines. Even in research, the technical implementation of
the adjustment of these turbines is poorly discussed. Hence, in the present paper, a newly
developed technology for an adaptive supersonic turbine for application in WHR business
is presented. As the first application, an ORC test rig located at the University of Bayreuth
was chosen. The implementation of the turbine in alternative WHR applications of fluctu-
ating nature is conceivable. The characteristics of the developed Cantilever turbine with
adjustable nozzle height (ANH) are analysed here based on experimental data acquired un-
der both design and off-design conditions. Moreover, the influence of the adaptive turbine
on reversible cycle efficiency and energy yield under different load conditions is discussed.
All experimental results are compared to those of a turbine with fixed geometry, in order
to elaborate the influences of the adaptivity. Since constant test conditions, especially the
turbine outlet pressure, could not be guaranteed for all measurements, a digital twin of
the plant was built based on semi-empirical component models in order to conduct the
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comparisons with equal boundary conditions; using this digital twin, which was based on
the experimental results, a fair basis on which to compare the adaptive geometry and fixed
geometry turbines could be created.

2. Materials and Methods

In this section, the methodological approach of the present paper is described, includ-
ing the applied equations.

2.1. Swallowing Capacity of a Supersonic Turbine

The swallowing capacity of a supersonic nozzle is defined as the resulting mass
flow rate through the nozzle for a given geometry, total inlet pressure, and total inlet
temperature as well as the thermodynamic and fluid dynamic boundary conditions of the
considered fluid.

K41

: Athroat X Ptin K x—1 5 T 2(k—1)
= = 1+—xM 1
" vV Ttin 8 R; X + 2 X Mihroat (1)

Equation (1) represents the mass flow rate through a Laval nozzle (convergent—
divergent nozzle) in its unchoked condition (M < 1). Approar represents the throat
area of the nozzle, p; ;, the absolute total inlet pressure, T} ;,, the absolute total inlet temper-
ature, ¥ the isentropic exponent and R; the specific gas constant. My, is the isentropic
Mach number at the throat of the nozzle.

The Mach number at the nozzle outlet can be calculated from the pressure ratio over
the Laval nozzle, as given by the following equation:

2 Pst,out e
where pst out is the static pressure at the outlet of the nozzle.

For the choked condition of the nozzle (M0t = 1, Moyt > 1), Equation (3) can be
applied. As choking occurs, the mass flow rate and the inlet pressure show a linear
dependence. In the choked condition of the nozzle, the mass flow is independent of the
outlet pressure.

= Athroat X Ptin ~ K (Kzil)fﬂﬁill) 3)

vV Tt,in E

In Equation (4), all the constants (assuming a constant «) are summarized in the
constant k. With constant area Ay,,,; and constant total inlet temperature T} ;,,, for a given
medium, the inlet pressure is directly proportional to the mass flow rate of the nozzle.

k_mxﬂ/Tt,inXRi (4)

Athroat X Ptin

The assumption of a constant R; finally delivers Equation (5), valid for a turbine with
constant throat area of the nozzle ring.

m X \/Tt,in

5
Pt,in ( )

Meorr =

As becomes obvious from the considerations above, 1.+ describes the swallowing
capacity of a turbine. For a supersonic turbine with constant throat area, this corrected
mass flow rate would theoretically stay constant for all operating points, assuming an
ideal gas behaviour of the applied fluid. Hence, for a decreasing mass flow rate through
the turbine, the inlet pressure decreases. To counteract this behaviour, the authors of the
present publication propose the application of a turbine with adaptive swallowing capacity.
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2.2. ANH Concept and Its Implementation

As already described in a previous publication [27], different technologies for adjusting
the swallowing capacity of a supersonic turbine were considered by the authors. The ad-
justable nozzle height (ANH) concept, which is similar to the concept of Rogo et al. [25,26],
was the most promising technology. Since only the ANH holds the possibility of adjusting
the nozzle throat area while maintaining a constant area ratio of the nozzles, this approach
has been elaborated. By moving the sidewall of the nozzle ring, the flow area in the turbine
is adjusted to the available mass flow rate (see Figure 1a). Due to this arrangement, the
nozzle area ratio and therefore the nozzle outlet velocity stays constant (assuming a proper
control of the height in respect to the available mass flow rate).

Inlet
1 Adjustable

nozzle ring

Nozzle

Fixed vanes
nozzle
ring Nozzle
Height
le—>}"
4 /
Nozzle //. /
vanes
Outlet
\ /-\
Outlet
(a) (b)

Figure 1. Meridional cut (a) and blade-to-blade cut (b) of the implemented adjustable nozzle
height concept.

The simultaneous change of the throat and outlet area of the nozzles is implemented
by adjusting the nozzle height. Thus, the area ratio of the convergent-divergent nozzles (see
Figure 1b) is kept constant. The adjustable nozzle ring is moved against plate springs by
the fluid pressure. Hence, there is no need for additional electronical parts such as a stepper
motor to control the nozzle position. If the mass flow rate is reduced, the inlet pressure of a
turbine with a fixed nozzle will decrease. In the case of the ANH, the springs move the
adjustable nozzle ring and close the nozzle to adjust the inlet pressure. A certain pressure
variation around the design pressure must be accepted. The thermodynamic boundary
conditions for the turbine at design point are equal to the Cantilever turbine, which has
already been discussed in previous publications of the authors [28,29]. However, the nozzle
design was slightly modified so that the nozzles change their area in one dimension, instead
of two dimensions in the previous construction. In the present paper, the following turbine
configurations are considered:

2.2.1. Fixed ANH Turbine (F-ANH)

This configuration serves as a reference case. Using a clamping construction, the
movement of the sidewall of the nozzle is blocked and held constant at 100% height, which
corresponds to the design point of a standard Cantilever turbine. Thus, the ORC test rig
operates at sliding pressure.
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2.2.2. Manually Adjusted Turbine Geometry (M-ANH)

In this configuration, the nozzle height is changed by using distance blocks with
defined height. The nozzle height percentage always corresponds to the mass flow rate
percentage. Through this control strategy, the turbine inlet pressure could theoretically be
kept constant for the different mass flow rates. This case can be considered as the ideally
controlled nozzle height.

2.2.3. Automatically Adjusted Turbine Geometry (A-ANH)

This configuration represents the technical implementation of the adjustable nozzle
height. As already described above, the nozzle travel is realized by plate springs. According
to the present mass flow rate, the balance of forces is achieved at different nozzle heights.
To realize the travel based on the balance of forces, a certain range of the turbine inlet
pressure has to be accepted.

2.3. The ORC Test Rig

As a first application of the adaptive turbine, an ORC test rig located at the University
of Bayreuth was chosen. The test rig was built up to simulate an application as a WHR
unit. As working fluid, hexamethyldisiloxane (MM) was applied. With this test rig, part-
load operating points down to 50% of the design working fluid mass flow rate were
considered. Table 1 summarizes the considered operating points for the test rig. Note that
the utilized heat flux in the evaporator Q EG,ut Varies due to the application of different
turbine configurations and the resulting differences in the working fluid evaporation
pressures. Furthermore, this heat flux is influenced by the supply temperature of the
pressurized working fluid at the cold side of the evaporator.

Table 1. Considered ORC operating points.

—tore MoRrc Qkc,ut Peldesi

MORC,design 4 8n
(%) (8/9) (kW) (kW)
50 160 90-102 4.0
60 192 106-116 5.6
70 224 125-133 7.2
80 256 139-150 8.8
90 288 160-168 10.4
100 320 178-184 12.0

In Figure 2, a photograph (a) and P&ID scheme (b) of the test rig are shown. The
test rig can be divided into the sections “heat supply” (red), “heat rejection” (blue) and
ORC (black).

In Table 2, an overview of the main components of the experimental test rig is given.
Since it was designed for waste heat profiles occurring in industry, a propane gas burner
was used to simulate the waste heat of the upstream process. For pumping the low-
pressure fluid to the required pressure level, two pumps were used. The piston diaphragm
pump was reused from a former plant. To fit the boundary conditions of the current
plant, an additional centrifugal pump as booster pump is required to avoid cavitation.
For preheating, evaporating and superheating, a Plate and Shell heat exchanger from
the manufacturer GESMEX was used. For the sake of simplicity, in the following this
heat exchanger is referred to as “evaporator”. As expansion machine, the three different
configurations shown in the last chapter were considered. Regarding the turbine design
data, the authors refer to their previous publications [28,30,31]. The applied high-speed
generator was connected to a feed-in unit. Using power electronics, the rotational speed of
the turbine could be controlled to the desired value. The generated electrical power was
fed into the University grid. The plate heat exchanger serving as condenser was provided
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by ALPHA LAVAL. An air cooler outside the building was used to cool the intermediate
water/glycol cycle which served as the cold supply for the condenser.

©® _ D (®)| Turbine
I T~ T Tl

™7 o

Condenser

(@) (b)

Figure 2. Photograph (a) and P&ID scheme (b) of the experimental ORC plant at the University
of Bayreuth.

Table 2. Main components of the ORC test rig.

Component Type

Heat supply ~ Propane gas burner
Pumps Centrifugal and piston diaphragm pump (both with variable frequency drive)
“Evaporator”  Plate and Shell type heat exchanger
Expander Quasi-Impulse Cantilever turbine in F-ANH, M-ANH and A-ANH configuration
Condenser  Plate heat exchanger
Heat rejector  Air cooler

2.4. Energy Conversion Chain and Considered Conversion Steps

To evaluate the influences of the three different turbine configurations on the entire
system, the energy conversion chain was analysed, beginning with the available exergy
flux of the exhaust gas and ending with the electrical power output of the turbine (see
Figure 3). For calculating the thermodynamic properties of the working fluids as well as
those of the exhaust gas, the REFPROP Database version 9.1 [32] was used.

Norc

PIE

XEG

Pshaft Pel,turb

Nturbine

Nevaporator

Neycie,rev

Figure 3. Energy conversion chain of the ORC.

Due to the experimental character of the test rig, the results for the different turbine
configurations indicated that the reversible cycle efficiency #ycie,rep and turbine efficiency
Nturbine Were the energy conversion steps mainly influenced by the adaptive turbine. The
other conversion steps, particularly the evaporator efficiency, showed a relatively low
dependency in the off-design cases. Therefore, the remaining energy conversion steps are
not analysed in the present publication.
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To calculate the reversible efficiency of the cycle #.cie rep, the ratio of isentropic expan-

sion power Pjr and supplied heat flux qup must be built.

mMoRrc X Ahis,turbine

P
Heycle,rev = i x 100% = x 100% (6)

sup Horc,ev,out — HORC,EV in

The turbine efficiency describes the share of thermodynamically available power that
is converted into shaft power.

Pel turbine
Pspaft BT
ine = x 100% = - Ec x 100% )
Trurbine Pre MoRre X Ahis turpine

where Pyr is calculated from the mass flow rate of the working fluid mogc and the total-to-
static isentropic enthalpy drop over the turbine Ahjg ;,/pine-

These two conversion steps mainly determine the overall waste heat recovery effi-
ciency, fwHR-

HWHR = Fevours 1009 )
EG

To enable an effective assessment of the different considered technologies, the ORC

efficiency 1orc is introduced as follows:

chcle,rev X Nturbine Ishuft
TTORC = 100% - x 100% 9)

qup

Through this parameter, the effect of the various analysed turbines on the efficiency of
waste heat recovery can be evaluated.

2.5. Semi-Empirical Model as Basis of Performance Evaluation

The turbine outlet pressure is an important influencing variable for the cycle, the
turbine and therefore for the whole energy conversion chain. As the measurement cam-
paigns for the different turbine configurations were performed in different seasons and
the heat rejection of the test rig was realized by an air cooler, the condensing pressure
could not be kept completely constant. To enable a fair comparison of the investigated
turbine technologies, a digital twin of the plant was built. This digital twin was based on a
semi-empirical simulation model and has already been presented in a previous publication
of the authors [33].

Figure 4 shows the main flow sheet of the simulation model. For the evaporator
(EVAP), a power law approach was adjusted to the present heat transfer problem and
applied. The condenser was simulated based on an empirical model derived from exper-
imental series. Pressure losses were not included in the simulation model. The digital
twin was based on the mathematical data fits (polynomial functions of the first and second
degree) of the experimental results. To calculate the fluid properties, the Peng—Robinson
equation of state was applied. To model the experimental data fits, different design spec-
ifications depending on the working fluid mass flow rate (percentage) were integrated
into the simulation. The following input parameters were considered in the simulation to
approximate the measured plant behaviour:
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MM-T-IN TURB

EVAP

[::>{ XG-IN

XG-0UT H:>

COND

oo

Figure 4. Main Flowsheet of the digital twin in ASPEN Plus.

Exhaust gas (XG-IN) composition (CO, H,O, Ny, Oy)

Exhaust gas mass flow rate

Exhaust gas inlet temperature (XG-IN)

Efficiency of the pumps (simulated as a single pump)

Thermal capacity (U x A) values, approximated by a power law approach for the
evaporator (EVAP)

Constant turbine inlet temperature of 190 °C (independent of mass flow rate)
Efficiency of the turbine

Condenser (COND) efficiency (by implementing a certain heat leakage)
Degrees of subcooling of the working fluid (MM-C-OUT) in the condenser
Cooling water inlet temperature (CW-IN)

For the developed adaptive turbine, the existing model implemented the correspond-
ing experimental data and characteristics. As described in [33] for a turbine with constant
geometry, the turbine efficiency is a function of turbine pressure ratio and almost indepen-
dent of the working fluid mass flow rate. However, for a specified geometry of an adaptive
geometry turbine, the turbine efficiency depends on the turbine pressure ratio and the
corrected mass flow rate.

To derive the turbine efficiency characteristics at various outlet pressures, the experi-
mental data were interpolated by the thin plate spline (TPS) method (see Figure 5). This
method was chosen for two reasons: first, as a radial basis function TPS enables the unique
solvability of the multidimensional interpolation. Second, the assumption of a minimum
curvature of the surface matches the expected course of the graph. In Figure 5, the turbine
efficiency characteristics for the A-ANH configuration are shown in dependency on the
mass flow rate percentage and turbine outlet pressure (~condensing pressure). The blue
cubes represent the measured operating points, while the green spheres show the interpo-
lated values (by means of the TPS method) for three different considered turbine outlet
pressures. In the following, three different condensing pressures (0.35 bar, 0.40 bar, 0.45 bar)
were considered for comparison of the investigated turbine configurations (F-ANH, M-
ANH, A-ANH).

Subsequent to TPS interpolation, the resulting values for the different outlet pressures
were fitted by second order polynomial fitting. Hence, for each turbine configuration and
for each outlet pressure, a turbine efficiency characteristic in dependency on the working
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fluid mass flow rate was derived, which was then used for the calculations with the digital
twin. Figure 6 shows, exemplarily for the A-ANH configuration, the derived polynomial
fits for the turbine efficiency in dependency on the mass flow rate percentage for the

three considered turbine outlet pressures. These fits of second order were fed into the
simulation model.

Turbine efficiency (%)

56.00
54.30
54
52.60

52 50.90
%
2
£ 0 49.20
g 47.50
G 48 '
5 9 . 1 45.80

—— | |
£ |
)
0 SN S— 44.10
44 l ‘ S , '
5 \ \ N ; 42.40
Ly 1 |l } | 4070
| L | J
—— by &
20 Tein = 185 —200°C = measured 39.00
|Ptin = 4.68 — 6.79 bar @ interpolated
3873 T 1 ‘ s P
= 1 =M
= P
e . g Y
=z oL -VOQQ\@
s W O
< S
- s s <SS
.

Figure 5. Turbine efficiency (measured and interpolated) of the A-ANH configuration in dependency

on the mass flow rate and turbine outlet pressure.

64 | |
y = —0.0033z% 4 0.6732z + 21.699 '
__ A
60 - = !
----- ®
20 p ¥ & 0350ar
é P , A 0.40bar
L . o, e 0.45bar
T P » 0.35 bar (th)
& n 22 — — -0.40bar (Fit)
" - . 0.45 bar (Fit)
84
X .} |
y = —0.00352% + 0.7474z + 15.597
44 " i i
® y=-0.00392 + 0.8315z + 10.097
40 I J I‘ E 1 I J I‘ I
50 60 70 80 90 100
m
MORC,design

Figure 6. Polynomial fits of the turbine efficiency of the A-ANH configuration in dependency on the
mass flow rate percentage for three different turbine outlet pressures.
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3. Results and Discussion

In this section, the main findings from the experimental investigations as well as those
of the simulative analysis are summarized.

3.1. Swallowing Capacity and Turbine Inlet Pressure

In Figure 7, the experimental results are shown for the corrected mass flow rate (see
Equation (5)), normalized by its design value and in dependency on the working fluid
mass flow rate. For the fixed geometry turbine (F-ANH), the swallowing capacity is almost
constant. The slight reduction in decreasing mass flow rates can be explained by a real gas
behaviour. For the M-ANH turbine configuration, the nozzle height percentage always
corresponds to the mass flow rate percentage (50% nozzle height corresponds to 50% mass
flow rate, etc.). The resulting swallowing capacity behaviour matches expectations in that
the share of the swallowing capacity is very similar to the share of the mass flow rate due
to the adjustment of the nozzle geometry. In the case of the A-ANH curve, an interesting
behaviour is obtained. In low part-load operation, the A-ANH shows a higher swallowing
capacity than the ideal adjustment (M-ANH). At approximately 72% mass flow rate, the
F-ANH and the M-ANH graphs intersect. Moving towards higher mass flow rates, the
automatically adjusted turbine shows a significantly lower swallowing capacity, and only
achieves approximately 81% of the design value.
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Figure 7. Normalized corrected mass flow rate (swallowing capacity) as a function of the working
fluid mass flow rate.

As a consequence of the swallowing capacity adjustment, the turbine inlet pressure is
also influenced. Figure 8 depicts the turbine inlet pressure in dependency on the working
fluid mass flow rate for the considered turbine configurations. For the F-ANH curve, the
theoretically expected behaviour of a sliding inlet pressure can be confirmed. For the
M-ANH configuration, the turbine inlet pressure stays almost constant for the considered
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mass flow rate range. This is due to the manual adjustment of the nozzle area and corre-
spondingly of the swallowing capacity, as shown in the previous diagram. An exception to
this behaviour represents the operating point at 50% mass flow rate. Here, a significant drop
in the turbine inlet pressure to approximately 5.0 bar is observed. This can be explained by
an increasing leakage flow through the adjustable geometry at low nozzle heights. Due to
the fact that the travel of the nozzle height is at the A-ANH configuration implemented
by a balance of forces, a perfectly constant turbine inlet pressure is excluded by principle.
Hence, a certain pressure glide, and thus a deviation from the M-ANH behaviour, has to
be accepted for the A-ANH configuration. In Figure 8, four different runs for the A-ANH
configuration are shown. The turbine inlet pressure increases from approximately 4.75
to 6.75 bar in the considered mass flow rate range. It becomes obvious that the course
of the graph could not exactly be reproduced for the four runs. This can be explained
by the sensitivity of the balance of forces on various influencing factors. In particular,
the turbine outlet pressure, which varied for the different runs, is expected to influence
the balance of forces and therefore the travel of the nozzle. Nevertheless, the prototype
A-ANH turbine showed the feasibility of the approach as well as reproducibility regarding
its qualitative behaviour.

A-ANH
7.0+ T;.in = 185 — 200°C
) Prout = 0.22 — 0.56 bar " )
6.5 i | l‘,.w,':’_;'( |
| [M-ANH ot 2
6.0 4 [Thin = 181 — 192°C AT’
] |Ptowt = 0.29 — 0.44 bar B *~;‘,/§’
5.5 - ,9"‘,7§\f;,‘/"-‘———v—-~
— 1 //, _L"l’;' b
I G rie
- A
i 4.5 -
’ IF-ANH
4047, = 162 - 192°C , o F-ANH
1Pt.out = 0.26 — 0.75 bar o M-ANH
3.5 - --A . A-ANH — Runl
- -A-ANH — Run?2
3.0 g --a--A-ANH — Run3
A-ANH — Run4
25 , i , . ; : : : . |

T
50 60 70 80 90 100
__MoRC gz
ThIORC,desiyn-

Figure 8. Turbine inlet pressure as a function of the working fluid mass flow rate.

3.2. Turbine Efficiency for the Different Turbine Configurations

When it comes to the energy yield of a WHR plant, the total-to-static isentropic turbine
efficiency is one of the most important parameters. The previously shown results indicate
that the turbine is able to adjust to the available working fluid mass flow rate. This
adjustment has a strong influence on turbine efficiency, which is shown in Figure 9. In this
figure, the experimental results for the turbine efficiency of the three turbine configurations
in dependency on the pressure ratio are shown for M-ANH and A-ANH; each mass flow
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Niurbine (% )

rate corresponds to an own nozzle height and therefore to efficiency characteristics. Hence,
for these two configurations the corresponding mass flow rate for the shown graphs is
given in the diagrams.
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Figure 9. Total-to-static isentropic turbine efficiency for F-ANH and M-ANH (a) and for F-ANH and
A-ANH (b) as a function of the pressure ratio (PR).

The F-ANH graph derives from measurements with 50 to 100% mass flow rate at
different turbine outlet pressures. It shows a similar behaviour to that already observed
in previous publications of the authors [33]. However, due to the changed construction
for swallowing capacity adjustment, the efficiency level is lowered as a result of leakage
flows through the nozzle ring. As this is the first turbine of its kind, the leakage flows are
expected to be reduced as the technology becomes more mature and the size of the turbine
increases. For the M-ANH and the A-ANH graphs, the F-ANH characteristic serves as a
benchmark. A decrease in mass flow rate for M-ANH and A-ANH is associated with a
significantly decreasing level of turbine efficiency, even at the same pressure ratio. For a
decreasing mass flow rate, the nozzle height is reduced (manually or automatically) and
the difference between the channel height of the nozzle and channel height of the rotor
increases. The resulting step in the flow path leads to a significant rise of dissipated work.
This pronounced behaviour was unexpected by the authors, as in a previous publication [27]
both the simulation and the experimental results for a supersonic air turbine indicated only
a slight efficiency decrease at 50% nozzle height.

The efficiency level of the A-ANH curves is, for higher mass flow rates, significantly
lower than that of the M-ANH graphs at the same mass flow rate. This circumstance may
be explained in conjunction with Figure 7; as the A-ANH graph shows a lower swallowing
capacity for higher mass flow rates, the nozzle height for these operating points is lower
than that of the M-ANH configurations. Hence, the step in the stream path is higher, and
therefore also created dissipation.

For the experimental data shown in Figure 9, an error calculation was performed
in [34]. The errors of the total-to-static isentropic turbine efficiency were calculated by
applying the Gaussian law of error propagation. As it would exceed the scope of the
present paper, a detailed description is not provided here. However, the same approach as
that presented in [35] was followed. Based on the accuracies shown in Table 3, the Gaussian
law of error propagation was applied in order to derive the shown error bars in Figure 9.
The power is taken from an internal measurement of the feed-in unit. As no data for the
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accuracy of this measurement were available, the power measurement was regarded as
free of errors. The error resulting from the application of REFPROP was also handled as
in [35]. In addition to the errors resulting from the applied sensors, the errors from the
signal conditioning units were included in the error calculation for turbine efficiency. In
Table 4, the accuracies of the corresponding modules are summarized. Note that Module
NI 9207 was applied for the pressure sensors, while NI 9208 was used for the mass flow
rate measurement. The final resulting errors for turbine efficiency lie in the range of 2 to
3.3 percentage points.

Table 3. Measuring range and accuracy of sensors for calculating the turbine efficiency.

Accuracy of

Measured Parameter Type Measuring Range Measurement
Ml OneTRESIC e
Turbine inlet pressure PA Azg,osr\r{lé%f 0-M12 0-10 bar 1.5% of EV
T“gﬁ‘:ssr“eﬂa Omega DA AZISY 0-2 bar 15% of EV
Mass flow rate ABB C;’éi];’;gs‘é\/[aSter 0-416,667 g/s 0.4% of MV
Power Sioe;gﬁfg’lfr 0-20 kW N/A
Table 4. Measuring range and accuracy of the signal conditioning units.
Module Measuring Range Accuracy of Measurement
NI 9207 0-22 mA 0.87% of MV + 0.05% of EV
NI 9208 0-22 mA 0.76% of MV + 0.04% of EV

Because a direct comparison of the M-ANH and A-ANH with the benchmark is
not possible due to differing turbine outlet pressures during the measurements, a more
detailed description of the experimentally determined efficiency graphs is not provided
here. However, in the following section, a fair comparison of simulated results at equal
outlet pressures is provided.

3.3. Turbine Efficiency, Reversible Cycle Efficiency and ORC Efficiency Calculated with the
Digital Twin

As already described in Section 3.2, the turbine efficiency characteristics for the M-
ANH as well as the A-ANH are at part-load negatively affected by the adjustment of
the nozzle height (see Figure 10). Hence, at these conditions there is a turbine efficiency
reduction with respect to the F-ANH results. In the case of the M-ANH configuration,
the highest reduction of turbine efficiency, approximately four percentage points, appears
at 70% mass flow rate and 0.35 bar outlet pressure. For the A-ANH, a reduction of up
to 6.2 percentage points compared to the benchmark can be observed at 90% mass flow
rate and at 0.35 bar outlet pressure. From the simulated results in Figure 10 it becomes
obvious that the reduction of turbine efficiency when applying the adaptive geometries is
less pronounced at higher turbine outlet pressures (0.40 and 0.45 bar). Interestingly, the
turbine efficiency in part-load for the M-ANH graph is, for higher turbine outlet pressures,
higher than that of the F~ANH. For instance, at 50% part-load and 0.45 bar outlet pressure,
the turbine efficiency is 3.6 percentage points higher than the benchmark. Here, the positive
effect of the higher turbine inlet pressure on the pressure ratio overcompensates for the
losses created by the step in the flow path.
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Figure 10. Total-to-static isentropic turbine efficiency and reversible cycle efficiency in dependency
on the working fluid mass flow rate, calculated by the digital twin for 0.35, 0.40 and 0.45 bar turbine
outlet pressure.
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Generally, a deterioration in the turbine efficiency due to the application of an ad-
justable geometry was expected and confirmed by the investigations in the present publica-
tion. In addition to the negative effect on the turbine efficiency, a positive influence on the
reversible cycle efficiency, especially at part-load, can be observed for the adjustable geom-
etry configurations. The ideally adjusted M-ANH configuration shows the best part-load
characteristic concerning cycle efficiency. Concerning the M-ANH graph at 0.45 bar outlet
pressure, the highest increase in cycle efficiency, from 8.7 to 11.1%, can be observed. While
the A-ANH shows the highest cycle efficiency for all considered turbine outlet pressures at
the higher mass flow rates (max. 13.4% at 100% mass flow rate and 0.35 bar outlet pressure),
it decreases in part-load below the efficiency of the M-ANH graph. This behaviour can
be directly attributed to the observed turbine inlet pressure characteristics in Figure 8. A
higher turbine inlet pressure is associated with a higher reversible cycle efficiency, and vice
versa. However, at 0.45 bar outlet pressure the A-ANH achieves a significant improvement
in cycle efficiency, from 8.7 to 10.8%. Overall, with both adjustable configurations (M-ANH
and A-ANH) the cycle efficiency is higher than that of the fixed geometry turbines for all
mass flow rates and turbine outlet pressures.

The overarching goal of the authors was to increase the energy yield of the ORC unit in
part-load by the application of the adaptive turbine. Due to an oversizing of the evaporator
of the considered ORC test rig, the evaporator off-design characteristics barely influenced
energy conversion in our case. Referring to the energy conversion chain presented in
the materials and methods section, the heat utilization rate and the evaporator efficiency
were therefore barely affected by the application of the different turbine configurations,
which is why those results are not shown in the present paper. However, for a properly
designed evaporator, a significant effect on energy yield from its part-load performance can
be expected. The efficiency of the electrical chain only depends on the resulting electrical
power, and is therefore not influenced by the applied turbine. Thus, the cycle efficiency
and the total-to-static isentropic turbine efficiency are the two energy conversion steps
which mainly determine the energy yield of the ORC unit. By introducing a turbine with
adjustable swallowing capacity, two opposing effects on the part-load operation of the
unit result: the turbine efficiency decreases due to leakages and a step in the flow path of
the working fluid, while the reversible cycle efficiency increases as a result of the higher
turbine inlet, i.e., upper cycle pressure. To evaluate the overall result of these opposing
effects, the ORC efficiency, 7jorc must be calculated. Figure 11 shows #jorc for the three
considered turbine outlet pressures. As intended, by applying the adjustable geometry
turbines (M-ANH and A-ANH) an improved #ogrc in part-load can be achieved for all
outlet pressures. Hence, the increased reversible cycle efficiency with the adaptive turbines
overcompensates for the decrease in turbine efficiency. The efficiency with the manually
adjusted geometry exceeds for all considered operating points that of the automatically
adjusted one. The highest improvement in ORC efficiency, from 3.8 to 5.2%, can be observed
for the M-ANH configuration at 0.45 bar outlet pressure and 50% mass flow rate. At the
same operating point, the A-ANH achieves a #orc of 4.5%. The improvement of the
ORC efficiency at 0.35 outlet pressure and 50% mass flow rate is less pronounced, but still
significant. With the M-ANH], it is increased by 0.9 percentage points, while the application
of the A-ANH delivers an improvement of 17orc by 0.6 percentage points. From Figure 11 it
becomes obvious that the mass flow rate, where the A-ANH efficiency exceeds the efficiency
with the fixed geometry turbine, increases with higher turbine outlet pressure. While the
mentioned mass flow rate corresponds to 73.6% at 0.35 bar outlet pressure, it shifts to 83.2%
at 0.45 bar outlet pressure. Thus, the A-ANH configuration shows an improved energy
yield (with respect to the benchmark) for low mass flow rates and for outlet pressures
higher than design.
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Figure 11. ORC efficiency #orc in dependency on the working fluid mass flow rate, calculated by
the digital twin for 0.35, 0.40 and 0.45 bar turbine outlet pressure.
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4. Conclusions

In the present paper, three different turbine configurations were applied in an exper-
imental ORC unit: a fixed geometry Cantilever turbine (F-ANH), a manually adjusted
turbine geometry (M-AN) and an automatically adjusted turbine geometry (A-ANH). The
presented A-ANH technology proved itself as an effective approach to adjust the swal-
lowing capacity to match the available mass flow rate. As a consequence of the adjusted
swallowing capacity, the turbine inlet pressure (i.e., upper cycle pressure) in part-load
operation could be significantly increased with both the M-ANH and A-ANH. In part-load,
due to the decreased channel height of the nozzle ring with respect to the rotor blade
height, a significantly decreased turbine efficiency could be derived from the experimental
results. As a fair comparison of the three turbine configurations is only possible at both
equal mass flow rate and equal turbine outlet (i.e., condensing pressure), a digital twin
of the ORC test rig was introduced. The digital twin enabled the comparison of the three
turbine technologies with equal boundary conditions. While the turbine efficiency of the
adjustable geometries was in general lower than that of the fixed geometry turbines, a
contrary behaviour was seen with respect to reversible cycle efficiency. For the A-ANH, the
turbine efficiency decreased by a maximum of 6.2 percentage points at 90% mass flow rate
and 0.35 bar outlet pressure. However, by applying the automatically adjusted turbine, a
significant improvement in cycle efficiency compared to the benchmark F-ANH was seen.
The most pronounced increase in cycle efficiency for the A-ANH configuration, from 8.7 to
10.8%, was observed at 50% mass flow rate and 0.45 bar outlet pressure. To evaluate the
effect of the adjustable swallowing capacity on the energy yield of the plant, the product
of cycle efficiency and turbine efficiency (7orc) was analysed. As intended, the turbine
configurations with adjustable geometry showed improved efficiency at the part-load
operating points. This behaviour became more pronounced as the turbine outlet pressure
increased. The A-ANH achieved an improvement of ORC efficiency from 4.9 to 5.5% at 50%
mass flow rate and 0.35 bar outlet pressure. At 0.45 bar outlet pressure and 50% mass flow
rate, the A-ANH showed the most pronounced increase of yorc, by 0.7 percentage points.
Finally, the A-ANH turbine, as a technical implementation of a supersonic turbine with
adjustable swallowing capacity, was proven to increase the energy yield of a WHR ORC
unit by a maximum of 18% in part-load operation. Nevertheless, the extent of the increase
is highly dependent on the actual waste heat profile. The improvement of the automatic
ANH adjustment technology will be subject to future research work.
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Nomenclature
A area (m?)
H enthalpy flux (J/s)
h specific enthalpy (J/s)
K isentropic exponent )
M Mach number (-)
m mass flow rate (kg/s)
N efficiency (%)
P power W)
p pressure (Pa)
PR pressure ratio (%)
Q heat flux W)
R; specific gas constant (J/kg/K)
T temperature K)
u-A thermal capacity (W/K)
X exergy flux J/s)
Subscripts
corr corrected
EC electrical chain
EG exhaust gas
EV evaporator
el electric
HU heat utilization
1IE isentropic expansion
is isentropic
ORC organic Rankine cycle
rev reversible
st static
sup supplied
t total
ut utilized
WHR waste heat recovery
Abbreviations
ANH adjustable nozzle height
EAF electric arc furnace
EV end value
MV measured value
PCM phase change material
VTG variable turbine geometry
WHR waste heat recovery
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