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Abstract

This paper reports extensive experimental results characterizing the supersonic
expansion of organic vapor MM (hexamethyldisiloxane, CsH150Si2) in condi-
tions representative of actual Organic Rankine Cycle (ORC) turbine operations,
in the close proximity of the liquid-vapor saturation curve. Experiments were
conducted on the Test Rig for Organic VApors (TROVA), at the Laboratory of
Compressible fluid-dynamics for Renewable Energy Applications (CREA Lab)
of Politecnico di Milano. A planar nozzle was tested, featuring a design exit
Mach number of 1.6. Nozzle flow expansions were characterized by measuring
total pressure, total temperature, static pressures along the nozzle axis and by
performing schlieren visualizations. It was verified that the expansion is influ-
enced by total inlet conditions due to the non-ideal nature of the flow. Data
on nozzle flow expansions with total conditions having compressibility factor
Zp ranging from 0.39 (strongly non-ideal) to 0.98 (almost ideal) was gathered.
The difference between pressure ratio measured at the lowest Zr was higher
by 10%-20% with respect to the one measured at the highest Zp in all axial
locations analyzed.

A very large experimental dataset was analyzed to assess the influence of both

the total compressibility factor and of the total fundamental derivative of gas-
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dynamics on the non-dimensional pressure distribution along the nozzle axis. It
was investigated whether one between parameters Zp and 't could be used to
univocally identify a non-dimensional nozzle expansion.

The present experimental investigation provides significant validation data for
the improvement of CFD simulation codes and of design tools for siloxane fluids
in general and for siloxane MM in particular.

Keywords: Experiments in non-ideal compressible flows, Non-ideal supersonic
expanding flows, Siloxane MM, Test Rig for Organic Vapors TROVA, nozzle

expansion, ORC power systems.

1. Introduction

Organic Rankine Cycle (ORC) power systems are a convenient option for
power production in the 0.1 to 100 MW range when low/medium source temper-
atures are involved, thanks to their relatively high efficiency, low cost and plant
simplicity with respect to traditional steam Rankine cycles. Such temperatures
and power ranges are often found in the case of renewable energy sources, such
as geothermal reservoirs, biomass combustion and waste heat recovery from sev-
eral industrial processes (power plants, cement and glass factories) ([Il 2, [3]).
ORCs involve flows of heavy and complex organic compounds in thermodynamic
regions close to the liquid-vapor saturation curve and to the critical point, where
intermolecular forces are not negligible. As a result, ORC turbine flows differ
from standard turbomachinery ones because they are highly supersonic and
show significant non-ideal gas effects, such as flow field dependence on stagna-
tion conditions ([4[BL[6]). Given this, the design of such machines is particularly
critical, also considering that turbine efficiency impacts the economic competi-
tiveness of the ORC technology. Current computational tools are based on ad-
vanced CFD codes ([7, 8, [9, 10, 11]) embedding state-of-the-art thermodynamic
models (12 [13]), but experimental data are only recently becoming available in
literature for comparison and verification ([14}, 4 5, [15]). This is mainly due to

the peculiar features of organic fluid flows, as the high temperature, the vicinity



to the saturation curve and to the thermal stability limits, which challenge the
success of ad-hoc experimental campaigns. Nevertheless, several experimental
facilities were recently constructed, such as the FAST ([16]) and the ORCHID
([I7]) at TU Delft, the CLOWT ([18]) at Muenster University of Applied Sci-
ences, the Imperial College Dense Gas Blowdown Facility ([I5]), and the Test
Rig for Organic VApors (TROVA) [19] at the Laboratory of Compressible fluid-
dynamics for Renewable Energy Applications (CREA Lab) of Politecnico di
Milano.

The experimental campaigns presented in this paper were conducted on the
TROVA facility. It is a blow-down wind tunnel specifically designed to repro-
duce supersonic flows of organic vapors in conditions representative of ORC tur-
bine expansions. The TROVA test section can be equipped with planar nozzles,
designed for different fluids and/or operating conditions, and it can also accom-
modate linear blade cascades. In the present experimental campaign, a planar
nozzle was tested with siloxane fluid MM (hexamethyldisiloxane, C¢ H150S12),
yielding a design exit Mach number of 1.6 (a typical value for ORC turbine
vanes, especially for initial stages).

Nozzle expansions were characterized by total temperature and total pressure
measures, by static pressure measurements along the axis and by the Schlieren
technique to visualize the two-dimensional density gradient field along the axis
direction. A wide range of inlet conditions was explored in order to systemati-
cally span the thermodynamic region of superheated vapor. Conditions varied
from highly non-ideal to almost ideal gas conditions, with a compressibility fac-
tor evaluated at total conditions ranging between 0.39 and 0.98.

Results allowed to verify that nozzle expansion is influenced by total inlet con-
ditions because of the non-ideal nature of the flow. Total inlet conditions are
identified measuring total temperature T and total pressure Pr. These two
parameters univocally identify a supersonic expansion inside a nozzle with a
given geometry.

However, it was investigated whether a single parameter can be used to assess

the level of non-ideality of a nozzle flow and thus, to characterize the expan-



sion and predict pressure ratio profiles with acceptable accuracy. Analyzed
parameters were the compressibility factor Zr and the fundamental derivative
of gas-dynamics I'r, both evaluated at total conditions (subscript 'T"). Zr is
defined in Equation |1, where R is the gas constant and pr = p(Tr, Pr) is the

stagnation density:
TrRp(Tr, Pr)

The compressibility factor Z identifies how much the volumetric behaviour of

(1)

Zr

a fluid differs from that of an ideal gas. Thus, it can be used to quantify the
level of flow non-ideality. The fundamental derivative of gasdynamics instead
provides information about admissible nozzle flow behaviors since it represents
the non-dimensional variation of the speed of sound with pressure along an
isentropic process. At total conditions, it is defined in Equation [2] where c is the

speed of sound, v is the specific volume:

4 2
_ o [(9v _qcr |9
tr=gi () |, =1+ o (55) ), @

A Helmoltz energy based fundamental relation of Span-Wagner type was used
to calculate all derived thermodynamic quantities [13].

The paper is structured as follows. Section [2] describes the facility, the im-
plemented measurement techniques and the selected test conditions. Results
showing non-ideal gas effects are presented in Section |3] while the influence
of the total compressibility factor and of the total fundamental derivative of
gasdynamics are analyzed in Section 4] A comparison between Zp and I'p per-
fomances in predicting non-dimensional nozzle expansions of siloxane MM is
also included here. Section [5| extends the conclusions, drawn for fluid MM in
the thermodynamic region explored with experiments, to a wider region and to
other fluids of interest for ORC applications with the use of quasi-1D nozzle

theory. Section [f] finally draws the conclusions of this work.
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Figure 1: Nozzle M1.6: sketch of the nozzle profile with position of measurement

points.

2. Experimental set-up

2.1. The Test-Rig for Organic VApors (TROVA)

The Test-Rig for Organic VApors (TROVA) is a blow-down wind tunnel
specifically designed to reproduce flows of non-ideal vapors in conditions repre-
sentative of ORC turbines expansions. The working fluid is isochorically heated
in a High Pressure Vessel (HPV) until the desired temperature and pressure
conditions are reached. Vapor is discharged at the opening of the Main Control
Valve (MCV) from the HPV to a Low Pressure Vessel (LPV) by passing through
a settling chamber (plenum) and the test section, in which it is expanded from
subsonic to supersonic velocity through a planar converging-diverging nozzle.
The vapor is condensed in the LPV and pumped back to the HPV by means of
a membrane pump. More details on the design and operation of the TROVA
can be found in [19] 20].

2.2. Test Section

The TROVA test section is planar and can accommodate straight-axis noz-
zles with a rectangular cross-section, designed for the considered fluid and oper-
ating conditions according to the procedure described in [2I]. The straight-axis
geometry allows to characterize the flow field at underexpanded nozzle regimes
by using the isentropic flow hypothesis, thus avoiding the need for calibrated

pressure probes, which are currently not available for organic vapors flows.



The tested nozzle is named M1.6 (Fig. (1) since it was designed for siloxane
fluid MM to produce a uniform exit flow with Mach number M = 1.6, with
Pr = 21.4 bar and Ty = 254°C. It is characterized by a throat semi-height of
H = 8 mm and by a non-dimensional curvature at the throat, identified by the
ratio between the radius of the circular arc shaping the throat region and the

throat semi-height, of r, = 5.

2.83. Measurements Setup and Instrumentation

Sixteen pressure taps of 0.3 mm in diameter are machined onto the rear
steel plate along the nozzle axis. Each tap is connected to a pressure transducer
through a ~ 50 mm long line, providing a measure of the wall static pressure.
Not all taps are simultaneously active during a single test. Nozzle total pressure
Pr and temperature T are measured in the plenum upstream the test section,
where flow velocity is low enough (about 1 m/s) for kinetic energy to be negli-
gible. Thus, Pr is measured with a wall pressure transducer and 7T with the
use of two thermocouples, one of K-type (hot junction of 0.15 mm diameter)
and one of J-type (hot junction of 0.25 mm diameter). Pressure transducers
are of piezo-resistive type. Due to their temperature sensitivity, they were cali-
brated both in pressure and temperature from 1 bar to full scale (3.5 bar < FS
< 40 bar) and from 25°C to 300°C. Thermocouples were calibrated in the same
temperature range (25° - 300°C). The expanded uncertainty is of the order of
0.07 % of the full scale for pressure sensors and of about 1°C for thermocouples.
Data sampling frequency for temperature and pressure measurements is 1 kHz.

Further details on instrumentation can be found in [4].

2.4. Test Description and Conditions

Each test starts as the MCV is opened and flow is discharged through the
nozzle. Test time is about 140 s, excluding the valve opening transient (about
2 s). Tests end as the nozzle reaches over-expanded conditions with shocks

waves entering in the nozzle. Since no control on total pressure is operated, Py



and T decrease in time as the HPV empties and a wide range of thermody-
namic states are explored during a single test run, from initial strong non-ideal
conditions to the ideal gas state. Nozzle relaxation time is more than two or-
ders of magnitude lower than the emptying time of the HPV ([19]), so that
the nozzle flow can be assumed in a steady state at each sampled instant. To
illustrate this, Figure [2a] reports several selected total conditions, all belonging
to the same test. As the test proceeds, going from condition a to condition h,
total pressure and temperature decrease. Consequently the total compressibility
factor, defined in Equation [l| increases towards unity during the test as dilute
conditions are approached. Each total condition reported in Figure [2a] refers to
the corresponding isentropic expansions plotted in Figure

Several tests were performed and flows characterized by the same total condi-
tions were reported in different tests. Comparison of this data proved consis-
tency and repeatability of the performed measurements. This comparison is not
reported here for brevity.

Among all tests carried out during the experimental campaign, seven were se-
lected to be analyzed in the present paper: tests 21MM, 28MM, 30MM, 31MM,
33MM, 40MM, 43MM and 44MM. They are summarized in Table [1} which also

reports the most and the least non-ideal total conditions reached in each tests.

3. Experimental evidence of non-ideal compressible fluid effects

Test 44MM achieved the highest pressures and temperatures of the whole
experimental campaign. Nozzle expansions characterized by total compressibil-
ity factors, ranging from Z7" = 0.45 to Z%* = (.85 were extracted from this
test. Figure reports the total conditions at which data were analysed on a
P — T diagram with Z contours, with points labeled from ¢ to k& at increasing
values of Zr, thus levels of ideality. Figure shows the corresponding isen-
tropic expansions on a T — s diagram.

Pressure ratio measured along the nozzle axis during these expansions can be



Test ID Nozzle Most non-ideal condition Least non-ideal condition

Pr [bar] Tr [°C] Zr Prlbar] Tr[°C] Zr
2IMM  M1.6 10.576 2221 0.71 0.840 2155 098
28MM  M1.6 8.367 200.8 0714  0.731 2044 098
30MM  M1.6 7.796 206.8  0.77  0.570 202.9  0.99
31IMM  M1.6 6.266 185.3  0.78 0.654 193.5  0.98
33MM  M1.6 12.290 234.5  0.69 1.605 221.7  0.96
40MM  M1.6 18.971 259.4  0.57 2.632 2345 095
43MM M1.6 23.54 2624  0.39 5.850 232.6  0.87
44MM M1.6 23.93 266.7  0.43 5.710 236.6  0.88

Table 1: Tests selected for analysis in the present paper
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used to prove the influence of non-ideal fluid effects. Indeed, following quasi-1D
theory, if the ideal gas equation of state is applicable, pressure ratios along the
nozzle axis are independent of total conditions. Thus, the pressure ratio change
with total conditions can be ascribed to non-ideal compressible fluid effects [6].
Figure |2c| shows pressure ratio trends along the nozzle axis during test 44MM.
Pressure ratios decrease going from the most non-ideal condition 44MMc, char-
acterized by Zm" = (.45, to the most ideal one 44MMk, featuring Z7%* = (.85
much closer to the ideal gas limit of 1. At the axial location x/H = 9.74, located
just downstream the geometrical throat, the pressure ratio at Z7'" is 1.2 times
the one at Z7'**. In general, in all axial locations where pressure measurements
are available, the difference between the pressure ratio measured at the highest
Pr and Tr is higher by 10%-20% with respect to the one measured at the lowest
Pr and Tp. This discrepancy is one order of magnitude higher than measure-
ment uncertainty, thus it can only be ascribed to non-ideal compressible fluid
effects.

These findings are consistent with the behaviour predicted by the quasi-1D noz-
zle theory, as reported in Section [ and was experimentally observed also during

previous experimental campaigns with fluid siloxane MDM, as described in [4].

4. Analysis of the nozzle flow expansion

Results presented in Section [3] prove the dependence of pressure ratio profiles
on the total conditions at which the nozzle is operated, univocally character-
ized by total pressure Pr and total temperature 1. However, if coupled with
a suitable thermodynamic model ([I3]), Pr and Tr can be used to compute
both the total compressibility factor Zp and the total fundamental derivative
of gasdynamics I'r, as defined in Equations [1| and |2 respectively.

The compressibility factor can be used as a non-dimensional parameter to char-
acterize the volumetric behavior of a non-ideal gas at a specific thermodynamic
point. Since it identifies how much volumetric behavior differs from that of an

ideal gas, it can be used to quantify the level of flow non ideality.

10



The value of the fundamental derivative of gasdynamics I', instead, provides in-
formation about the admissible flow behaviors. Indeed, the fundamental deriva-
tive of gasdynamics can be interpreted as the non-dimensional measure of the
variation of speed of sound with pressure along an isentropic process. A ther-
modynamic region exhibiting I' < 1 can be found only in fluids characterized
by a high molecular complexity. Flows characterised by I' < 1 are significantly
different from ideal-gas ones since some peculiar behaviors are admissible [22].
Indeed, in this case, speed of sound c increases along expansions, possibly lead-
ing to a decrease of the local Mach number [23]. Moreover, phenomena such
as the discontinuous increase of Mach number across oblique shocks become
possible.

Since both quantities Zp and I'r influence nozzle flow behavior, it was in-
vestigated whether one of them alone could be used to univocally identify a
non-dimensional nozzle expansion. Thus, the aim is to investigate whether they
can be used to predict pressure ratio profiles by resorting to one parameter only

instead of the both Pr and T7.

4.1. Influence of total compressibility factor Zr

Sets of different expansions sharing the same Zp but featuring different Pr
and T were chosen in order to investigate whether parameter Zr is sufficient
to assess the level of non-ideality of a nozzle flow and thus, to characterize the
non-dimensional flow field in terms of pressure ratios.

Figure [3] reports total conditions of selected nozzle flows. Expansions sharing
the same Zp are marked with the same letter, from letter a corresponding to
Z1 = 0.39 to letter n indicating Z7 = 0.98. Comparisons between pressure ratio
profiles of different tests at different total conditions and same Zr are reported
in Figure Detailed results are presented for Zp = 0.45 (corresponding to label
¢), Zr = 0.50 (label d), Z7 = 0.70 (label h), Zr = 0.80 (label j), Zr = 0.90
(label 1) and Z7 = 0.98 (label n).

It can be noticed that an appreciable difference between pressure ratio profiles

is present only at Zp = 0.45 (Fig. and Zp = 0.50 (Fig. |4b). Profiles are

11
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Figure 3: P —T diagram with Z contour reporting the total conditions characterizing
all the expansions analyzed to assess the influence of Zr on pressure ratio

profiles. The colors identify all expansions extracted from a single test.

almost superimposed in all other figures.

It is possible to quantify the discrepancy between pressure ratio profiles of ex-
pansions having different total pressure and temperature but sharing the same
Zr through the percentage difference AﬁT% defined as:

max [I1(Z7)] — min [11(Z7)]
min [II(Z)]

AZT % = -100 (3)

where maz [II(Z7)] and min [II(Z7)] refer to the maximum and the minimum
values of pressure ratio registered in a specific axial location among all expan-
sions sharing the same Zp.

The percentage difference AﬁT% is plotted in figures It can be no-
ticed that going from Z; = 0.45 towards more dilute conditions at higher Zr,
AZ7% decreases, consistently with a lower influence of total conditions as the
ideal gas limit is approached.

Considering their importance in describing flow non-ideality and admissible be-

haviour, profiles of local Z and I' along expansions are analyzed in Figures [ba]

12



Zp = 0.45 Zr = 0.50
0.9 r 0.9 r
T 43MMe 3 43MMd
44MMe 44MMd
osl * | 0.8} 4
0.7 1
0.7} 1
) . 0.6 4
o6l I
< a
0.5 4
0.5 1 .
04} 1
041 1 0.3} 1
03 . . . . . . = 02 . . . . .
8.5 9 9.5 10 10.5 11 115 12 8.5 9.5 10 105 11 115 12
(a) Zr = 0.45. (b) Zr = 0.50.
f Zr =0.70 1 Zr = 0.80
. 3 33MMh § 31MMj
ool 40MM#h | 0.9} & 30MMj ]
- 3 43MMh 3 21MMj
44MMh osl ¥ 33MMj |
0.8 1 1 : 40MM;j
= = § 43MMj
0.7} M
o1k | 44MM;j
. 0.6 4
< 0.6 1 £ =
= 0. . =
~ o5t 1
0.5 4
0.4+ . 4
0.4} 4
0.3 4
031 ] 02} E
0.2 . . . . . . < 01 . . . . .
6 7 8 9 10 1 12 13 6 8 9 10 11 12 13
z/H z/H
(¢) Zr = 0.70. (d) Zp = 0.80.
f Zr =0.90 1 Zr =0.98
i § 31IMMI 3 31MMn
0.9} § 30MMI 0.9} 7 30MMn |
H 3 21MMI 7 21MMn
osl § 33MMI | osl ]
: 40MMI :
07t - 1 07} i 1
L 06F 1 0.6 1
& = < i
o5t 1 &ost 1
041 B 0.4F B
L]
0.3 , 0.3} ,
= s
0.2} 4 0.2 1
L
0.1 . . . . . . 01 . . . . .
6 7 8 9 10 11 12 13 6 8 9 10 11 12 13
z/H z/H
(e) Z = 0.90. (f) Zp = 0.98.

Figure 4: Pressure ratio profiles along the nozzle axis for all different total conditions
sharing (a) Zr = 0.45, (b) Zr = 0.50, (¢) Zr = 0.70, (d) Zr = 0.80, (e)
Zr =0.90, (f) Zr = 0.98. 13



0.9 ‘ ‘ ‘ ‘
08} |
~
L 0TL 1
N
0.6} 1
0.5 . . . .
708 13 14
z/H
(a) ZT = 0.45.
Zp = 0.80
“— =
0.95 |
[
. 09Ff |
N
0.85 1
0.8 ‘
14
1.02 ‘
1oL} P
e S
— Pl
L1t - un”
N R
0.99
0.98 1 . . . . . . .
7 8 9 10 11 12 13 14
xz/H
(e) Zr = 0.98.
Figure 5:

o Z43¢
—4-Td3c
Z.44c
I, d4c

| ——Z.31n

-4-I'31n
—o—Z,30n

T —+-T,30n

——Z21n

-+4-T'2In

0
6.55 7.61 8.68 9.74 10.8 11.86 12.93

x/H
(b) Zp = 0.45.

Zr =0.80

0
6.55 7.61 8.68

9.74 10.8 11.86 12.93

(d) Zr = 0.80.

Zp =0.98

i

0
6.55 7.61 8.68

9.74 10.8 11.86 12.93
x/H

(f) Zr = 0.98.

On the left side: Z and I" profiles on the nozzle axis of different expansions

sharing(a) Zr = 0.45, (d) Zr = 0.80, (f) Zr = 0.98. Profiles were computed

from the static pressure measurements as Z (P, s) and I'(P, s). On the right

side: the left axis reports in pink bars the percentage difference AﬁT%

(Eq. (3)) between pressure ratios. The right axis reports in green bars the

differences between compressibility factors AgT (Eq. @) and in gray bars

the differences between the fundamental derivative of gas-dynamics A?T

(Eq. (@)

14

0
70.1[\§<T -Aﬁ"%
027 522

T
-0.3 <
-0.4

0

-(J,lil[_‘ -Aﬁ"%

0.2, .- WAz
9 Lar

-0.3

-0.4



These quantities are computed from measured T, Pr and P by resort-
ing to the isentropic flow hypothesis. In principle, starting from the same value
of Z7 does not necessarily result in the same Z profiles. Indeed, deviations in
the Z profiles tend to increase approaching the critical point where the Z gra-
dients along isentropes are higher. However, experiments show that profiles are
superimposed for all expansions sharing Zp > 0.60. It can also be noticed that
I’ profiles are almost superimposed for all conditions sharing Zr > 0.60, while
they considerably differ in the first axial locations in Figures [5al for Zp = 0.45.
It is possible to quantify the discrepancies between different Z and I' profiles
sharing the same Zr through quantities AZ" (Eq. ) and AZ* (Eq. @)

defined in a similar way to AﬁT% as:

AT = Zynaa[t1(20)] — Zomin(11(22)] (4)

AL =T nawin(ze)] — Dminfii(ze)] (5)

These quantities are plotted in Figures where it can be noticed that
they are always well below 0.05.

It can be concluded that, in the thermodynamic region explored between Zp =
0.60 to Z7 = 0.98, parameter Zr can be used as univocal identifier of non-
dimensional MM nozzle expansions in a given geometry. Contrarily, in the
region where Zp < 0.60 another parameter is needed to univocally characterize
a non-dimensional nozzle flow. The following section investigates whether 't
is a better parameter than Zr for nozzle flow characterization and if it can

complement the latter in thermodynamic regions where Zp < 0.60.

4.2. Influence of total fundamental derivative of gasdynamic I'p

First of all, an analysis similar to the one presented in the previous sec-
tion was carried out to assess the influence of I'y on the nozzle flow expansion.
Several expansions sharing the same I'r but having different total conditions
(Pr,Tr) were compared, as reported in Figure |§| on a P — T diagram with a
contour of I'. All expansions sharing the same I'r are marked with the same

letter, from letter m for I'r = 0.55 to letter z for I'r = 0.99.

15
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Figure 6: P —T diagram with I' contour reporting total conditions characterizing ex-
pansions analyzed to assess the influence of the total fundamental derivative
of gas-dynamics I'r on pressure ratio profiles. The colors identify all expan-

sions extracted from a single test.

Comparisons between pressure ratio profiles of different tests at different total
conditions and same I'r are reported in Figure [7] The values of I'r selected
for analysis here are: I'r = 0.60 (corresponding to label n), I'r = 0.70 (label
q), I'r = 0.75 (label r), I'r = 0.80 (label s for all tests), I'r = 0.90 (label u )
and T'r = 0.99 (label z). It can be noticed that pressure ratio profiles exhibit
higher deviations than what was observed comparing profiles sharing the same
Zr (Section . In particular, all profiles marked with the subscript s are
higher than the others.

The s subscript identifies expansions starting from supercritical conditions and
occuring close to the critical point. Indeed, near the critical point, I' isolines
form a ’closed’ region since they exhibit a higher gradient which also changes
sign (from positive to negative). Thus, in a small thermodynamic region, the
value of I'p spans from very low values to values larger than one. These same

latter values also characterize thermodynamic regions featuring much more rar-

16
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Figure 7: Pressure ratio profiles along the nozzle axis for all different total conditions
sharing (a) T'r = 0.60, (b) 't = 0.70, (¢) T'r = 0.75, (d) I'r = 0.80, (e)
I'r =0.90, (f) T'r = 0.99. 17
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Left side: Z and I profiles on the nozzle axis of different expansions sharing

(a) T'r = 0.60, (d) 't = 0.80, (f) I'r = 0.99. The profiles were computed

from the static pressure measurements as Z(P,s) and I'(P,s). Right side:

The left axis shows in pink bars the percentage difference AET% (Eq. @)

between pressure ratio. The right axis reports in green bars the differences

between compressibility factors AET (Eq. @) and in gray bars the differ-

ences between the fundamantal derivative of gas-dynamic AET (Eq. (8)).
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efied conditions. Indeed, as 'y increases, expansions starting from supercritical
conditions depart more significantly from the ones sharing the same 't but
having much lower Pr and these result in big discrepancies in the pressure ratio
profiles. These can again be quantified by resorting to the percentage difference

AET% defined as:

maz [[I(T'7)] — min [[I(T'7)]

Proy _
An% = min [II(T'7)]

-100 (6)

where maz [II(I'r)] and min [II(T'y)] refer to the maximum and minimum value
of pressure ratio registered in a specific axial location among all the expansions
sharing same I'p.

This quantity is plotted in Figures and [8f] where it can be noticed that at
increasing I'r, the value of AET% increases in all axial locations where pressure
measurements are available also at supercritical conditions. Indeed, unfortu-
nately, it was possible to measure static pressures during the tests reaching
supercritical conditions only between z/H = 8.68 and z/H = 11.86.

The profiles of I' and Z, calculated from the static pressure measured along
the nozzle axis, show a situation similar to pressure ratio profiles. They are
reported in figures and [8d where it can be noticed that profiles marked
with the subscript s are markedly lower than the others. Indeed, the values of
AET and AET are much higher than the ones of AgT and A?T found during
the previous analysis. Discrepancies are reported in figures and |81 and

reach values as high as 0.4. Moreover, they increase towards higher values of I'r.

A = Zauti(tr)) — Zimin[ii(re)] (7)

ALT = Toaaire) — Diminfii(re)) (8)

It can be concluded that quantity I'r alone cannot be used to identify the level
of non-ideality of a nozzle flow of siloxane MM. Indeed, the same values of I'p
are found in thermodynamic regions featuring rarefied conditions, where non-
ideal compressible effects are negligible, and also in regions close to the critical

point where non-ideal effects play a major role.
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Nevertheless, parameter I'r can be coupled with Zp to univocally identify a
non-dimensional MM nozzle flow in regions where Zp alone is not sufficient. In-
deed, in the thermodynamic region of interest for ORC applications with fluid
MM, any pair of (Z7,I'r) univocally identifies one thermodynamic point on the
P — T diagram only, since I' changes monotonically along Z isolines, as it can
be seen in Figure [0al

In the narrower thermodynamic region characterized by Zr > 0.6, parameter
Zr is enough to identify a non-dimensional nozzle expansion. Indeed, as it
can be seen in Figure [a] in this region the I' gradient along Z isolines is lim-
ited. Thus, expansions at same Zp exhibit very similar values of I'y. Moreover,
within this region, I' and Z gradients along isentropes are comparable, as shown
in Figure [0b] This results in almost superimposed pressure ratio profiles along
the nozzle axis, as detailed in [41]

However, it should be pointed out that, although different expansions sharing
same Zp < 0.6 exhibit different I'p values and I' gradients, pressure ratio dis-
crepancies at each nozzle section were found to be at most 5%.

The analysis and conclusions presented here are for fluid MM in its vapor close
to the critical point region. It is worth investigating whether such findings hold
in a wider thermodynamic region and for other organic fluids through quasi-1D

calculation, as illustrated in the next section.

5. Quasi-1D isentropic expansions in non-ideal conditions

With the aim of giving a theoretical support to the presented experimen-
tal observations and in order to extend conclusions to a wider region of the
thermodynamic plane and to other fluids, quasi-1D isentropic expansions were
calculated for several Pr,Tr conditions sharing the same Zp value. This was
done for Zp between 0.4 and 0.9 and for fluids MM, MDM, Toluene and Cy-
clopentane — fluids of interest in ORCs having high molecular complexity and

weight and showing non-ideal behavior.
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Figure 10: P — T diagram with Z and I' contours reporting total conditions selected
at constant Zr for quasi-1D calculation for fluid MM. Only three total

conditions per Zr are shown here for graphical clarity.

Total conditions at same Z were chosen so as to cover the largest possible area
of the thermodynamic plane above critical conditions and between the satura-
tion curve and the upper thermodynamic model limits (Figure .

For every total condition at each Zr the area ratio A*/A was plotted as a
function of the pressure ratio in Figure[TI] This is in analogy with experimental
measurements, with the axial nozzle coordinate replaced by the generic A*/A
ratio.

In accordance with experimental results and as clearly seen in Figure
quasi-1D calculations show that in a fixed geometry the pressure ratio is larger
for less ideal conditions. For example, considering sonic conditions, the pressure
ratio can vary from about 0.71 at Zy = 0.4 to 0.61 at Zp = 0.9 for fluid MM,
so by a non-negligible 16%. This is in line with experimental results reported
in Section Moreover, calculation confirm the good performance of Zp as a
similarity parameter for characterizing isentropic expansions for other fluids as

well, with better performance as more ideal states are approached. To quantify
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A*/A 0.8,sub 1 0.9,sup 0.7, sup

MM 0.1 3.5 6.5 7.5
MDM 0.2 1.1 1.6 1.6
Toluene 0.3 0.4 2.6 4.3
Cyclopentane 0.6 0.6 2.1 4.8

Table 2: Percentage pressure ratio variation AﬁT% at Zr = 0.4 and different total

conditions, for different fluids

this, the percentage pressure ratio variation for expansions sharing same Z7 but
having different total conditions AﬁT% was calculated, as per Equation |3| at
four values of area ratio for all fluids. The chosen A*/A (0.8 subsonic, 1 sonic,
0.9 supersonic, 0.7 supersonic) correspond to Mach number values of interest
in turbomachines, around 0.6, 1, 1.25 and 1.5 respectively. Table [2| reports the
percentage pressure ratio variation for Zp = 0.4, the worst performance case
for parameter Zp. AﬁT% gets larger as the Mach number increases due to the
lower pressure ratio at the denominator.

At the largest Mach number, the maximum variation of the pressure ratio at
different total conditions and same Zp = 0.4 is about 7.5%. At sonic and
supersonic conditions all other fluids show lower values of AﬁT% with respect
to MM, confirming the satisfactory characterization of nozzle expansions by

parameter Zrp.

6. Conclusion

This paper presented the results of an extensive experimental campaign con-
ducted with fluid siloxane MM. The aim was the characterization of supersonic
nozzle expansions in thermodynamic regions representative of ORC turbine ap-

plications. Analyzed expansions featured a wide range of total conditions, from
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close to the critical point to almost ideal. It was possible to prove the non-ideal
nature of the flow by measuring pressure ratios along the nozzle axis. Indeed,
they proved to be dependent on total conditions, contrarily to what is expected
for an ideal gas. In all axial locations where pressure measurements were avail-
able, the difference between the pressure ratio measured at the highest Pr and
Tr (Zr =~ 0.40) was higher by 10%-20% with respect to the one measured at
the lowest Pr and T (Zp = 1).

It was investigated whether one between parameters Zp (Eq. [1)) and I'r (Eq.
could be used to univocally identify a non-dimensional nozzle expansion. Two
different analyses, one using sets of expansions sharing the same Zp but featur-
ing different Pr and T (Sec. , and the other using sets of expansions sharing
the same I'r (Sec. 7 were carried out. It was concluded that, in the thermo-
dynamic region explored with experiments between Zp = 0.60 and Z7 = 0.98,
parameter Zp can be used as univocal identifier of non-dimensional MM nozzle
expansions in a given geometry. Contrarily, in the region where Zp < 0.60 an-
other parameter is needed to univocally characterize a non-dimensional nozzle
flow and a possible parameter can be I'7.

It was proven that I'y alone cannot be used to identify the level of non-ideality
of a nozzle flow of siloxane MM. Indeed, the same values of I'r are found in ther-
modynamic regions featuring rarefied conditions, where non-ideal compressible
effects are negligible, and also in regions close to the critical point where non-
ideal effects play a major role.

The analysis, valid for fluid MM in its vapor phase close to the critical point
region, was generalized to a broader thermodynamic region and to other flu-
ids employed in ORCs by calculating quasi-1D isentropic expansions for several
Pr, Tr conditions sharing the same Zp value. This was done for Z between 0.4
and 0.9 and for fluids MM, MDM, Toluene and Cyclopentane. The maximum
variation of the pressure ratio at different total conditions and same Zr found
was about 7.5%, confirming the satisfactory characterization of nozzle expan-
sions by parameter Zp also in regions showing Z7 < 0.60 and for a wider set of

fluids.
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Nomenclature

21M M Name of a test run performed in the experimental campaign.

21 M M Indicates a specific condition extracted from test 21MM. Each condi-

Ay

Ar

An%

An

tion correspond to a steady state nozzle expansion.

Difference between two local compressibility factors computed at the
same axial location but referring to different steady-state nozzle expan-
sions. AZT refers to the difference computed between local Zs of two
nozzle expansions sharing the same Zp. AET refers to the difference
computed between local Zs of two nozzle expansions sharing the same

Ty

Difference between two values of local I' computed at the same axial
location but referring to different steady-state nozzle expansions.AgT
refers to the difference computed between local I's of two nozzle ex-
pansions sharing the same Zp. A?T refers to the difference computed

between local I's of two nozzle expansions sharing the same I'p.

Difference between two pressure ratios measured at the same axial loca-
tion but referring to different steady-state nozzle expansions expressed
as a percentage referred to the minumum between the two pressure ratios

subtracted.

Difference between two pressure ratios measured at the same axial loca-
tion but referring to different steady-state nozzle expansions. AﬁT refers
to the difference computed between two nozzle expansions sharing the
same Zr. AET refers to the difference computed between two nozzle

expansions sharing the same I'z.
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r Fundamental derivative of gasdynamic
Il = P/Pr Pressure ratio
p Density [kg/m?]
A*/A Ratio between the area at sonic conditions and the local area of a nozzle.
c Speed of sound [m/s]
H Throat semi-height [mm]
Mach number
M1.6 Name of the nozzle tested
P Pressure [bar]]
R Gas constant [J/kgK]

T Ratio between the radius of the circular arc shaping the nozzle throat

and the throat semi-height
T Temperature [°C]
v Specific Volume [m?/kg]
x/H Non-dimensional axial coordinate
Z Compressibility factor
s Entropy [kJ/kgK]

Subscript T Total quantities
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